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Abstract

Chronic kidney diseaQueryse (CKD) is associated with oxidative stress which can interrupt the nitric oxide (NO)/soluble
guanylyl cyclase (sGC) signaling and decrease cyclic guanosine monophosphate (cGMP) production. Low cGMP concen-
trations can cause kidney damage and progression of CKD. The novel sGC activator runcaciguat targets the oxidized and
heme-free form of sGC, restoring cGMP production under oxidative stress. The purpose of this study is to investigate if run-
caciguat could provide an effective treatment for CKD. Runcaciguat was used for the treatment not only in rat CKD models
with different etiologies and comorbidities, namely of hypertensive rats, the renin transgenic (RenTG) rat, and angiotensin-
supplemented (ANG-SD) rat, but also in rats with diabetic and metabolic CKD, the Zucker diabetic fatty (ZDF) rat. The
treatment duration was 2 to 42 weeks and runcaciguat was applied orally in doses from 1 to 10 mg/kg/bid. In these different
rat CKD models, runcaciguat significantly reduced proteinuria (urinary protein to creatinine ratio; uPCR). These effects
were also significant at doses which did not or only moderately decrease systemic blood pressure. Moreover, runcaciguat
significantly decreased kidney injury biomarkers and attenuated morphological kidney damages. In RenTG rats, runcaciguat
improved survival rates and markers of heart injury. These data demonstrate that the sGC activator runcaciguat exhibits
cardio-renal protection at doses which did not reduce blood pressure and was effective in hypertensive as well as diabetic
and metabolic CKD models. These data, therefore, suggest that runcaciguat, with its specific mode of action, represents an
efficient treatment approach for CKD and associated CV diseases.
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T2D Type two diabetes

uPCR Urinary protein-creatinine ratio
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Introduction

The nitric oxide (NO), soluble guanylyl cyclase (sGC),
cyclic guanosine 3',5'-monophosphate (cGMP) signaling
cascade (NO-sGC-cGMP pathway), is a pivotal signaling
pathway that regulates many cells, tissues, and organ func-
tions. Dysregulation and reduced formation of the second
messenger cGMP plays an important role in cardiovascu-
lar and cardiopulmonary diseases such as chronic heart
failure and pulmonary hypertension (Stasch et al., 2011;
Pieske et al., 2014; Gheorghiade et al., 2015). It has also
been shown that cGMP is a prominent regulator of kidney
function and could be involved in the regulation of not only
cortical renal blood flow of afferent and efferent arterioles
but also of medullary perfusion. In addition, cGMP could
impact not only renin secretion but also tubular transport
mechanism (Krishnan et al., 2018, Carlstrom 2021).
Common comorbidities in cardiovascular and kidney dis-
ease like hypertension, diabetes, or obesity are leading to
endothelial dysfunction and the impairment of cGMP pro-
duction which can not only cause a progressive damage of
blood vessels but also trigger end-organ damage in the heart
and the kidney. This ultimately can not only result in chronic
kidney disease (CKD) and end-stage renal disease (ESRD)
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but also chronic heart failure (HF). Therefore, restoring
c¢GMP signaling could become a powerful treatment option
for cardiac and renal damage of different etiologies (Salloum
et al., 2012; Stasch et al., 2015; Friebe et al., 2019; Foll-
mann et al., 2013; Sandner et al., 2021). However, comor-
bidities like hypertension, diabetes, and obesity are causing
high and persistent levels of oxidative stress. The molecular
pathophysiology caused by oxidative stress is at least in part
driven by oxidation of the ferrous heme bound to the sGC
from Fe?* to Fe®* which destabilizes the heme group and
subsequently leading to the heme-free sGC which cannot
bind NO. Therefore, oxidative stress interrupts and impairs
NO signaling, by NO unresponsiveness of the sGC, causing
endothelial dysfunction and cardiovascular and cardio-renal
diseases (Gladwin, 2006). Thus, treatment approaches stim-
ulating NO production (nitrates, NO donors) or inhibiting
cGMP degradation (PDES, PDE9 inhibitors) are of limited
efficacy caused by impaired NO binding to the sGC and the
low endogenous cGMP levels. The discovery of NO-inde-
pendent sGC stimulators and sGC activators could overcome
these limitations of NO donors and PDE inhibitors and can
target sGC directly. Thus, sGC stimulators and sGC activa-
tors hold big promise for the treatment of cardiovascular
diseases. In fact, the first in class sGC stimulator riociguat
was approved in 2013 for the treatment of pulmonary arterial
hypertension (PAH) and chronic thromboembolic pulmo-
nary hypertension (CTEPH) (Ghofrani et al., 2017) and veri-
ciguat completed successfully a pivotal phase 3 clinical trial
in HF patients (Armstrong et al., 2020b) and was recently
approved for HF treatment. In contrast to sGC stimulators,
sGC activators can bind and activate the oxidized and heme-
free sGC and, therefore, sGC activators may especially be
useful under persistent oxidative stress condition. As pointed
out before, this may be the case in CKD and ESRD as the
kidney is particularly vulnerable to oxidative stress. Hence,
sGC activators could provide effective treatment options in
renal diseases.

Bayer has discovered the novel, oral sGC activator run-
caciguat (BAY 1,101,042) which is selectively binding
oxidized and heme-free sGC leading to a concentration-
dependent increase in cGMP production in vitro, resulting
in blood vessel relaxation ex vivo, and blood pressure reduc-
tion in vivo with a favorable once-daily pharmacokinetic
(PK) profile (Hahn et al., 2021). Given the unique profile of
runcaciguat and the treatment potential of sGC activators in
CKD, we were aiming to broadly investigate the renoprotec-
tive effects of runcaciguat in vivo, in three rodent models
of CKD with different etiologies and comorbidities. To this
end, runcaciguat was given as a chronic oral treatment to
(a) a hypertensive model of CKD in angiotensin II-treated
Sprague—Dawley rats (ANG-SD), (b) a hypertensive CKD
model, the renin transgenic (RenTG) rat [TGR(mRenR2)27]
(Mullins et al., 1990, Ganten et al., 1991), with further
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increased oxidative stress burden and endothelial dysfunc-
tion by chronically supplemented NO synthase inhibitor
L-NAME, and (c) obese and diabetic Zucker diabetic fatty
(ZDF) rats [(ZDF—Lebrfa—Crl)] also characterized by progres-
sive loss of kidney function (Shiota and Printz, 2012). Our
results suggest that the novel NO- and heme-independent
sGC activator runcaciguat could significantly attenuate or
even stop further renal deterioration in these models and
leads to a reduced overall mortality. Therefore, runcaciguat
may become an effective treatment option for prevention of
CKD associated with hypertension, diabetes, and obesity.

Material and methods
Compounds

The sGC activator runcaciguat (BAY 1101042), was synthe-
tized at Bayer AG, Wuppertal, Germany (Hahn et al. 2021).
Runcaciguat was either dissolved in vehicle (transcutol, 20%
cremophor, and 70% water (Ren2TG study and Ang-SD
study)) and prepared freshly before administration or was
mixed in the food (ZDF study).

Animal models

Animal experiments were conducted by Bayer AG (Wup-
pertal) in accordance to the current national legislation
(German protection of animals’ act and the EU directives
on the protection of animals used for scientific purposes).
Study protocols were approved by the regional regulatory
authority (LANUV NRW in Germany) and by the institu-
tional animal care and use committee of Bayer AG. Organ
harvesting, histological examination, urine and blood collec-
tion, gene expression, pharmacokinetics methods, invasive,
or non-invasive blood pressure measurements (tail-cuff) are
detailed in the other paragraphs, below.

ANG-SD rat model

Experimentally, chronic renal failure in male Sprague—Daw-
ley (SD) rats was induced by angiotensin II (ANG II)
infusion (450 ng/min/kg, Merck, Calbiochem®), via sub-
cutaneous osmotic minipumps for 14 days (Alzet model
2002). Under ANG Il infusion, SD rats develop progressive
kidney structural alterations (interstitial fibrosis and glo-
merulosclerosis) and kidney functional changes (polyuria,
proteinuria, and an impaired glomerular filtration rate). In
this study, male SD rats (Harlan) were weighing ca. 260 g
before the pump implantation, corresponding to approxi-
mately 12 weeks of age. The minipumps were preincubated
in vitro in 0.9% saline at 37 °C for 14 h before surgical
implementation. Pumps were placed into the subcutaneous

space of isoflurane anesthetized rats through a small incision
in the flank. Treatment started 1 day after implantation of
the osmotic minipump. Before treatment, rats were rand-
omized into five groups (n=12/group) according to body
weight and were treated orally, per oral gavage, either with
placebo (vehicle, 2 ml/kg, once daily) and runcaciguat given
per oral gavage (0.3, 1.0, and 3.0 mg/kg/bid) for a total of 13
consecutive days. In parallel, naive SD rats served as sham
(control) and were treated with vehicle. The body weight
of all animals was recorded daily (File Nr WDPOS11/21).

RenTG rat model

Seventy eight (78) male renin transgenic [TG(mRRen2)27]
(RenTG) rats of 8 weeks of age were used. Rats were rand-
omized in 4 groups with 24 in group 1, 18 rats in group 2,
18 rats in group 3, and 18 rats in group 4. All groups were
then chronically supplemented with L-NAME administrated
via drinking water (30-50 mg/l). All groups were treated
twice daily (bid) per oral gavage with either placebo/vehi-
cle consisting of 10% transcutol, 20% cremophor, and 70%
tap water (group 1) or vehicle+ 1,4 3, and + 10 mg/kg/bid
runcaciguat in group 2, group 3, and group 4, respectively.
Study duration with concomitant NO synthase inhibitor
N-nitro-L-arginine methyl ester (L-NAME) administration
and bid treatment was 8 weeks. Mortality and body weight
were assessed daily (File Nr PH40762).

ZDF rat model

Forty (40) male diabetic rats ZDF [(ZDF-Lebr®-Crl)
(Charles River Germany)] at the age of 22 weeks were ran-
domized into two groups and received either runcaciguat
with 140 ppm mixed in standard rat chow (n =20 rats) or
standard rat chow only (control group, n=20 rats). Treat-
ment duration given as food admix was 42 weeks. The dose
of 140 ppm was chosen to fit the plasma exposure achieved
after a pre-study performed in ZDF rats with 3 mg/kg/bid
oral treatment per oral gavage over 7 weeks (in-house data;
Table S1). Consequently, runcaciguat amount per food was
calculated based on the ZDF food intake. Body weight was
assessed every 3 weeks and survival was calculated daily
(File Nr PH40763).

Blood pressure measurements

A micro-tip pressure transducer catheter (Millar Instru-
ments) was inserted to isoflurane-anesthetized (2%) ANG-
SD rats on day 14 of the study, in order to record hemody-
namic parameters. The catheter was implanted via the right
carotid artery, then quickly advanced into the left ventricle
to allow the measurement of systemic blood pressure in a
short time (2 min). In Ren2TG and ZDF rats, blood pressure
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was measured in conscious conditions via tail-cuff method
before the start of the study (day 0) and on regular interval
until the end of the studies.

Biomarker measurements
Urine and plasma

Urine collection was performed at baseline and regularly
during the course of the studies. Rats were placed in meta-
bolic cages diuresis for 68 h. Urine volume, protein, urea,
and creatinine contents were measured. At necropsy, blood
was collected on EDTA, then processed to plasma that was
stored at — 20 °C until analyzed. Plasma and urine were col-
lected for measurement of kidney and heart biomarkers by
ELISAs. All assays were performed according to manufac-
turers’ instructions: OPN, Mouse/Rat Osteopontin Quan-
tikine ELISA Kit (R&D); cystatin C and NGAL ELISAs
(BioVendor Laboratory Medicine, Inc.); KIM-1 ELISA
(Bioassay Works); and H-FABP, Rat H-FABP ELISA Kit
(Hycult Biotech).

Gene expression in kidneys

For semiquantitative gene expression profiling, total RNA
from kidney tissue was isolated using Trizol (Invitrogen,
Thermo Fisher Scientific). RNA was reversely transcribed
into cDNA with the ImProm II Reverse Transcription Sys-
tem (Promega) according to the manufacturer’s instructions.
Specific primers and FAM/TAMRA probes were designed
for genes of interest and qPCR was performed with the
gPCR Master Mix Plus (Eurogentech; Seraing, Belgium)
on a 7900 HT Fast Real-Time PCR System (Applied Biosys-
tems, Thermo Fisher Scientific). Ct values were determined
by Applied Biosystems’s SDS Software (version 2.4), nor-
malized to the housekeeping gene Rpl32.

Pharmacokinetic measurements

The pharmacokinetic properties (PK) of runcaciguat were
assessed after chronic administration in rats. Blood samples
were collected from a jugular or tail vein (tail vein preferred
for PK samples). Approximately 0.1 ml of whole blood was
collected into blood tubes containing K3-EDTA anticoagu-
lant at each timepoint. Samples were processed to plasma
and the harvested plasma was stored at — 80 °C until further
analysis. Plasma concentrations of runcaciguat were deter-
mined after protein precipitation with acetonitrile (ACN)
containing an internal standard using a qualified high-perfor-
mance liquid chromatography hyphenated to tandem mass
spectrometry (LC-MS/MS) method. As an internal stand-
ard (ISTD), a stable isotope labeled (SIL) standard ([2H9]
runcaciguat) was prepared inhouse. All measurements were
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performed on an Agilent 1290 Infinity system (Waldbronn,
Germany) hyphenated to an API 5000 Triple Quadrupole
mass spectrometer (Sciex, Canada). The chromatographic
separation was performed on an YMC Meteoric Core C18
column (100x 2.1 mm, 2.7 um). For temperature control,
the column oven was set to a temperature of 40 °C. The
flow rate was adjusted to 0.35 ml min~! using an injection
volume of 5 pL. The mobile phases consist of 2 mM ammo-
nia acetate buffer (AAc) adjusted to pH 3 (mobile phase
A) using formic acid (FA) and acetonitrile (ACN, mobile
phase B) as organic solvent. The separation was performed
under isocratic conditions at 60%B for 4 min. Afterwards,
the amount of mobile phase B was increased to 95%B to
remove remaining hydrophobic interferences/contaminants
from the system before flushing the system back to the initial
mobile phase composition for the next analysis. For MS data
acquisition, the multiple reaction monitoring mode (MRM)
was applied using positive electrospray ionization (ESI). The
monitored mass transitions (m/z, mass to charge ratio) for
runcaciguat and corresponding ISTD were m/z 488.2 to m/z
222.2 for runcaciguat and m/z 497.1 to m/z 227.0. The MS
ion source temperature was set to 450 °C and ionization
voltage was 4.5 kV. Nebulizer and drying gas were both set
to 35 psi and collision activated dissociation gas (CAD) was
adjusted to 4. The calibration range in plasma ranged from
1.00 to 200 mg/L. In all analytical runs, quality control (QC)
samples were prepared and analyzed. For data acquisition
and analysis, Analyst 1.6.2 and the internal LIMS were used.

Necropsy and histopathology

At the end of each study, animals were kept in depth nar-
cotic (isoflurane, 5-10%) and bled via aortic puncture and
sacrificed by permanent inhaled isoflurane, and blood was
taken in order to measure plasma pharmacodynamic param-
eters. Heart and kidney were harvested, weighed, rinsed,
and then fixed for histological evaluation or immediately
frozen for analysis of expression of kidney damage marker
genes. Kidney samples were fixed in Davidson’s solution and
embedded in paraffin. Paraffin sections were prepared and
stained with hematoxylin and eosin. The slides were ana-
lyzed using a semiquantitative scoring, ranging from grade
1 to 5 (grade 1, minimal/very few; grade 2, slight/few/small;
grade 3, moderate; grade 4, marked/many; grade 5, massive).
The grading was applied for each of the predominant kid-
ney lesions like glomerulopathy, and tubular degeneration,
atrophy, dilation, and protein casts by a certified pathologist.

Statistical analysis
For ANG-SD rat study, statistical analysis was performed

using one-way ANOVA followed by Dunnett’s multi-
ple comparison versus ANG vehicle-treated rats. T-test
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Fig. 1 Effects of runcaciguat in ANG-SD rats on A systolic arterial
pressure (SAP), B heart rate, C body weight (BW), D kidney weight
(KW), E ratio KW/BW, F diuresis, and G proteinuria (uPCR) at
study end (2 weeks of treatment). ANG-SD rats were treated orally
twice a day (bid) per gavage with either vehicle or runcaciguat (0.3,
1.0, and 3.0 mg/kg). Data are mean + SEM, N=12/group. Significant

assuming equivalent variance was used to compare control
rats (sham) versus ANG-SD rats. For Ren2TG rat study,
statistical analysis was done with Student’s unpaired #-test
comparisons between vehicle treatment and the respective
runcaciguat treatment groups. For comparison of survival
rates, the logrank’s test for trend was used. For ZDF rats,
statistical analysis was done either with Student’s unpaired
t-test comparisons between vehicle-treated and runcaciguat-
treated rats or by using repeated measures over time, assum-
ing lognormal distribution that has been tested as compared
to the Gaussian (a.k.a. normal) distribution. *p < 0.05 versus
vehicle. (The respective statistical method is mentioned in
the figure legend.)

Results

Effects of runcaciguat in Sprague—-Dawley rats which
were supplemented with angiotensin Il (ANG-SD)

The effects of runcaciguat were investigated in a model
of hypertension-driven kidney damage with progressive
proteinuria. Runcaciguat was administered orally (per oral
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changes between SD (control) and ANG-SD vehicle-treated rats were
determined by r-test, §/§§/§§8/§§§§ p<0.05/0.01/0.001/0.0001. Sig-
nificant changes by treatment of ANG-SD rats were determined by
one-way ANOVA followed by Dunnett’s multiple comparison test,
*[FEE[REEE P <(0.05/0.001/0.0001

gavage) for 2 weeks to 12-week-old SD rats that continu-
ously received angiotensin II (ANG, 450 ng/kg/min) deliv-
ered by subcutaneous minipumps.

Effects of runcaciguat on blood pressure

ANG infusion significantly increased systolic arterial
pressure (SAP), from 95.0+1.9 to 122.9 + 8.6 mmHg
(p<0.01) (Fig. 1A) of SD rats without changing heart rate
(Fig. 1B). Treatment of ANG-SD rats with runcaciguat
(0.3, 1, and 3 mg/kg/bid) did not significantly attenuate
the ANG-driven increase of SAP (124.9 +10.0 mmHg,
117.4+10.4 mmHg, and 112.2+5.3 mmHg at doses 0.3,
1, and 3 mg/kg/bid, respectively) compared to vehicle-
treated rats (122.9 + 8.6 mmHg) (Fig. 1A) suggesting a
blood pressure neutral dosing of the sGC activator. None
of the treatments changed heart rate of ANG-SD rats that
was approximately 300 bpm as measured at the end of the
2-week treatment (Fig. 1B).
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Table 1 Effects of runcaciguat in ANG-supplemented SD rats on
body weight (BW), kidney weight (KW), and KW to BW ratios
at study end (2 weeks of treatment). ANG-SD rats were treated
with either vehicle or runcaciguat (0.3, 1, and 3 mg/kg/bid). Data
are mean+SEM; N=12/group. Significant changes were deter-
mined by one-way ANOVA followed by multiple comparison with
F[rEk R for P <0.05/0.01/0.002/0.001/0.0001 compared to
control rats

Treatment groups BW [g] KW [g] KW/BW [g/kg]

Vehicle 268,5+7 1.069 £0.021*%** 4.0 + 0.1

Runcaciguat 0.3 mg/  269+5 1.067+0.034***  4.0+0.1
kg/bid

Runcaciguat 1 mg/ 266+6 1.020+0.039%**  3.8+0.1
kg/bid P=0.051

Runcaciguat 3 mg/ 270+7 1.053+0.037*%*** 3.9+0.1
kg/bid
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Fig.2 Effects of runcaciguat on renal gene expression in ANG-SD
rats treated with either vehicle or runcaciguat (0.3, 1, or 3 mg/kg/bid);
change of relative expression of A NGAL, B KIM-1, and C OPN
at study end (2 weeks of treatment). Data are mean+SEM, N=12/
group. Significant changes between SD (control) and ANG-SD vehi-

Effects of runcaciguat on survival rate

Infusion of ANG to SD rats for 2 weeks did not induce
higher mortality rates in the vehicle-treated group. There-
fore, a potential beneficial impact of runcaciguat on survival
rate of SD-ANG rats could not be assessed under those study
conditions.

Effects of runcaciguat on body and kidney weights

Infusion of ANG to SD rats for 2 weeks induced a very sig-
nificant reduction of body weights (by 24%) (Fig. 1C) and
a significant reduction in kidney weights (by 7%) (Fig. 1D)
compared to SD controls. As a consequence, the ratio kidney
weight/body weight (KW/BW) was significantly increased in
ANG-SD rats compared to SD controls (by 15%) (Fig. 1E).
After the treatment duration of 2 weeks, runcaciguat did not
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change BW and kidney weight in ANG-SD rats compared
to control treatment (Fig. 1C-D, Table 1). Therefore, also,
no significant effect on the KW/BW ratio could be observed
(Fig. 1D, Table 1).

Effects of runcaciguat on diuresis and proteinuria

Besides the significant blood pressure increase, the infu-
sion of ANG for 2 weeks also increased diuresis by approxi-
mately fivefold (Fig. 1F) and proteinuria (uPCR) by approxi-
mately tenfold (Fig. 1G) when compared to control SD
rats which indicated a hypertension-driven nephropathy.
Although runcaciguat at 0.3, 1.0, and 3.0 mg/kg/bid did not
change KW/BW at all three doses (Fig. 1D), it significantly
reduced proteinuria in ANG-SD rats (at 0.3 and 3 mg/kg/
bid) when compared to vehicle (Fig. 1G).
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cle-treated rats were determined by #-test with §§§§ for p<0.0001.
Significant changes by treatment of ANG-SD were determined by
one-way ANOVA followed by Dunnett’s multiple comparison test
with #/#k kxR for P <0.05/0.01/0.001/0.0001

Effects of runcaciguat on biomarkers of kidney damage

Infusion of ANG to SD rats induced dramatic increase in
the expression of markers of kidney damage and inflamma-
tion, namely of the neutrophil gelatinase-associated lipocalin
(NGAL), the kidney injury molecule 1 (KIM-1), and osteo-
pontin (OPN) (Fig. 2A, B, C) compared to SD controls. The
reduction of proteinuria induced by runcaciguat in ANG-SD
rats was accompanied by a dose-dependent and significant
reduction of NGAL gene expression in kidney, a marker of
kidney injury (Fig. 2A). Runcaciguat treatment also showed
a dose-dependent reduction in the expression of other mark-
ers of kidney damage like KIM-1 and OPN (Fig. 2B, C). In
summary, the data show that the sGC activator runcaciguat
improves kidney function accompanied by a reduction in
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kidney damage after 2 weeks of treatment of ANG-SD
hypertensive rats without reducing blood pressure.

After having demonstrated that runcaciguat can reduce
proteinuria in a rat model of hypertension and proteinuria
(ANG-SD rats), we investigated its potential cardiovas-
cular and cardio-renal benefits in a more disease-relevant
rat model with low nitric oxide (NO) bioavailability, inter-
ruption of the NO-sGC signaling, endothelial dysfunction,
and hypertension. For these studies, the renin transgenic
(RenTG) rat (TGR(mRenR2)27) model was used.

Effects of runcaciguat in L-NAME-supplemented
renin transgenic rats

The RenTG expresses an additional mouse renin gene which
renders them severely hypertensive (Mullins et al., 1990,
Ganten et al., 1991). In addition, the RenTG rats were chron-
ically supplemented with the NO synthase inhibitor N-nitro-
L-arginine methyl ester (L-NAME) for the entire study
duration which was applied in the drinking water. L-NAME-
supplemented RenTG rats develop malignant hypertension
and endothelial dysfunction which results in a significant
heart and kidney damage with progressive proteinuria and
ultimately in increased mortality rates. In this rat model, the
effects of twice daily oral administration of runcaciguat (1,
3, and 10 mg/kg/bid) on cardiac and renal parameters were
investigated and compared to vehicle-treated rats.

Effects of runcaciguat on blood pressure

Blood pressure was measured in the conscious hypertensive
L-NAME-supplemented RenTG rats via the tail-cuff method
before the start of the study (day 0, baseline) and then weekly
during treatment period. In vehicle-treated rats (control
group), the mean arterial pressure (MAP) increased remark-
ably from 179.3 +4.5 at baseline to 212.9 + 6.0 mmHg after
7 weeks of treatment (Fig. 3). The increase in MAP could
not be blunted or attenuated by runcaciguat. However, the
treatment with 10 mg/kg/bid runcaciguat led to a consistent
and significant decrease in MAP of about 20 mmHg from
weeks 1 to 6 during the study (Fig. 3). This reduction was
not observed with the lower doses of 1 and 3 mg/kg/bid
runcaciguat (Fig. 3).

Effects of runcaciguat on survival rate

It is well established that in the hypertensive L-NAME-sup-
plemented RenTG rats, the mortality rates are high. During
the 8-week-treatment duration, 10 out of 24 rats (42%) sur-
vived in the vehicle-treated control group (Fig. 4). In con-
trast, treatment with runcaciguat increased survival rates in
a dose-dependent manner, whereas 1 mg/kg runcaciguat did

MAP

240+

220+

160

140 T T T
0 1 2 3 4 5

Time (weeks)

-e- vehicle Runcaciguat (1mg/kg/bid)

-* Runcaciguat (3mg/kg/bid)
-* Runcaciguat (10mg/kg/bid)

Fig. 3 Effects of runcaciguat on mean arterial blood pressure (MAP)
of L-NAME-supplemented RenTG rats treated with either vehi-
cle or runcaciguat (0.3, 1, or 3 mg/kg/bid). MAP was measured by
non-invasive tail-cuff method. Data are mean+SEM, N=24/group
or N=18/group with vehicle or runcaciguat, respectively. Significant
changes were determined by ANOVA with */** P <0.02/0.005

not influence survival significantly (8 out of 18 rats (44%)
survived), treatment with runcaciguat at 3 and 10 mg/kg/bid
improved survival up to 11 out of 18 rats (61%) and 13 out
of 18 rats (72%), respectively (Fig. 4).

Effects of runcaciguat on body weight and kidney weight

The dose-dependent improvement of survival of run-
caciguat-treated animals was paralleled by an increase in
body weight measured after 8 weeks of treatment in run-
caciguat (1 mg/kg/bid: 445+ 16 g (p<0.01), 3 mg/kg/
bid: 427 +17 g (p=0.05), and 10 mg/kg/bid: 441 +13 g
(p<0.01)) compared to vehicle (390+ 12 g) (Table 2;
Suppl. Figure 1). Runcaciguat induced a slight and progres-
sive increase in body weight (BW) at each tested dose that
reached significance versus vehicle after 8 weeks for groups
treated with runcaciguat 1 and 10 mg/kg/bid (Table 2,
Suppl. Figure 1). These data suggest a beneficial effect of
runcaciguat on overall rat morbidity. In addition, to body
weight changes, we evaluated runcaciguat treatment effects
on heart and kidney to assess heart and kidney hypertrophy.
Therefore, the relative heart weight to body weight ratio and
the relative kidney weight to body weight ratio were calcu-
lated. Kidney hypertrophy was decreased from 7.48 +0.06 g/
kg in the control group, compared to 7.12+0.01 g/kg,
7.13+0.11 g/kg, and 7.17+0.09 g/kg in the 1, 3, and 10 mg/
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Fig.4 Effects of runcaciguat A
on A survival (Kaplan—-Meier
plot) of L-NAME-supplemented
RenTG rats treated with either
vehicle or runcaciguat (0.3, 1,
or 3 mg/kg/bid) (left). B Sur-
vival rates in percent, calculated
as percentage of alive rats at
study end (8 weeks of treat-
ment) related to group sizes

at the beginning of the study
(N=24 in vehicle group or
N=18 in runcaciguat groups)

Percent survival

@ vehicle

0 T T

Mortality
(Kaplan-Meier)

Runcaciguat (1mg/kg/bid)
¥ Runcaciguat (3mg/kg/bid)
¥ Runcaciguat (10mg/kg/bid)

B Survival after 8-week treatment

0 2 4

Time (weeks)

Table2 Effects of runcaciguat in L-NAME-supplemented RenTG
rats on body weight (BW) and organ weight/BW ratios from heart
(HW), right and left ventricle (RVW, LVW), and kidney (KW) at
study end (8 weeks of treatment). L-NAME-RenTG rats were treated

6 8

Vehicle 1 3 10

Runcaciguat (mg/kg/bid)

with either vehicle or runcaciguat (0.3, 1, or 3 mg/kg/bid). Data
are mean+SEM; N=_8-13/group. Significant changes were deter-
mined by one-way ANOVA followed by multiple comparison with
k[ R R for P <0.05/0.01/0.002/0.001/0.0001

Treatment groups BW [g] HW/BW [g/kg] LVW/BW [g/kg] RVW/BW [g/kg] KW/BW [g/kg]
Vehicle 390+12 4.02+0.12 3.40+0.11 0.62+0.03 7.48+0.06
Runcaciguat 1 mg/kg/bid 455+16* 3.47 +£0.09%** 2.94+0.07%%* 0.53+0.03* 7.12+0.15
Runcaciguat 3 mg/kg/bid 427+17 3.55+0.09%** 3.00+£0.07** 0.54+0.02 7.13+0.11
P=0.050 P=0.051 P=0.051
Runcaciguat 10 mg/kg/bid 441 +13* 3.38+0.06%*** 2.834+0.05%*** 0.55+0.01 7.17+0.09

kg/bid runcaciguat treatment arm, respectively (Table 2).
Interestingly, the relative heart weight was also significantly
decreased from 4.02+0.12 g/kg in the control group, com-
pared to 3.5+0.09 g/kg, 3.5+0.09 g/kg, and 3.4 +0.06 g/
kg in the 1, 3, and 10 mg/kg/bid runcaciguat treatment arm,
respectively (Table 2). In particular, the relative left ven-
tricular weight was decreased from 3.40+0.11 g/kg in the
control group, compared to 2.94 +0.07 g/kg, 3.00+0.08 g/
kg, and 2.83 +0.05 g/kg in the 1, 3, and 10 mg/kg/bid run-
caciguat treatment arm, respectively (Table 2). The relative
right ventricular weight was decreased from 0.62+0.03 g/
kg in the control group, compared to 0.53 +0.02 g/kg,
0.54+0.02 g/kg, and 0.55+0.02 g/kg in the 1, 3, and 10 mg/
kg/bid runcaciguat treatment arm, respectively (Table 2).
These data suggest an antihypertrophic effect of runcaciguat
in the heart.

Effects of runcaciguat on proteinuria and kidney function

In parallel to the reduction of kidney and heart hypertro-
phy as well as of mortality after 8§ weeks of treatment in
L-NAME-supplemented RenTG rats, runcaciguat dose-
dependently reduced proteinuria (uPCR) when compared
to the vehicle treatment (Fig. 5B). Runcaciguat increased
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creatinine clearance (CreaCl) to nearly the same extent at all
three doses tested (1, 3, and 10 mg/kg/bid) (Fig. 5C) without
affecting diuresis (Fig. 5A). Since 1 and 3 mg/kg runcaciguat
treatment did not influence blood pressure (Fig. 3A), these
data suggest that the beneficial effects of runcaciguat on kid-
ney function are — at least to a great extent — independent
of blood pressure lowering.

Effects of runcaciguat on biomarkers of kidney damage

The reduction of proteinuria induced by runcaciguat in the
L-NAME-supplemented RenTG rats was accompanied by
a significant reduction of urinary and plasma biomarkers
indicating kidney damage (Fig. 6). In particular, the levels
of OPN were reduced at the end of the study (Fig. 6B, E). In
addition, NGAL and KIM-1 were reduced in all runcaciguat
treatment groups in urine and plasma (Fig. 6A, C, D). How-
ever, these effects reached statistical significance only in the
highest runcaciguat dose-group in urine (Fig. 6A, C) but not
in plasma (Fig. 6D). In line with these results, we also found
clearly reduced cystatin C and heart-type fatty acid binding
protein (H-FABP) concentrations in both urine and plasma
which was also significant in the urine (Suppl. Figure 2). In
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Fig.5 Effects of runcaciguat on A diuresis, B proteinuria at week runcaciguat (0.3, 1, or 3 mg/kg/bid). Data are mean + SEM; N=8-13/
6, and C creatinine clearance at study end (8 weeks of treatment) in group. Significant changes were determined by one-way ANOVA fol-
L-NAME-supplemented RenTG rats treated with either vehicle or lowed by Dunnett’s multiple comparison with * for P <0.05
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Fig.6 Effects of runcaciguat on urinary and plasma biomarkers in levels of D NGAL and E OPN. Data are mean+SEM; N=8-13 per
L-NAME-supplemented RenTG rats treated with either vehicle or group after completion of the study. Significant changes were deter-

runcaciguat (0.3, 1, or 3 mg/kg/bid) at study end (8 weeks of treat- mined by one-way ANOVA followed by Dunnett’s multiple compari-
ment). Urinary levels of A NGAL, B OPN, and C KIM-1 and plasma son with * for P <0.05
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Fig.7 Effects of runcaciguat

on renal histopathology in
L-NAME-supplemented RenTG
rats treated with either vehicle
or runcaciguat (0.3, 1, or 3 mg/
kg/bid) at study end (8 weeks of
treatment). Effects on glomeru-
lopathy (left), tubuls degenera-
tion (middle), and vasculopathy
(right) at study end; A, B, C
placebo-treated rats and D, E,

F rats treated with runcaciguat
(1 mg/kg bid) (lower panel).
Representative image from
N=10/group

Placebo-treatment

Runcaciguat-Treatment
(1mg/kg p.o. bid)

summary, this reduction of kidney damage biomarkers sug-
gested kidney protection by runcaciguat treatment.

Effects of runcaciguat on kidney histopathology

To further strengthen and confirm the kidney protective
effects indicated by the reduction of biomarkers, morpholog-
ical and histopathological analyses were performed (Fig. 7).
At the end of the study, which was actively terminated after
58% of the placebo-treated animals have died, organs were
isolated and prepared for histopathological assessment. Pla-
cebo-treated L-NAME-supplemented RenTG rats showed
strong degenerative lesions in the kidneys and high sever-
ity scores of tubulopathy and vasculopathy (Fig. 7A, B,
C). Treatment with runcaciguat dose-dependently reduced
kidney damage scores beginning already at the 1 mg/kg/
bid dose (Fig. 7D, E, F). Kidney damage was seen in all
rats and the mean score in the vehicle-treated group for glo-
merulopathy was 2.6 which included glomerular dilation and
hyaline casts (Fig. 7A), for tubulopathy including not only
tubular dilation and tubular degeneration but also hyaline
casts was 4.6 (Fig. 7B), and for vasculopathy with fibrinous
degeneration and necrosis was 3.7 (Fig. 7C). Runcaciguat
in the 1 mg/kg bid reduced these severity scores to 2.3, 3.3,
and 2.4 for glomerulopathy, tubulopathy, and vasculopathy,
respectively (Fig. 7D, E, F). This improvement in damage
scores by runcaciguat was fully in line with the reduction of
biomarkers for kidney damage, better renal function as the
better survival of the rats when treated with runcaciguat.

In summary, runcaciguat showed significant renal protec-
tive effects in two animal models with hypertensive etiology
in dosages which do not or only moderately decrease blood
pressure.
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However, CKD is also driven by risk factors beyond
hypertension, such as obesity, diabetes, or dyslipidemia.
Therefore, to further characterize the potential of run-
caciguat in a representative model beyond hypertensive
CKD, a rat model of type 2 diabetes and obesity in associa-
tion with hypertension, the Zucker diabetic fatty (ZDF) rat
model (ZDF-Lebr™-Crl), was employed.

Effects of runcaciguat in Zucker diabetic fatty rats

ZDF rats develop a progressive decline in kidney function
along aging (Shiota and Printz, 2012) and runcaciguat was
administered chronically for 42 weeks via the diet (140 ppm,
corresponding to 3 mg/kg/bid, po, gavage) and treatment
effects were compared to placebo dietary treatment in ZDF
rats.

Effects of runcaciguat on blood pressure

Blood pressure was measured in conscious ZDF rats via
the tail-cuff method before the start of the study (day 0)
and then regularly every 3—5 weeks up until week 41. Mean
arterial pressure (MAP) was not increased until week 20
and increased remarkably and significantly afterwards from
106 +2 (at baseline) to 168 +8 mmHg in vehicle-treated rats
(Fig. 8). The increase in MAP after week 20 till week 41
could not be prevented by runcaciguat treatment (Fig. 8).
There was only a moderate and non-significant blood pres-
sure lowering effect observed in runcaciguat treatment group
which was 11 mmHg and 15 mmHg at week 38 and week 41,
respectively, and all animals irrespective of the runcaciguat
treatment remained hypertensive at the end of the study
(Fig. 8).
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Fig. 8 Effects of runcaciguat in
conscious ZDF rats treated with
either vehicle or runcaciguat
(140 ppm) on mean arterial
pressure (MAP) measured by 1807
tail-cuff at the beginning of
the study (week 0) and after 5,
9, 13, 18, 20, 23, 25, 28, 32, 160
38, and 42 weeks of treatment.
Data are mean+SEM; N=20/
group (study start). Significant
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Table 3 Effects of runcaciguat in ZDF rats on body weight (BW)
and organ weight/BW ratios from heart (HW), right and left ven-
tricle (RVW, LVW), and kidney (KW) at study end (42 weeks of
treatment). ZDF rats were treated with either vehicle or runcaciguat

(140 ppm). Data were expressed as mean+SEM; N=14-15/group.
Significant changes were determined with unpaired #-test with * for
p<0.05

Treatment groups BW [g] HW/BW [g/kg] LVW/BW [g/kg] RVW/BW [g/kg] KW/BW [g/kg]
Vehicle 324+21.7 4.37+0.32 3.68+0.27 0.70+0.06 6.99+0.46
Runcaciguat 140 ppm 363+27.8 3.875+0.26 3.12+0.17* 0.76+0.10 6.55+0.67
p=0.161 p=0.120 p=0.310 p=0.318
Effects of runcaciguat on survival rate uPCR
84
No significant differences in survival were observed )
-~ vehicle

between the groups. In the vehicle-treated group, 6 out
of 20 animals died within the course of the study (70%
survival). In the runcaciguat-treated rats, 5 out of 20 ani-
mals died (75% survival) corresponding to an improve-
ment of survival by 5% compared to vehicle-treated rats
(data not shown) which was a consistent trend but not as
pronounced and not significant when compared to the
Ren2TG rat model (Fig. 4).

Effects of runcaciguat on body weight and kidney weight

Body weight decreased in the placebo group from
400+ 6 g from baseline to 324 +22 g and in the run-
caciguat treatment arm from 400 + 6 g from baseline to
363 +28 g (Table 3). There were no significant differ-
ences in organ weight/body weight ratios of kidneys, right
ventricles, and the complete hearts although the whole
organ weight/body weight ratios decreased numerically.
Interestingly, there was a significant decrease for the left
ventricular weight to body weight ratio suggesting a reduc-
tion of left heart hypertrophy (Table 3). Interestingly, an

64 —* Runcaciguat 140ppm

*%

g/mmol

Time (weeks)

Fig.9 Effects of runcaciguat in conscious ZDF rats treated with
either vehicle or runcaciguat (140 ppm) on uPCR at the beginning of
the study (week 0) and after 12, 21, 30, and 42 weeks of treatment.
Data are mean+ SEM; N=20/group (study start). Significant changes
were determined by -test with * for p <0.05

echocardiography after 39 weeks of treatment showed a
significant increase of fractional shortening compared to
vehicle-treated group (Suppl. Figure 3).
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Fig. 10 Effects of runcaciguat in ZDF rats treated with either vehi-
cle or runcaciguat (140 ppm) on urinary and plasma biomarkers.
Gene expression of A NGAL, B KIM-1, and C OPN in the kidney at
study end (42 weeks of treatment). Plasma levels of D OPN at study
end and E urinary OPN levels at baseline (0) and after 12, 21, and

Effects of runcaciguat on proteinuria and kidney function

Proteinuria expressed as urinary protein/creatinine ratio
(uPCR) was increasing throughout the study reaching a pla-
teau by week 30 (Fig. 9) confirming the severe nephropathy
of this diabetic model of CKD. Treatment with runcaciguat
significantly attenuated the development of proteinuria
(Fig. 9) suggesting a strong renoprotective effect of sGC
activator treatment in the ZDF rat model.

Effects of runcaciguat on biomarkers of kidney damage

Renal gene expression levels as well as plasma and urinary
markers of kidney injury were measured to further character-
ize the nephroprotective capacity of runcaciguat (Fig. 10).
Gene expressions of NGAL and KIM-1 were significantly
reduced in the kidney after runcaciguat treatment (Fig. 10A,
B), whereas the reduction of OPN was only minor and not
statistically significant (Fig. 10C). However, runcaciguat
significantly reduced plasma OPN concentration at the end
of the study (Fig. 10D). In addition, urinary OPN concentra-
tions were significantly and consistently reduced throughout
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the course of the study (Fig. 10E). Moreover, cystatin C and
H-FABP levels in urine were consistently reduced through-
out the study (Supple Fig. 4A, B), as were the plasma con-
centrations of cystatin C and H-FAB at the end of the study
(Suppl. Figure 4C, D). In summary, also in the diabetic kid-
ney disease model, not only kidney damage markers but also
heart damage markers were reduced by chronic runcaciguat
treatment.

Effect of runcaciguat on kidney histopathology

At the end of the 42 weeks of treatment with runcaciguat,
organs were isolated, and histopathological analysis was
performed. Glomerulopathy, tubular degeneration/atrophy
and dilatation, and protein cast accumulation were evalu-
ated (Fig. 11). In the majority of rats, kidney damage in the
vehicle-treated group was severe (grade 4) (Fig. 11A, B).
Runcaciguat treatment for 42 weeks led to slight reduction of
kidney damage in many rats (grades 2 to 3) with a larger area
of intact proximal tubules as compared to vehicle-treated
rats (Fig. 11C, D). Overall, this histological observation is in
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Fig. 11 Effects of runcaciguat
in ZDF rats treated with
either vehicle or runcaciguat
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line with the kidney protective effect of runcaciguat as seen
for the biomarkers and for the renal function.

In summary, the data generated out of the three differ-
ent rodent models of CKD and cardio-renal damage showed
that runcaciguat reduced proteinuria, improved kidney func-
tion, and could reduce mortality. Those effects were already
observed not only early after 2 weeks of treatment duration
but also chronically after 8 and 42 weeks of treatment and
were to a large extent achieved without reduction of systemic
blood pressure. These data suggest that the sGC activator
runcaciguat induced cardiovascular and cardio-renal protec-
tive effects in this preclinical model of CKD associated with
diabetes, obesity, and hypertension.

Discussion

Could sGC activation provide a new therapeutic
approach for chronic kidney disease?

The NO-sGC-cGMP signal transduction pathway is impaired
in different cardiovascular diseases, including pulmonary
hypertension, heart failure, and chronic kidney diseases
(CKDs) (Stasch et al., 2011) Gheorghiade et al., 2013)
(Krishnan et al., 2018) (Hofmann, 2020). The impairment
of cGMP and NO contributes to sustained hypertension that
leads to multi-organ damages especially also in renal tissues
(Carlstrom, 2021). However, blood pressure reduction with
ACE inhibitors and ATIR antagonists still represents the
first-line treatment for CKD patients, and could not fully
prevent the progression of renal disease and CKD patients

Glomerulopathy

Tubulopathy

0

-
Tubular degeneration/atrophy, tubular
dilation , protein casts (grade 4)

Tubular degeneration/atrophy, tubular dilation,
protein casts (grade 2 or 3)

are still requiring more efficacious treatment options. In
CKD patients, proteinuria develops concomitantly with
hypertension, diabetes, or obesity. These comorbidities
result in a pronounced oxidative stress burden, leading to
sGC oxidation and therefore disruption of NO binding to
the sGC and cGMP signalling. Runcaciguat is a novel NO
and heme-independent activator of sGC that can restore
c¢GMP production of sGC activator expressing cells under
oxidative stress conditions (Hahn et al., 2021). We therefore,
investigated the in vivo effects of runcaciguat in three dif-
ferent CKD models in which proteinuria is driven not only
by hypertension but also by diabetes and obesity, namely
in angiotensin-treated rats (SD-ANG), in renin transgenic
(RenTG) rats supplemented with L-NAME, and in Zucker
diabetic fatty (ZDF) rats. In summary, in these different
animal models, a dose-dependent kidney protective effect
of runcaciguat could be established. Runcaciguat not only
reduced proteinuria (Figs. 1, 5, 9) and kidney damage bio-
markers (Figs. 2, 6, 10) but also histopathological findings
in the kidney (Figs. 7, 11). In RenTG rats, runcaciguat also
dose-dependently reduced mortality (Fig. 4).

Runcaciguat in comparison to other sGC activators
in CKD

There is still less information on kidney protective effects
of sGC activators published so far (for review, see Stasch
et al., 2015). However, it was shown previously that the
sGC activator cinaciguat, when given in high doses, could
significantly reduce proteinuria and kidney damage in salt-
loaded Dahl rats, a model of salt-sensitive hypertension and
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CKD (Hoffmann et al., 2015). Like earlier studies with sGC
activators, the applied dosages significantly reduced blood
pressure, which could result in undesired adverse events in
patients, and the clinical development of cinaciguat was
ultimately stopped due to hypotensive events (Breitenstein
et al., 2017). In our studies, and despite the mode of action
of sGC activators which NO-independently increase cGMP
production and could reduce blood pressure, runcaciguat did
not produce significant hypotension nor changes in heart rate
in the 3 rodent models. The kidney protective dose (3 mg/
kg/bid) which was able to significantly reduce proteinuria
(Figs. 1, 5, 9) had no or only a modest influence on blood
pressure (Figs. 1, 3, 8). In line with these data, we did not
find an activation of the RAAS system in these rats (not
shown). More recently, a research group from Boehringer
Ingelheim (BI) reported preclinical results with the sGC
activator BI 703704 on kidney function in ZSF-1 rats. These
rats are characterized by moderate hypertension, T2D, and
obesity. BI 703704 demonstrated a dose-dependent kidney
protective effect which was also observed in dosages with no
or only moderate blood pressure reduction (Boustany-Kari
et al., 2016). These kidney protective, but blood pressure
neutral effects of BI 703704-treated ZSF-1 rats are fully in
line not only with the effects seen with runcaciguat in ZDF
rats but also with the effects of runcaciguat in our studies in
hypertensive CKD models. Interestingly, runcaciguat and
BI 703704 demonstrated in these four different preclinical
CKD models a more pronounced reduction of proteinuria in
higher, blood pressure lowering dose-regimens, suggesting
that there might be also blood pressure-dependent beneficial
effects of sGC activators in CKD. Overall, these results seen
with sGC activators are fairly comparable from an effect size
as from the effects seen on different readouts like uPCR.
Therefore, these data suggest a class effect of sGC activators
in CKD. It will become really interesting how these highly
significant preclinical effects translate in clinical efficacy in
CKD patients as currently investigated in a clinical trial with
runcaciguat in CKD patients.

sGC activators and sGC stimulators in CKD

Since early on potent and selective but also orally available
sGC stimulators were available, there is also a quite substan-
tial preclinical evidence for a kidney protective effect of sGC
stimulators (for review, see Stasch et al., 2015). However, as
several preclinical models are driven by arterial hyperten-
sion and sGC stimulators were used also in blood pressure
reducing dosages, a blood pressure independent, direct kid-
ney protection of sGC stimulators remained to be shown.
Therefore, it is very difficult to predict if both principles
could be effective in CKD in general or if sGC activators,
due to the high oxidative stress burden in CKD, might be
even superior. Very recently, a kidney protective effect of
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the sGC stimulator praliciguat and blood-glucose lowering
effects were reported in the ZSF1 rat CKD model (Liu et al.,
2020). These effects were at least in part also confirmed in
patients with DKD (Hanrahan et al., 2020). Therefore, it will
become important in the future to study these effects more
systematically and directly compare sGC stimulators and
sGC activators not only on blood-glucose lowering but also
on different readouts, including metabolic and inflammatory
parameters. This will require preclinical head to head com-
parisons in the future and prior intense dose-finding studies
for both mechanisms.

Mechanisms of action of sGC activators in CKD

The presented data support a substantial kidney protective
effect of runcaciguat including a maintenance of kidney
function in predictive CKD models with different etiolo-
gies. Although these data are coming from predictive in vivo
models, these data sets are mostly descriptive. Therefore,
one limitation of these studies is that the exact molecular
mechanisms of action for these kidney protective effects of
runcaciguat could not be elucidated yet. However, it could be
demonstrated recently that runcaciguat was able to improve
renal blood flow in afferent and efferent arterioles as in
isolated perfused kidney preparation (Stehle et al. 2021).
These data suggest a better kidney perfusion and oxygena-
tion which could contribute to the kidney protection. In addi-
tion, reducing the blood pressure could have some kidney
protective effects at least acutely which might be supported
by the higher efficacy of blood pressure lowering, e.g., in
the hypertensive CKD models. It could not be ruled out that
also potential effects on blood glucose may contribute to
these effects seen in preclinical models. Treatment with the
SGC activator BI 703,704 resulted also in a reduction of
blood glucose (HbA1C glucose) in ZSF-1 rats (Boustany-
Kari et al. 2016). We also found a decrease of the HbA1C
levels by runcaciguat treatment in ZDF-1 rats in pilot experi-
ments (data not shown). Thus, improved glycemic control
could also contribute to the mode of action of sGC activa-
tors, especially in DKD patients. In the future, other studies,
which focus on the molecular mode of action, are required
also to identify distinct patient populations which will ben-
efit most from the sGC activator therapy.

What could be the potential of sGC activators
in cardio-renal diseases and heart failure?

It has been described previously that sGC stimulators had
beneficial effects in preclinical models of heart failure (Ghe-
orghiade et al., 2013). In fact, the sGC stimulator vericiguat
was recently approved for the treatment of HFrEF (Markham
and Duggan, 2021). Although sGC stimulators are effica-
cious in HFrEF, two phase 2 studies in HFpEF patients with
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arterial hypertension

type 2 diabetes

obesity

the sGC stimulators vericiguat and praliciguat could not
show a significant benefit (Armstrong et al., 2020a, Udelson
et al., 2020). Since one major comorbidity in HFpEF is T2D
which can cause significant oxidative stress, we started to
assess the effects of runcaciguat on heart damage in the ZDF
rat model. Runcaciguat could not only improve fractional
shortening (Suppl. Figure 3) but also significantly reduced
the heart-specific fatty acid binding protein (H-FAB) pilot
results (Suppl. Figures 2, 4) a sensitive heart damage bio-
marker. Moreover, in RenTG rats which feature some HFpEF
characteristics (Kovacs et al., 2016), runcaciguat was able to
decrease mortality rates (Fig. 4). Therefore, future studies
are required to focus more on the potential of sGC activators
in chronic heart diseases, to fully understand the treatment
potential of sGC activators in both CKD and chronic HF.
This might be of particularly interest in HF with preserved
ejection fraction (HFpEF) with its high oxidative stress bur-
den (Kolijn et al., 2020).

Summary

In essence, and as summarized in Fig. 12, the sGC activator
runcaciguat has shown significant benefits and efficacy in
hypertensive and diabetic preclinical CKD models with pro-
gressive proteinuria. These data are suggesting a treatment
benefit of runcaciguat in patients with diabetic and hyper-
tensive CKD. This significant renal protective effect was
also observed in dosages without blood pressure reduction
further suggesting a blood pressure-independent mechanism
of action in CKD. Consequently, runcaciguat is currently
investigated in a phase 2 clinical program in patients with a
clinical diagnosis of CKD with diabetes and/or hypertension
(CONCORD, NCT04507061).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00210-021-02149-4.

Hypertension, Diabetes, Obesity, -
proteinuria

e increase ROS and oxidative stress
lead to oxidized/heme-free sGC

impair and interrupt sGC-signialling

kidney damage

morbidity

mortality
drive CKD progression

*

The sGC activator Runcaciguat
* activates the oxidized/heme free sGC
restores sGC signalling

decrease proteinuria

decrease kidney damage

decrease mortality

slows down CKD progression

Author contribution All authors declare that all data were generated
in-house and that no paper mill was used. Research design: JPS, JM,
AKa, and PS. Conducted experiments: JPS, JM, PS, and AKa. Per-
formed data analysis: JPS, PS, JM, AKa, AB, BL, EH, AKr, MP, and
IM. Wrote the manuscript: PS, AB, and JRK. Edited and approved the
manuscript: AB, AKa, TS, JM, BL, EH, MP, IM, AKTr, JRK, MGH,
FE, JPS, and PS.

Data availability All raw data and materials are available and docu-
mented on file. All raw data were made available to NASP for peer
review to editors and reviewers. The data that support the findings of
this study are available from the corresponding author upon reason-
able request.

Declarations

Ethical approval All experiments were conducted by Bayer AG
(Wuppertal). All animal experiments are in accordance to the current
national legislation (German protection of animals’ act and the EU
directives on the protection of animals used for scientific purposes).
Study protocols were approved by the regional regulatory authority
(LANUV NRW, Germany) and by the institutional animal care and
use committee of Bayer AG.

Competing interests All authors were full-time employees of Bayer
AG, Pharmaceuticals when the studies were conducted.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

@ Springer


https://doi.org/10.1007/s00210-021-02149-4
http://creativecommons.org/licenses/by/4.0/

2378

Naunyn-Schmiedeberg's Archives of Pharmacology (2021) 394:2363-2379

References

Armstrong PW, Lam CSP, Anstrom KJ, Ezekowitz J, Hernandez AF,
O’Connor CM, Pieske B, Ponikowski P, Shah SJ, Solomon SD,
Voors AA, She L, Vlajnic V, Carvalho F, BAMBER L, Blaustein
RO, Roessig L, Butler J, Group VI-HS (2020a) Effect of veri-
ciguat vs placebo on quality of life in patients with heart failure
and preserved ejection fraction: the VITALITY-HFpEF rand-
omized clinical trial. JAMA 324:1512-1521

Armstrong PW, Pieske B, Anstrom KJ, Ezekowitz J, Hernandez AF,
Butler J, Lam CSP, Ponikowski P, Voors AA, Jia G, McNulty SE,
Patel MJ, Roessig L, Koglin J, O’Connor CM (2020b) Vericiguat
in patients with heart failure and reduced ejection fraction. N Engl
J Med 382:1883-1893

Boustany-Kari CM, Harrison PC, Chen H, Lincoln KA, Qian HS,
Clifford H, Wang H, Zhang X, Gueneva-Boucheva K, Bosanac
T, Wong D, Fryer RM, Richman JG, Sarko C, Pullen SS (2016)
A soluble guanylate cyclase activator inhibits the progression
of diabetic nephropathy in the ZSF1 rat. J] Pharmacol Exp Ther
356:712-719

Breitenstein S, Roessig L, Sandner P, Lewis KS (2017) Novel sGC
Stimulators and sGC activators for the treatment of heart failure.
Handb Exp Pharmacol 243:225-247

Carlstrom M (2021) Nitric oxide signalling in kidney regulation and
cardiometabolic health. Nat Rev Nephrol. 2021(1):1-16. https://
doi.org/10.1038/s41581-021-00429-z

Follmann M, Griebenow N, Hahn MG, Hartung I, Mais FJ, Mittendorf
J, Schifer M, Schirok H, Stasch JP, Stoll F, Straub A (2013) The
chemistry and biology of soluble guanylate cyclase stimulators
and activators. Angew Chem Int Ed Engl 52:9442-9462

Friebe A, Sandner P, Schmidtko A (2019) cGMP: a unique 2nd messen-
ger molecule—recent developments in cGMP research and devel-
opment. Naunyn Schmiedebergs Arch Pharmacol 393:287-302

Ganten D, Lindpaintner K, Ganten U, Peters J, Zimmermann F, Bader
M, Mullins J (1991) Transgenic rats: new animal models in hyper-
tension research. Hypertension 17:843-855

Gheorghiade M, Greene SJ, Butler J, Filippatos G, Lam CS, Maggioni
AP, Ponikowski P, Shah SJ, Solomon SD, Kraigher-Krainer E,
Samano ET, Muller K, Roessig L, Pieske B, Investigators S-R,
COORDINATORS (2015) Effect of vericiguat, a soluble gua-
nylate cyclase stimulator, on natriuretic peptide levels in patients
with worsening chronic heart failure and reduced ejection fraction:
the SOCRATES-reduced randomized trial. JAMA 314:2251-2262

Gheorghiade M, Marti CN, Sabbah HN, Roessig L, Greene SJ, Bohm
M, Burnett JC, Campia U, Cleland JG, Collins SP, Fonarow GC,
Levy PD, Metra M, Pitt B, Ponikowski P, Sato N, Voors AA,
Stasch JP, Butler J, ACADEMIC RESEARCH TEAM IN HEART,
F (2013) Soluble guanylate cyclase: a potential therapeutic target
for heart failure. Heart Fail Rev 18:123-134

Ghofrani HA, Humbert M, Langleben D, Schermuly R, Stasch JP,
Wilkins MR, Klinger JR (2017) Riociguat: mode of action
and clinical development in pulmonary hypertension. Chest
151:468-480

Gladwin MT (2006) Deconstructing endothelial dysfunction: soluble
guanylyl cyclase oxidation and the NO resistance syndrome. J Clin
Invest 116:2330-2332

Hahn MG, Lampe T, el Sheikh S, Griebenow N, Woltering E, Schlem-
mer KH, Dietz L, Gerisch M, Wunder F, Becker-Pelster EM, Mon-
dritzki T, Tinel H, Knorr A, Kern A, Lang D, Hueser J, Schomber
T, Benardeau A, Eitner F, Truebel H, Mittendorf J, Kumar V, van
den Akker F, Schaefer M, Geiss V, Sandner P, Stasch JP (2021)
Discovery of the soluble guanylate cyclase activator runcaciguat
(BAY 1101042). ] Med Chem 64:5323-5344

Hanrahan JP, de Boer IH, Bakris GL, Wilson PJ, Wakefield JD, Sefer-
ovic JP, Chickering JG, Chien YT, Carlson K, Cressman MD,

@ Springer

Currie MG, Milne GT, Profy AT (2020) Effects of the soluble
guanylate cyclase stimulator praliciguat in diabetic kidney dis-
ease: a randomized placebo-controlled clinical trial. Clin J Am
Soc Nephrol 16:59-69

Hoffmann LS, Kretschmer A, Lawrenz B, Hocher B, Stasch JP (2015)
Chronic activation of heme free guanylate cyclase leads to renal
protection in Dahl salt-sensitive rats. PLoS One 10:e0145048

Hofmann F (2020) The cGMP system: components and function. Biol
Chem 401:447-469

Kolijn D, Kovacs A, Herwig M, Lodi M, Sieme M, Alhaj A, Sand-
ner P, Papp Z, Reusch PH, Haldenwang P, Falcao-Pires I, Linke
WA, Jaquet K, van Linthout S, Mugge A, Tschope C, Hamdani
N (2020) Enhanced cardiomyocyte function in hypertensive rats
with diastolic dysfunction and human heart failure patients after
acute treatment with soluble guanylyl cyclase (sGC) activator.
Front Physiol 11:345

Kovacs A, Fulop GA, Kovacs A, Csipo T, Bodi B, Priksz D, Juhasz
B, Beke L, Hendrik Z, Mehes G, Granzier HL, Edes I, Fagyas
M, Papp Z, Barta J, Toth A (2016) Renin overexpression leads to
increased titin-based stiffness contributing to diastolic dysfunc-
tion in hypertensive mRen2 rats. Am J Physiol Heart Circ Physiol
310:H1671-H1682

Krishnan S, Kraehling J, Eitner F, Bénardeau A, Sandner P (2018) The
Impact of the Nitric Oxide (NO)/Soluble Guanylyl Cyclase (sGC)
Signaling cascade on kidney health and disease: a preclinical per-
spective. Int J Mol Sci 19:1712

Liu G, Shea CM, Jones JE, Price GM, Warren W, Lonie E, Yan S, Cur-
rie MG, Profy AT, Masferrer JL, Zimmer DP (2020) Praliciguat
inhibits progression of diabetic nephropathy in ZSF1 rats and
suppresses inflammation and apoptosis in human renal proximal
tubular cells. Am J Physiol Renal Physiol 319:F697-F711

Markham A, Duggan S (2021) Vericiguat: First Approval. Drugs
81:721-726

Mullins JJ, Peters J, Ganten D (1990) Fulminant hypertension in trans-
genic rats harbouring the mouse Ren-2 gene. Nature 344:541-544

Pieske B, Butler J, Filippatos G, Lam C, Maggioni AP, Ponikowski P,
Shah S, Solomon S, Kraigher-Krainer E, Samano ET, Scalise AV,
Muller K, Roessig L, Gheorghiade M, Investigators S, COORDI-
NATORS (2014) Rationale and design of the soluble guanylate
cyclase stimulator in heart failure studies (SOCRATES). Eur J
Heart Fail 16:1026-1038

Salloum FN, Das A, Samidurai A, Hoke NN, Chau VQ, Ockaili RA,
Stasch J-P, Kukreja RC (2012) Cinaciguat, a novel activator of
soluble guanylate cyclase, protects against ischemia/reperfusion
injury: role of hydrogen sulfide. American Journal of Physiology
- Heart and Circulatory Physiology 302:H1347-H1354

Sandner P, Zimmer DP, Milne GT, Follmann M, Hobbs A, Stasch
JP (2021) Soluble guanylate cyclase stimulators and activators.
Handb Exp Pharmacol 264:355-394

Sharina I, Lezgyieva K, Krutsenko Y, Martin E (2021) Higher sus-
ceptibility to heme oxidation and lower protein stability of the
rare alphalC517Ybetal sGC variant associated with moyamoya
syndrome. Biochem Pharmacol 186:114459

Shiota M, Printz RL (2012) Diabetes in Zucker diabetic fatty rat 933.
In: JOOST, H.-G., AL-HASANI, H. & SCHURMANN, A. (ed)
Animal Models in Diabetes Research. Humana Press, Totowa,
NJ, pp 103-123

Stasch J-P, Schlossmann J, Hocher B (2015) Renal effects of soluble
guanylate cyclase stimulators and activators: a review of the pre-
clinical evidence. Curr Opin Pharmacol 21:95-104

Stasch JP, Pacher P, Evgenov OV (2011) Soluble guanylate cyclase
as an emerging therapeutic target in cardiopulmonary disease.
Circulation 123:2263-2273

Stehle D, Xu MZ, Schomber T, Hahn MG, Schweda F, Feil S, Krae-
hling JR, Eitner F, Patzak A, Sandner P, Feil R, Bénardeau A
(2021) Novel sGC activators increase glomerular cGMP, induce


https://doi.org/10.1038/s41581-021-00429-z
https://doi.org/10.1038/s41581-021-00429-z

Naunyn-Schmiedeberg's Archives of Pharmacology (2021) 394:2363-2379 2379

vasodilation, and improve blood flow in the murine kidney.Br J Publisher's note Springer Nature remains neutral with regard to

Pharmacol. doi: https://doi.org/10.1111/bph.15586 jurisdictional claims in published maps and institutional affiliations.
Udelson JE, Lewis GD, Shah SJ, Zile MR, Redfield MM, Burnett J

JR, Parker J, Seferovic JP, Wilson P, Mittleman RS, Profy AT,

Konstam MA (2020) Effect of praliciguat on peak rate of oxygen

consumption in patients with heart failure with preserved ejection

fraction: the CAPACITY HFpEF randomized clinical trial. JAMA

324:1522-1531

@ Springer


https://doi.org/10.1111/bph.15586

	Runcaciguat, a novel soluble guanylate cyclase activator, shows renoprotection in hypertensive, diabetic, and metabolic preclinical models of chronic kidney disease
	Abstract
	Introduction
	Material and methods
	Compounds
	Animal models
	ANG-SD rat model
	RenTG rat model
	ZDF rat model

	Blood pressure measurements
	Biomarker measurements
	Urine and plasma
	Gene expression in kidneys

	Pharmacokinetic measurements
	Necropsy and histopathology
	Statistical analysis

	Results
	Effects of runcaciguat in Sprague–Dawley rats which were supplemented with angiotensin II (ANG-SD)
	Effects of runcaciguat on blood pressure
	Effects of runcaciguat on survival rate
	Effects of runcaciguat on body and kidney weights
	Effects of runcaciguat on diuresis and proteinuria
	Effects of runcaciguat on biomarkers of kidney damage

	Effects of runcaciguat in L-NAME-supplemented renin transgenic rats
	Effects of runcaciguat on blood pressure
	Effects of runcaciguat on survival rate
	Effects of runcaciguat on body weight and kidney weight
	Effects of runcaciguat on proteinuria and kidney function
	Effects of runcaciguat on biomarkers of kidney damage
	Effects of runcaciguat on kidney histopathology
	Effects of runcaciguat in Zucker diabetic fatty rats
	Effects of runcaciguat on blood pressure
	Effects of runcaciguat on survival rate
	Effects of runcaciguat on body weight and kidney weight
	Effects of runcaciguat on proteinuria and kidney function
	Effects of runcaciguat on biomarkers of kidney damage
	Effect of runcaciguat on kidney histopathology


	Discussion
	Could sGC activation provide a new therapeutic approach for chronic kidney disease?
	Runcaciguat in comparison to other sGC activators in CKD
	sGC activators and sGC stimulators in CKD
	Mechanisms of action of sGC activators in CKD
	What could be the potential of sGC activators in cardio-renal diseases and heart failure?
	Summary

	References


