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ABSTRACT

Targeting cardiac mitochondrial dysfunction and cardiac metabolic reprogramming is critical for improving
chronic heart failure (HF) treatment. While the soluble guanylate cyclase stimulator vericiguat has shown
promise in treating HF with reduced ejection fraction (HFrEF), its effects on HF with preserved ejection fraction
(HFpEF), particularly on myocardial bioenergetics, remain undefined. This study aimed to clarify the effects of
vericiguat on cardiac function and metabolism in a preclinical model of early-stage HF. Obese ZSF1 (Zucker fatty
and spontaneously hypertensive) rats were randomized to receive standard care (n = 10) or vericiguat (3 mg/kg/
d p.o.) (n = 10) treatment for 4 weeks. ZSF1 lean rats (n = 10) served as controls. Vericiguat improved diastolic
function, reduced cardiac hypertrophy and fibrosis and enhanced cardiac mitochondrial basal respiration,
upregulating the levels of several mitochondrial electron transport chain proteins from complexes I, II, IIl and V,
along with the ADP/ATP translocase 1 mRNA levels, and partially reversing mitochondrial cristae diffuse
dissolution observed in obese control rat hearts. Vericiguat treatment increased cardiac levels of phosphoproteins
involved in the pentose phosphate pathway (PPP) (6-phosphogluconolactonase and 6-phosphogluconate dehy-
drogenase) and in the Krebs cycle (malate dehydrogenase and aspartate aminotransferase), while normalizing
the mRNA levels of the master regulator of calcium uptake by the mitochondria (MICU1). Furthermore, ver-
iciguat restored the cardiac levels of key metabolites of the PPP such as 6-phosphogluconate, D-ribose 5-phos-
phate, and arginine, that were diminished in the obese control group. In conclusion, vericiguat elicits

beneficial functional and metabolic responses at cardiac level in an animal model of early-stage HFpEF.

1. Introduction

The nitric oxide (NO)-soluble guanylate cyclase (sGC)-cyclic gua-
nosine monophosphate (cGMP) pathway plays a crucial role in the
regulation of cardiac functionality and protection of the heart; in fact,
dysfunctional NO-sGC-cGMP signalling could result in heart failure (HF)
[1-4]. Vericiguat is a stimulator of sGC with a dual mode of action: it can
trigger cGMP production by binding and stimulation of sGC in synergy,
but also independent of endogenous NO [5,6]. In non-clinical models,
vericiguat effectively reduced mortality and vascular stiffness, suggest-
ing a beneficial effect in HF treatment [7-9]. In fact, vericiguat reduced
the risk of CV death and HF hospitalization in HF patients with reduced
ejection fraction (HFrEF), but had less pronounced effect in HF patients
with preserved ejection fraction (HFpEF) [10-14]. Therefore, to fully
understand the mode of action of sGC stimulators in HF and the thera-
peutic spectrum of vericiguat, additional non-clinical and subsequent
clinical studies are required. Investigating the potential effects of sGC
stimulators on the various pathophysiological mechanisms leading to HF
may, in turn, support more personalised HF management. This is
particularly important in HFpEF, where oxidative stress-dependent al-
terations of the NO-sGC-cGMP pathway (a crucial regulator of cardiac
contraction and relaxation; [15]) are involved in the pathophysiology of
myocardial dysfunction [16-18]. In HFpEF, the sGC stimulators ver-
iciguat and praliciguat failed in phase 2 clinical trials, a finding that
remains insufficiently understood, given that oxidative stress-induced
endothelial dysfunction in HFpEF could, in principle, be ameliorated
by sGC stimulators [13,19]. In accordance with this, a sex-specific
beneficial electrophysiological response to vericiguat in car-
diomyocytes from an experimental model of obese diabetic mice with
HFpEF has been demonstrated [20]. While HFpEF may arise from
various aetiologies, its progression is primarily driven by metabolic
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dysfunctions such as obesity and diabetes, which induce deleterious
alterations in mitochondrial energy metabolism [21,22]. The potential
impact of treatment with the sGC stimulator vericiguat on myocardial
bioenergetics in chronic HF and HFpEF has not yet been defined, and
elucidating the mechanistic basis for vericiguat’s effects in these con-
ditions warrants further research. The aim of this work is to clarify the
effects of the treatment with vericiguat on cardiac function and meta-
bolism using a preclinical model of HFpEF, the Zucker fatty and spon-
taneously hypertensive (ZSF1) rats. Adult ZSF1 rats at an early-stage of
HFpEF (14 weeks of age) were treated with the sGC stimulator ver-
iciguat for 4 weeks. Cardiac function was assessed by echocardiography,
while cardiac tissue was characterised using histomorphological and
electron microscopy techniques, alongside metabolomic and proteomic
analyses and high-resolution respirometry. Our data suggests that ver-
iciguat treatment may elicit beneficial functional and metabolic re-
sponses in the heart of ZSF1 rats at an early-stage of HFpEF. Vericiguat
improved diastolic dysfunction, reduced hypertrophy and fibrosis,
ameliorated mitochondrial function, increased levels of pivotal mito-
chondrial proteins involved in antioxidant processes, and stimulated
cardioprotective metabolic processes.

2. Methods

All reagents employed are from Sigma-Aldrich (USA) otherwise
indicated.

2.1. Ethical approval

All experimental procedures employing animals are described ac-
cording to the Guide for the Care and Use of the Laboratory Animals
published by the National Institutes of Health [23]. The study protocol
was approved by the ethics committee of the Faculty of Medicine of the
University of Porto (FMUP), the FMUP Animal Welfare and Ethics Re-
view Body (Orgao de Bem-Estar e Etica Animal), and by the Portuguese
Direcao-General de Alimentacao e Veterinaria (8161,/23S). The FMUP is
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approved by de Portuguese government to perform animal experiments.
The number of animals used in the experimental procedures was the
minimal necessary to develop our objectives and to ensure a pertinent
statistical power.

2.2. Animals

Adult male obese (440-520 g) and lean (300-380 g) Zucker fatty and
spontaneously hypertensive (ZSF1) rats were purchased from Charles
River Laboratories International, Inc. (USA) at 13 weeks of age. This
animal model is adequate for our experiment since it represents a well-
established model of metabolic syndrome (MetS) that, at 20 weeks,
presents the characteristic phenotype of HFpEF along with many
comorbidities: exercise intolerance, chronic kidney disease, damaged
endothelial function, etc [24,25]. Rats were housed in pairs in cages
under controlled conditions of room temperature (RT) (22 °C), relative
humidity (55 + 10 %) and illumination (inverted 12-hour light/dark
cycles, lights off at 08:00 and lights on at 20:00) in the Animal House of
the Faculdade de Medicina do Porto (FMUP, PRT). They were main-
tained with ad libitum access to the special Formulab 5008 diet for ro-
dents (4.15 kCal/g; 23 % protein, 6, 5 % fat, 58.5 % carbohydrates, 4 %
fibre and 8 % ash) (Research Diets Inc., USA) and mineral drinking
water. Food and water intake, and body weight were measured weekly.
At the end of the treatment, animals were euthanized under
sevoflurane-anaesthesia (8 %) (AbbVie, USA) via inhalation by exsan-
guination, and organs were collected, weighed, quickly frozen in liquid
nitrogen, and stored at —80 °C until subsequent analysis. Organ weights
were normalised to the tibia length due to body weight differences be-
tween the groups [26]. For histological analysis, samples were stored in
buffered 10 % formaldehyde. For mitochondrial respiration studies, a
tiny sample of the left ventricle (LV) was stored in biopsies until use.
Blood samples were collected in spray-coated KoEDTA and SST Advance
tubes (BD Vacutainer®, USA), and centrifuged at 5000 rpm for 15 min at
4 °C. The plasma and serum samples were collected in aliquots and
frozen at —80°C until subsequent analysis.

2.3. Vericiguat in vivo treatment

Rats were treated at 14 weeks of age for 4 weeks with the sGC
stimulator Vericiguat (Bayer AG, DEU) given at a dose of 3 mg/kg
administered once daily (OD), orally (p.o.), in an aqueous suspension
with a syringe [27]. Body weight was measured once a week to adjust
the treatment dose according to weight changes. Rats were randomly
divided into 3 groups: obese control group (vehicle, mineral drinking
water) (n = 10), lean control group (vehicle, mineral drinking water)
(n = 10), and obese vericiguat group (n = 10), with n defined as inde-
pendent animal individuals.

2.4. Metabolic characterization

Urine and stool production was noninvasively assessed at 17 weeks
of age by housing the animals for 24 h in metabolic cages (Techniplast,
ITA). Animals were previously adapted to the new environmental con-
ditions (individualization of animals, cage size and food and drink sys-
tems). Urine samples were collected and centrifuged at 5000 rpm for
15 min at 4 °C. The supernatant was collected in aliquots and was frozen
at —80°C until subsequent analysis.

2.5. Echocardiography

At 17 weeks of age (3 weeks of treatment), the echocardiographic
evaluation was performed under sevoflurane anaesthesia (4 %). Cardiac
structure and function were determined by transthoracic echocardiog-
raphy using the Acuson Sequoia C512 (Siemens Healthineers, DEU),
equipped with a linear 15 MHz probe Sequoia 15L8W (Siemens
Healthcare Diagnostics, DEU), positioned over the thorax [28]. M-mode
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was used to determine LV internal diameter in diastole (LVIDd) and
systole (LVIDs) in parasternal short-axis view. From these values, frac-
tional shortening (FS) can be calculated, applying the following formula:

FS (%) = (LVIDd-LVIDs)/LVIDd x 100

M-mode was also used to determine the tricuspid annular plane
systolic excursion (TAPSE), a reliable parameter to assess global right
ventricle function, in the apical four-chamber view. B-mode was used to
determine left ventricular end-diastolic (LVEDV) and systolic (LVESV)
volume parasternal long-axis view. Based on these calculations, pa-
rameters such as stroke volume (SV) (volume of blood ejected from the
LV during systole), and cardiac output (CO) (volume of blood ejected
from the LV per minute), can be determined applying the following
formulas:

EF (%) = (LVEDV-LVESV)/LVEDV x 100,
SV (mL) = (LVEDV-LVESV),
CO (mL/min) = SV x HR.

Diastolic parameters like isovolumic relaxation time (IVRT), late
diastolic transmitral flow velocity (A), and early diastolic transmitral
flow velocity (E) were obtained with pulsed-wave Doppler. Heart rate
(HR) was obtained with pulsed-wave Doppler in the apical five-chamber
view. Recordings were averaged from 3 consecutive heartbeats. Echo-
cardiograph data analysis was performed using the software Syngo US
Workplace Software (Siemens Healthineers, DEU).

2.6. Quantitative histomorphometry

After fixation with buffered 10 % (v/v) formaldehyde, histological
samples were embedded in paraffin and cut into sections of 3 pm of
thickness. Histomorphological analysis of heart samples was performed
with picro-sirius red and hematoxylin and eosin (H&E). H&E staining
was used to quantify cardiomyocytes area as an indicator of hypertro-
phy. Sections were digitally photographed (Olympus XC30, Olympus,
JPN). Digital images (magnification of x40) were analysed using image
analysis software (Cell B Software Version 3.4, Olympus, JPN). Sixty
randomly selected cardiomyocytes were analysed per sample. Picro-
sirius red staining was used to quantify fibrosis. Sections were digi-
tally photographed (Zeiss Axio Scope Al, Zeiss, DEU). Digital images
(magnification of x20) were analysed using image analysis software
(Image-Pro Plus version 6.0, Media Cybernetics Inc., USA). Six randomly
selected fields were analysed per sample [29,30].

2.7. Transmission electron microscopy

After LV tissue collection, the samples were immediately fixed in
2.5 % glutaraldehyde in cacodylate buffer and post-fixed in osmium
tetroxide. The tissue samples were then dehydrated in graded ethanol
(95 -100 %), and subsequently embedded in a mixture of polypropylene
oxide with Epon resin at RT. Then the samples were placed in Epon resin
blocks and placed at 60°C for 2-3 days. Ultrathin sections (80 nm) were
performed in an ultramicrotome Leica Ultracut UCT (Leica Micro-
systems GmbH, DEU), and were contrasted with uranyl acetate and lead
citrate in a Leica EM AC20 (Leica Microsystems GmbH, DEU) automatic
contrasting instrument. The grids were examined under a transmission
electron microscope JEOL JEM 1011 (JEOL Ltd., JPN) at 80 KV with a
%5000 and x 30000 magnification, and images were photographed with
a MegaView G3 camera (Media System Lab S.r.1., ITA) in the Microscopy
Service of the University of Santiago de Compostela (USC) in Spain.
Images were analysed with ImageJ software (Version 1.54 g) (USA). For
each sample, 5 randomly chosen fields with a x30000 magnification
were employed. A total of 125-148 mitochondria were analysed from 4
LV samples of each group. Mitochondria cristae destruction classifica-
tion was scored as 0 = absent, 1 = mild, 2 = moderate/severe.
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2.8. Mitochondrial oxygen consumption rate evaluation

The evaluation of the oxygen consumption rate of mitochondria from
LV permeabilized fibres (pfi), during different states of coupling control,
was performed using a High Resolution FluoRespirometer O2k (Oro-
boros Instruments GmbH, AUT), with the substrate-uncoupler-inhibitor
titration (SUIT) protocol for pfi. SUIT-001 O2 pfi protocol allowed to
assess mitochondria specific flux (the mitochondrial respiration nor-
malised by the sample mass) during basal respiration; non-
phosphorylating state (LEAK) in the absence of adenosine diphosphate
(ADP); OXPHOS state activated in the presence of saturating concen-
trations of ADP [1-5 mM]; and maximal electron transfer capacity after
titration with the uncoupler carbonyl cyanide m-chlorophenyl hydra-
zone (CCCP) as previously described [31,32]. Briefly, LV tissue was
submerged in an ice-cold relaxing and biopsy preservation solution
(BIOPS) [10 mM Ca-EGTA buffer (2.77 mM CaK2EGTA + 7.23 mM
K2EGTA; 0.1 pM free calcium), 50 mM K+ -MES, 20 mM taurine,
0.5 mM dithiothreitol, 6.56 mM MgCl2, 5.77 mM ATP, 15 mM phos-
phocreatine and 20 mM imidazole; pH = 7.1 adjusted with 5 N KOH at
0 °C] for mechanical separation of cardiac fibres. Afterwards, LV fibres
were immersed for 30 min in 2 mL of ice-cold saponin and BIOPS so-
lution (5 mg saponin /1 mL BIOPS) for its permeabilization and, sub-
sequently, acclimatized to the procedure medium MIR06 [MIR05
(MiR0O5-Kit, Oroboros Instruments GmbH, AUT) with 280 U/mL cata-
lase] for 15 min. Following permeabilization, 1-2 mg of LV pfi were
added into each chamber of the FluoRespirometer with 2.0 mL of MIR06
medium. The addition of different substrates and inhibitors enables the
assessment of each segment of the electron transport chain: complex I
(pyruvate (P) [5 mM] + malate (M) [2 mM], glutamate [10.0 mM] and
rotenone [0.5 puM]); complex II (succinate [50.0 mM]); complex III
(antimycin A [2.5 uM]) and complex IV (N,N,N,N-Tetramethyl-p--
phenylenediamine [TMPD, 0.5 mM] + ascorbate (Asc) [2.0 mM]) and
sodium azide [100.0 mM]); complex V (ADP). Furthermore, the addition
of the substrates cytochrome c (Cyt ¢) [10 uM], octanoylcarnitine (Oct)
[0.2 mM], and glycerophosphate (Glp) [0.2 mM] allows the evaluation
of the outer mitochondrial membrane integrity, fatty acids oxidation,
and Glp dehydrogenase complex, respectively.

2.9. Ketone bodies and biochemical parameters determination

A blood sample was collected from the tail vein of the rats and
measured the day before sacrifices using the glucometer Freestyle-Mini
(Abbot, USA). The Freestyle-Mini glucometer is capable of detecting
ketone levels between 0.00 and 8.00 mmol/L. Blood ketone values that
are outside the detection limits of the device will be indicated, by
consensus, as these limit values. After the sacrifice of the animals, serum
glucose, cholesterol, triglyceride and alanine aminotransferase levels
were analysed in the University Clinical Hospital of Santiago de Com-
postela (ESP), using the daily routine facilities for in-patient care and
employing the Dimension EXL with LM equipment (Siemens, DEU).

2.10. Protein identification by LC-MS/MS

Protein extraction, protein digestion, and phosphopeptide enrich-
ment and protein quantification by SWATH (Sequential Window
Acquisition of all Theoretical Mass Spectra) were performed as previ-
ously established by our group [33,34]. Data analysis was carried out as
previously established by our group [33,34], but for the protein/peptide
library, a fold-change > 1.2 or < 0.8 and P < 0.05 for up-regulated or
down-regulated proteins was selected.

Functional and pathway analysis were evaluated using String (htt
ps://string-db.org/), applying a minimum required interaction score
of PPI= 0.7 (protein protein interaction) and an FDR < 0.05. Pathway
analysis was performed employing Reactome (https://reactome.org/),
which applies a statistical (hypergeometric distribution) test to deter-
mine whether certain pathways are over-represented (enriched), and
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generate a probability score, which is corrected for FDR using the
Benjamini-Hochberg method. The most enriched pathways were rep-
resented employing Reactome pathway diagrams. Statistical analyses
were performed using Markerview or Scaffold software. The volcano
plot was generated using GraphPad Prism 9 (GraphPad Software Inc.,
USA). Cellular component and reactome pathway analysis were gener-
ated using FunRich software (http://www.funrich.org/) for data-
independent acquisition analysis.

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE [35] partner repository
with the dataset identifier PXD066408, while the phosphoproteomics
data are available under the separate dataset identifier PXD066410.

2.11. Metabolic profiling of rat LV tissue

Metabolic profiling of rat LV heart tissue (n = 9-10) was carried out
by OWL Metabolomics S.L. by Rubi6 (ESP), as described previously [36].
In short, multiple ultra-high performance liquid chromatography
coupled to mass spectrometry (UHPLC-MS) platforms were used to
analyse endogenous analytes in the sample. The metabolites detected
were included in posterior statistical analysis to evaluate possible
metabolic alterations between different groups of samples. Different
combinations of organic solvents were used to extract the metabolites
from the sample depending on their physicochemical properties, and
four different UHPLC-MS platforms were used: (1) fatty acyls, bile acids
(BA), steroids and lysoglycerophospholipids, (2) glycerolipids, choles-
teryl esters (ChoE), sphingolipids and glycerophospholipids, (3) amino
acids (AA), and (4) polar metabolites. Lipid nomenclature and classifi-
cation follow the LIPID MAPS convention, www.lipidmaps.org.

2.12. Reverse transcription polymerase chain reaction (RT-PCR)

RNA was treated with DNase to remove genomic DNA and was
extracted employing a NucleoSpin kit, following the manufacturer’s
instructions (Macherey-Nagel, DEU). RNA quality and quantity were
determined by employing a NanoDrop 1000 spectrophotometer
(Thermo Scientific, USA). For relative quantification, we carried out a
reverse-transcription reaction with 1 pg of RNA utilizing the Tran-
scriptor First Strand cDNA Synthesis Kit (Roche Diagnostics, CHE)
following the manufacturer’s instructions. Real-time PCR was per-
formed employing RT? SYBR Green® ROX™ gPCR Mastermix and spe-
cific primers supplied by provided by Qiagen® (DEU) for rat
mitochondrial calcium uptake 1 (Micul) (RefSeq NM_199412.2); solute
carrier family 25 member 4, adenine nucleotide translocator 1 or ADP/
ATP translocase 1 (Slc25a4 or Antl) (RefSeq NM_053515.2);
glyceraldehyde-3-phosphate =~ dehydrogenase  (Gapdh)  (RefSeq
NM_017008.4); and 18S ribosomal RNA (Rn18s) (RefSeq NR_046237.1).
All these primers pairs (forward and reverse) were intron-spanning and
carefully designed, optimized and validated by Qiagen® (DEU). We
performed RT-PCR using the Stratagene Mx3005P Real-Time PCR Sys-
tem following the manufacturer’s instructions (Agilent Technologies,
USA).

2.13. Western blot

LV heart tissues were lysed employing a TissueLysser II (Qiagen®,
DEU) and were subjected to SDS-PAGE/Western blotting as we have
previously explained [37], employing a primary antibody against
a-tubulin (Cell Signaling Technology, Inc, USA, #3873, Lot: 16, 1:1000)
following the manufacturer instructions. Mouse anti-rabbit IgG-HRP
(Santa Cruz Biotechnology, Inc, USA, sc-2357, Lot # K2823, 1:1000) and
m-IgGk BP-HRP (Santa Cruz Biotechnology, Inc, USA, sc-516102, Lot #
D1123, 1:1000) were used as the secondary antibodies. Chem-
iluminescence was used for the visualization of protein band intensities
employing Clarity Western ECL Substrate (Bio-Rad Laboratories, Inc,
USA) and a ChemiDoc MP Imaging System (Bio-Rad Laboratories, Inc,
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USA). Normalization of protein band intensities quantification was
assessed employing glyceraldehyde-3-phosphate  dehydrogenase
(GAPDH) (Sigma-Aldrich, USA, G9545, Batch# 0000182457 1:1000).

2.14. Statistical analysis

Experimental data are expressed as mean + Standard Error of the
Mean (SEM) of at least 4 animals per group. The measurements for food
and water consumption were performed in all the animals (n = 10),
however, considering that rats were housed in pairs in the metabolic
cages, there are 5 measurements per group. The statistical analysis was
carried out with the software GraphPad Prism 8.0.1 (GraphPad Software
Inc., USA). All statistical analyses were conducted to compare experi-
mental group with controls. Data distributions were first assessed for
normality using the Kolmogorov-Smirnov test. For normally distributed
data, a One-way ANOVA was performed. Homogeneity of variances was
tested using the Brown-Forsythe test. If variances were homogeneous,
Tukey’s HSD test was used for post hoc multiple comparisons. If vari-
ances were heterogeneous, Welch’s ANOVA was applied followed by
Games-Howell post hoc analysis. For non-normally distributed data, the
Kruskal-Wallis H test was used, with Dunn’s multiple comparisons test.
When comparing groups with small sample sizes (n = 5-6), the Mann-
Whitney U test was applied. Comparisons of categorical variables
(mitochondrial cristae destruction) were performed employing the Chi-
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squared test with a post hoc pairwise comparison applying the Bonfer-
roni correction using R Statistical Software (v4.1.2; R Core Team, 2021,
AUT; https://cran.rproject.org/). The regulation of LV proteome was
analysed by the paired Student’s t test in the normal distribution data
using Markerview software (Sciex, USA). P < 0.05 was considered sta-
tistically significant.

Data obtained from metabolomic analysis were pre-processed using
the TargetLynx application manager for MassLynx 4.1 (Waters Corpo-
ration, Massachusetts, USA). Intrabatch (multiple internal standard
response correction) and interbatch (variable specific interbatch single
point external calibration using repeat extracts of a commercial serum
sample) normalization followed the protocol detailed in Martinez-
Arranz et al., 2015 [38]. Metabolomic data are expressed as mean +
SEM and significance was established as P < 0.05. The statistical soft-
ware package R Statistical Software (v.3.1; R Core Team, 2011, AUT;
https://cran.rproject.org/) was used for the statistical analysis. Differ-
ences between obese vericiguat group and obese and lean control groups
were analysed using the Student’s t-test or Wilcoxon-Mann Whitney test.

The variation in sample sizes (n values) across analyses is attribut-
able to the availability of cardiac left ventricle tissue, due to the diverse
techniques employed in this study.
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Fig. 1. Body weight, metabolic parameters and ketone and glucose levels in ZSF1 rats after treatment with vericiguat. (A) Body weight (n = 10). (B) Food con-
sumption (n =5, 2 animals per cage). (C) Water consumption (n = 5, 2 animals per cage). (D) Urine and (E) stool produced in 24 h (in the metabolic cages),
respectively. (F) Blood ketone levels before sacrifice (n = 9-10). (G) Serum glucose levels after sacrifice (n = 9-10). Values are expressed as mean + SEM. Com-
parisons between groups were performed by one-way ANOVA or Kruskal-Wallis H test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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3. Results

3.1. Vericiguat effects on body weight and metabolic parameters in ZSF1
rats

Body weight, food and water consumption, and urine and stool
production were significantly higher in obese ZSF1 rats compared to the
lean ZSF1 control rats (Fig. 1A, B, C, D and E). Four-week treatment with
vericiguat did not modify the body weight of obese vericiguat group
compared to obese control group (Fig. 1A), but it reduced food con-
sumption after two weeks of treatment (Fig. 1B), as well as water intake
during the treatment (Fig. 1C). However, vericiguat did not modify the
amount of urine (Fig. 1D) and stool (Fig. 1E) excreted by obese ver-
iciguat group compared to the obese control group.

At the end of the study, blood ketone and serum glucose levels were
analysed in all groups. Vericiguat treatment slightly decreased blood
ketone levels in obese vericiguat group towards the values observed in
the lean control group, although this result was not significant (Fig. 1F).
In addition, vericiguat treatment significantly decreased glucose serum
levels compared to the obese control group (Fig. 1G). Serum cholesterol,
triglycerides and the liver enzyme alanine aminotransferase levels were
not altered by vericiguat (data not shown). Vericiguat did not cause
changes in the weight of the heart, liver, lungs, kidneys, pancreas,
spleen, perirenal and perigonadal fat and gastrocnemius in ZSF1 rats
(Table 1).

3.2. Vericiguat treatment ameliorates LV diastolic dysfunction

With the progress of HFpEF, IVRT values of obese control and lean
control groups increased due to further deterioration of diastolic func-
tion, and obese control group had significantly increased IVRT values
compared to lean control group at 17 weeks of age (Fig. 2A, Table 2).
Treatment with vericiguat for three weeks improved diastolic function
(IVRT) of the ZSF1 obese vericiguat group compared with the obese

Table 1

Morphometric parameters of ZSF1 rats after vericiguat treatment. Measure-
ments of organ weights normalized by the tibia length (TL) of ZSF1 rats after 4
weeks of vericiguat treatment. Values are expressed as mean + SEM. (n = 9-10).
Comparisons between groups were performed by one-way ANOVA or Kruskal-
Wallis H test. Lean control group vs. obese control group: *##P < 0.001;
####p < 0.0001. Lean control group vs. obese vericiguat group: “P < 0.05;
&&p < 0.01 “44p < 0.001; 4¢P < 0.0001.

Morphometric parameters

Lean group Obese Obese
group + vericiguat
group
Body weight (g) 384.60 522.30 519.00 + 8.24
4 5.optHHH&LEE +5.07
Tibia Length (mm) 39.88 37.62 37.23 + 0.20
+ 0.19%#FH&&&& +0.21
Heart weight (mg/mm) 29.35 35.49 34.42 4+ 0.64
4 0.40HF##&&&E +0.72
Liver weight (mg/mm) 282.20 862.00 855.80 + 21.21
+ 6.997# k& +18.28
Lungs weight (mg/mm) 31.76 + 0.30 33.41 33.35+0.85
+0.83
Kidneys weight (mg/ 64.09 99.62 95.09 + 2.70
mm) + 2,887 #H#&L +1.63
Pancreas weight (mg/ 19.77 + 1.46% 20.25 23.19+1.14
mm) +1.33
Spleen weight (mg/ 14.30 18.68 19.27 + 0.64
mm) + 0.207#H# &bkl +0.43
Total perirenal fat 97.48 578.6 578.2 +12.26
weight (mg/mm) 4 11.28###&&& +11.99
Total perigonadal fat 102.20 324.20 321.30 + 3.17
weight (mg/mm) + 4.387### &&&& +9.40
Gastrocnemius weight 46.81 36.91 37.24 £ 1.12

+ 0.87###’&&&

(mg/mm) +0.52
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control group at 17 weeks of age (Fig. 2A, Table 2) but did not modify
other echocardiographic parameters (Table 2) like ejection fraction (EF)
(Fig. 2B), fractional shortening (FS) (Fig. 2C) and E/e’ (Fig. 2D) in obese
vericiguat group.

3.3. Vericiguat decreases LV hypertrophy and fibrosis in ZSF1 rats

The histological analysis performed showed a significant decrease in
the area of LV cardiomyocytes in the obese vericiguat group compared
to the obese control group (Fig. 3A and C). Moreover, vericiguat
administration significantly reduced the percentage of fibrosis (Fig. 3B
and C), as well as the a-tubulin protein expression (Fig. 3D and E), in LV
tissue from ZSF1 rats when compared to the obese control group.

3.4. Effect of vericiguat treatment on cardiac mitochondria respiration of
ZSF1 rats

Stimulation of complex I by glutamate (once uncoupling has
occurred) significantly increased the specific flux of the obese vericiguat
group compared to the obese control group (Fig. 4A and B). The stim-
ulation of p-oxidation by adding octanoylcarnitine significantly
increased mitochondrial respiration in the obese vericiguat group when
compared to the obese control group (Fig. 4A and B). The action of
glycerophosphate produced a significant increase in the specific flux in
the lean control group vs. the obese control group and, although the
increase in mitochondrial respiration in the obese vericiguat group was
not statistically significant, the levels achieved were similar to those
observed in the lean control group (Fig. 4A and B), suggesting a
normalization of mitochondrial respiration after vericiguat treatment.

3.5. Vericiguat partially restored the marked ultrastructural abnormalities
in LV mitochondria from ZSF1 rats

Lean control group showed a preserved cytoarchitectonic structure
of LV cardiomyocytes, with regularly and continuous myofibrils that
alternate with serially arranged mitochondria (Fig. 5A). In the obese
animals, there were marked evidence of disruption in the mitochondrial
ultrastructure with mitochondrial damage, fragmentation and presence
of swollen mitochondria with a more electron lucent matrix (Fig. 5B).
Remarkably, these mitochondria from obese control group presented
conformational changes in mitochondrial cristae morphology with
cristae disarrangement, dissolution and loss (Fig. 5B), partially reverted
by the treatment with vericiguat (Fig. 5C). In lean control group, the
inner mitochondrial membrane (IMM) and the outer mitochondrial
membrane (OMM) remain intact with a compact border (Fig. 5A), while
obese animals present dissolution and rupture of IMM and/or OMM
(Fig. 5B). In these obese ZSF1 rats, vericiguat can partially restore the
integrity of the mitochondrial membrane (Fig. 5C).

3.6. Vericiguat preserved cristae morphology in LV mitochondria of ZSF1
rats

The analysis of mitochondrial ultrastructure by electron microscopy
showed a huge heterogeneity in mitochondrial cristae disintegration
(Fig. 5A, B and C), which was quantified by classifying and scoring
mitochondria into three categories (Fig. 5D and E) as follows: absence of
cristae destruction (absent), less than half of the mitochondria with
cristae destruction (mild), and more than half of the mitochondria with
cristae destruction (moderate/severe). We observed significant differ-
ences in the percentage of mitochondrial cristae destruction between the
three experimental groups (P < 0.0001, y% 54.724 for lean control
group vs. obese control group; P < 0.0001, y% 21.736 for lean control
group vs. obese vericiguat group; and P < 0.0001, x* 23.263 for obese
control group vs. obese vericiguat group) (Fig. 5E). Obese animals pre-
sented a 90 % moderate/severe mitochondrial cristae destruction, while
a 47 % and a 65 % were determined in lean control group and obese
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Fig. 2. Effect of vericiguat treatment on cardiac functional parameters in ZSF1 rats. (A) Isovolumic relaxation time (IVRT) (n = 9-10). (B) Ejection fraction (EF)
(n = 10). (C) Fractional shortening (FS) (n = 10). (D) E/e’ (n = 9-10). Values are expressed as mean + SEM. Comparisons between groups were performed by one-
way ANOVA or Kruskal-Wallis H test. *P < 0.05; **P < 0.01. E: early diastolic transmitral flow velocity; e’: peak early-diastolic annular velocity.

Table 2

Effects of vericiguat treatment on different echocardiographic parameters in
ZSF1 rats. Measurement of the echocardiographic parameters ejection fraction
(EF), fractional shortening (FS), isovolumic relaxation time (IVRT), cardiac
output (CO), tricuspid annular plane systolic excursion (TAPSE), E/e’, E/A, left
atrium area (LAA), heart rate (HR) at the end of the vericiguat treatment in ZSF1
rats. Data is expressed as mean + SEM (n = 7-10). Lean control group vs. obese
control group: #p < 0.05; **P < 0.01; *###P < 0.0001. Lean control group s.
obese vericiguat group: “P < 0.05; “*P < 0.01; “*¢p < 0.001. Obese control
group vs. obese vericiguat group: *P < 0.05. Comparisons between groups were
performed by one-way ANOVA or Kruskal-Wallis H test. A: late diastolic trans-
mitral flow velocity. E: early diastolic transmitral flow velocity; e’: peak early-
diastolic annular velocity.

Echocardiographic parameters

Lean group Obese group Obese + vericiguat
group
% EF 62.45 + 1.56 62.85 62.59 + 1.23
+1.38
% FS 43.61 + 1.22% 45.33 49.44 + 1.39
+1.12
IVRT (ms) 20.33 + 0.51%# 23.53 21.34 + 0.59*
+0.65
co 109.90 + 3.86 109.20 105.50 + 3.31
(mL-min~1) +3.73
TAPSE (cm) 2.13 +0.13%% 255+0.10  2.52+0.08
E/e’ 14.13 + 1.02%¢ 17.22 17.16 + 0.65
+0.61
E/A 1.875+0.13 1.70 £0.05  1.72 4+ 0.05
LAA (cm?) 0.25 + 0.01% 0.28 + 0.01 0.28 + 0.01
HR (min~1) 338.00 284.90 289.50 + 4.71
+ 10.09####.&&& + 4.01

vericiguat group, respectively (Fig. 5E). Remarkably, as observed in
Fig. 5E, the treatment with vericiguat partially restored the mitochon-
drial cristae destruction of the obese animals towards the lean condition.
In fact, the obese vericiguat group showed a 3 % absent, 32 % mild, and
65 % moderate/severe mitochondrial cristae destruction, while lean
control group presented a 20 % absent, 32 % mild and 47 % moderate/
severe destruction.

3.7. Proteomic quantitative (DIA) and qualitative (DDA) analysis in LV
from ZSF1 rats

Quantitative proteomic analysis comparing the obese vericiguat
group vs. obese control group identified 88 proteins with significantly
altered expression levels. From these, we selected 22 proteins (Table 3,

Supplementary Table 1) associated with the cytoskeleton, mitochondria,
and the respiratory electron transport chain, based on cellular compo-
nent and reactome pathway enrichment analysis (FunRich software).

Given our observation that vericiguat treatment exerts an anti-
hypertrophic effect on the cardiac left ventricle tissue, we focused on a
subset of cytoskeleton-related proteins. Specifically, microtubule-
associated protein 4 (MAP4), tropomodulin-1 (TMOD1), and tubulin
beta-4B chain (TBB4B) were downregulated in the obese vericiguat
group compared to the obese control group (Table 3), whereas their
expression was increased in the obese control group vs. lean control
group (Supplementary Table 1). In addition, tropomyosin alpha-1 chain
(TPM1) was also downregulated in the obese vericiguat group compared
to the obese control group (Fig. 6A, Table 3).

We also observed the effect of vericiguat treatment on cardiac
mitochondrial respiration proteins (Table 3, Fig. 6A). Most of the elec-
tron transport chain proteins were up-regulated in the obese vericiguat
group compared with the obese control group, while the expression was
sustained between the obese vs. lean control group (NADH dehydroge-
nase [ubiquinone] flavoprotein 2, mitochondrial (NDUV2), NADH de-
hydrogenase [ubiquinone] 1 alpha subcomplex subunit 9, mitochondrial
(NDUA9), NADH dehydrogenase [ubiquinone] 1 alpha subcomplex
subunit 10, mitochondrial (NDUAA), NADH-ubiquinone oxidoreductase
75 kDa subunit, mitochondrial (NDUS1), NADH dehydrogenase [ubi-
quinone] 1 alpha subcomplex subunit 11 (NDUAB), succinate dehy-
drogenase [ubiquinone] flavoprotein subunit, mitochondrial (SDHA),
cytochrome b5 type B (CYB5B), ATP synthase subunit gamma, mito-
chondrial (ATPG) and ATP synthase F(0) complex subunit B1, mito-
chondrial (AT5F1), ADP/ATP translocase 1 (ADT1)). Other proteins
associated with protection against oxidative stress were up-regulated in
the obese vericiguat group compared with the obese control group,
while the expression was downregulated or sustained between the obese
vs. lean control group (thioredoxin-dependent peroxide reductase,
mitochondrial (PRDX3), peroxiredoxin-5, mitochondrial (PRDXS5),
peroxiredoxin-6 (PRDX6), superoxide dismutase [Mn], mitochondrial
(SODM), voltage-dependent anion-selective channel protein 3 (VDAC3),
ES1 protein homolog, mitochondrial (ES1)) (Table 3, Fig. 6A and B).
ATS5F1, PRDX5 and PRDXG6 proteins are slightly below the selected fold-
change threshold (fold-change >1.2) but, as they form clusters with
other proteins mentioned above, they have been selected. Two proteins
associated with tricarboxylic acid cycle (isocitrate dehydrogenase
[NAD] subunit gamma 1, mitochondrial (IDHG1), malate dehydroge-
nase, mitochondrial (MDHM)), had their expression increased in the
obese vericiguat group compared with the obese control group: the first
one had its expression sustained between the obese vs. lean control
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Fig. 3. Effect of vericiguat on hypertrophy, fibrosis and protein levels of a-tubulin in LV tissues from ZSF1 rats. (A) Quantitative analysis of myocardial hypertrophy
based on cardiomyocyte area on LV tissue of ZSF1 rats treated with vericiguat compared to obese and lean control animals (n = 10). (B) Quantitative analysis of the
percentage of fibrosis on LV tissue of ZSF1 rats treated with vericiguat compared to obese and lean control animals (n = 6). (C) Representative histological images
from LV cardiomyocytes stained with H&E in each group of animals (magnification of X40) and with Picro-sirius red in each group of animals (magnification x20).
(D) Statistical analysis of a-tubulin protein expression levels in LV tissues of ZSF1 rats treated with vericiguat when compared to obese and lean control animals
(n = 10). (E) Representative photographs showing a-tubulin protein expression levels in LV tissues of ZSF1 rats. Values are expressed as mean + SEM. Comparisons
between groups were performed by one-way ANOVA or Kruskal-Wallis H test. *P < 0.05; **P < 0.01; ****P < 0.0001. LV: left ventricle. Scale bar: 100 pm.

groups, while the last one had its expression downregulated between the
obese vs. lean control groups (Table 3, Fig. 6A and B).

Qualitative proteomic analysis enabled us to identify proteins pre-
sent in each particular group. Among those present both in the lean
control group and the obese vericiguat group, and absent in the obese
control group, we identified a protein involved in the recognition and

mediation of the translocation of mitochondrial preproteins from the
cytosol into the mitochondria (mitochondrial import receptor subunit
TOM70 (TOM70)) (Fig. 6B).
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Fig. 4. Mitochondria respiration in the LV of ZSF1 rats after vericiguat treatment. (A) Graphical representation of the effect of vericiguat treatment on mitochondrial
basal respiration of permeabilised LV fibres and after the addition of different substrates (pyruvate+malate, adenosine diphosphate, cytochrome c, glutamate,
succinate, octanoylcarnitine and ascorbate and N,N,N’,N'-Tetramethyl-p-phenylenediamine), an uncoupler (carbonyl cyanide m-chlorophenyl hydrazone) and in-
hibitors (rotenone, glycerophosphate, antimycin A and azide) (n = 6). (B) Effects on mitochondria respiration after addition of glutamate, after the stimulation of
p-oxidation by adding octanoylcarnitine and after addition of glycerophosphate (n = 5-6). Values are expressed as mean + SEM. Comparisons between groups were
performed by Mann-Whitney U test. Obese vericiguat group vs. obese control group *P < 0.05; obese control group vs. lean control group *P < 0.05. BR: basal
respiration, ETS: electron transfer state, LS: LEAK state, LV: left ventricle, OS: OXPHOS state.

3.8. Phosphoproteomic analysis in LV from ZSF1 rats

Quantitative proteomic analysis comparing the obese vericiguat
group with the obese control group identified 49 phosphorylated pro-
teins with significantly altered levels. From these, we selected 3 proteins
related to mitochondrial function, specifically the Krebs cycle, the
malate-aspartate shuttle and the mitochondrial translation machinery.
Vericiguat treatment increased the phosphorylation of aspartate

aminotransferase, mitochondrial (AATM), and malate dehydrogenase,
mitochondrial (MDHM). Conversely, vericiguat decreased the phos-
phorylation of elongation factor Tu, mitochondrial (EF-TUp,) (Fig. 6B).
Additionally, we selected 2 phosphorylated proteins involved in the
pentose phosphate pathway (PPP), 6-phosphogluconolactonase (6PGL)
and 6-phosphogluconate dehydrogenase, decarboxylating (6PGD),
which were increased in the obese vericiguat group (Table 3, Supple-
mentary Table 1).
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Fig. 5. LV electron micrographs of mitochondrial ultrastructural morphological characteristics and mitochondrial cristae destruction. Representative electron mi-
crographs showing cardiac mitochondria localized in the LV of lean control group (A), obese control group (B) and obese vericiguat group (C) at a low magnification
of x5000 (first row) and a high magnification of x30000 (second row). Representative electron microscopy images of mitochondrial cristae in different stages of
disintegration (D). Qualitative analysis of electron micrographs features for mitochondrial cristae destruction (E) scored as absent, mild and moderate/severe showed
significant differences between the three experimental groups (P < 0.0001, y* 54.724 for lean control group vs. obese control group; P < 0.0001, y* 21.736 for lean
control group vs. obese vericiguat group; and P < 0.0001, y% 23.263 for obese control group vs. obese vericiguat group). A total of 125-148 mitochondria were
analysed from 4 LV samples of each group. The scale bar corresponds to 2 um in the micrographs of the first row and 500 nm in the micrographs of the second row.

Values are expressed as percentages. Comparisons between groups were performed by Chi-squared test with a post hoc pairwise comparison applying the Bonferroni
correction. LV: left ventricle.

3.9. Vericiguat modulates the mRNA levels of mitochondrial membrane the obese vericiguat group showed a significant increase in the cardiac
proteins in ZSF1 rats mRNA levels of the master regulator of mitochondrial energy output, the
ADP/ATP translocase 1 (Slc25a4 or Ant1), when compared to the obese
Vericiguat treatment significantly reduced the gene expression levels control group (Fig. 7B).
of the Ca?"-sensing regulator Micul of the mitochondrial Ca%* uniporter
complex in rat LV when compared to the obese rats (Fig. 7A). Moreover,

10
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Table 3

Biomedicine & Pharmacotherapy 191 (2025) 118439

Proteomic and phosphoproteomic analysis of LV tissue from ZSF1 rats after treatment with vericiguat. Table showing the differential protein expression between the
augmented proteins in the obese vericiguat group (positive logz (fold-change) in green) vs. those augmented in the obese control group (negative log: (fold-change) in
red) (n = 10, P < 0.05) from those 22 proteins that we have selected associated with cytoskeleton, mitochondria (electron transport chain and tricarboxylic acid cycle)

and the protection against oxidative stress. LV: left ventricle.

Uniprot

Obese + vericiguat group vs. Obese group

Protein Protein name P value Fold-change log: (fold-change)
Cytoskeleton
Q5M7W5 MAP4 Microtubule-associated protein 4 0.000 0.736 —0.442
P70567 TMOD1 Tropomodulin—1 0.020 0.785 —0.350
P04692 TPM1 Tropomyosin alpha—1 chain 0.011 0.793 —0.334
Q6P9T8 TBB4B Tubulin beta—4B chain 0.016 0.800 -0.321
Electron transport chain
P19511 AT5F1 ATP synthase F(0) complex subunit B1, mitochondrial 0.039 1.192 0.253
Q920L2 SDHA Succinate dehydrogenase [ubiquinone] flavoprotein subunit, mitochondrial 0.013 1.232 0.301
Q561S0 NDUAA NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 10, mitochondrial 0.007 1.282 0.359
Q66HF1 NDUS1 NADH-ubiquinone oxidoreductase 75 kDa subunit, mitochondrial 0.012 1.347 0.430
P19234 NDUV2 NADH dehydrogenase [ubiquinone] flavoprotein 2, mitochondrial 0.000 1.410 0.496
Q80W89 NDUAB NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 11 0.043 1.571 0.652
P35435 ATPG ATP synthase subunit gamma, mitochondrial 0.003 1.574 0.654
P04166 CYB5B Cytochrome b5 type B 0.009 1.662 0.733
Q5BK63 NDUA9 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 9, mitochondrial 0.001 1.672 0.742
Q05962 ADT1 ADP/ATP translocase 1 0.005 1.870 0.903
Protection against oxidative stress
Q9R063-2 PRDX5 Isoform cytoplasmic + peroxisomal of Peroxiredoxin—5, mitochondrial 0.021 1.170 0.227
035244 PRDX6 Peroxiredoxin—6 0.007 1.182 0.241
Q9Z0V6 PRDX3 Thioredoxin-dependent peroxide reductase, mitochondrial 0.014 1.255 0.328
P07895 SODM Superoxide dismutase [Mn], mitochondrial 0.010 1.291 0.368
P56571 ES1 ES1 protein homolog, mitochondrial 0.010 1.354 0.437
Q9R1Z0 VDAC3 Voltage-dependent anion-selective channel protein 3 0.043 1.384 0.469
Tricarboxylic acid cycle
P41565 IDHG1 Isocitrate dehydrogenase [NAD] subunit gamma 1, mitochondrial 0.018 2.007 1.005
P04636 MDHM Malate dehydrogenase, mitochondrial 0.029 1.271 0.346
Phosphoproteins (phosphorylation levels)

P85971 6PGL 6-Phosphogluconolactonase 0.027 2.717 1.442
P85968 6PGD 6-Phosphogluconate dehydrogenase, decarboxylating 0.021 2.382 1.252
P04636 MDHM Malate dehydrogenase, mitochondrial 0.018 2.066 1.047
P00507 AATM Aspartate aminotransferase, mitochondrial 0.044 1.385 0.470
P85834 EFTU Elongation factor Tu, mitochondrial 0.033 0.377 —1.407

3.10. Vericiguat treatment modulates several metabolites in LV tissue
from ZSF1 rats

A total of 396 metabolic features were detected in the analysed rat
heart tissue samples using untargeted metabolomics. Few differences
between metabolites from obese control and obese vericiguat groups
were found in the untargeted metabolomic analysis of cardiac tissues,
with six (6) metabolites (arginine, S-adenosyl-homocysteine, sphingo-
myelin 42:1, ether-linked phosphatidylethanolamines P-18:0/18:1,
phosphatidylcholine 40:7 and the ratio phosphatidylcholine/phospha-
tidylethanolamine) reaching a significance threshold (P < 0.05). Be-
tween all those six metabolites, arginine has been reported to be the
most closely linked to cardiac performance and outcomes, especially in
heart failure with preserved ejection fraction [39].

Since metabolites significantly altered in the comparison between
obese and lean control groups, but not in the comparison between obese
vericiguat vs. obese control rats, are also indicative of the effectiveness
of the drug, we decided to select the most relevant changes of that
comparison. Among metabolites fulfilling this condition, we considered
remarkable the upregulation in the obese vericiguat group of the
decreased levels of 6-phosphogluconate and D-ribose 5-phosphate
observed in the obese control group, since both are critical metabo-
lites of the PPP, which has been tightly associated with potential
metabolic disturbances, heart failure, type 2 diabetes mellitus and their
complications [40].

In summary, cardiac arginine, D-ribose 5-phosphate and 6-phospho-
gluconate levels were found to be significantly dropped in obese animals
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compared to lean controls (Fig. 8). Vericiguat treatment partially
restored the arginine levels (Fig. 8A) and prevented the decrease of D-
ribose 5-phosphate (Figs. 8B) and 6-phosphogluconate (Fig. 8C)
observed in the obese control group.

4. Discussion

Major obstacles limiting the development of effective strategies to
improve clinical outcomes in chronic HF, particularly in HFpEF patients,
include the considerable heterogeneity of the HFpEF spectrum, the
failure to identify patient subgroups likely to benefit, and, importantly,
the need for earlier therapeutic interventions [41-43]. It is generally
recognised that early detection and intervention will help to halt the
progression of HFpEF, to prolong healthy life expectancy, and to
ameliorate quality of life [43-46].

The diversity of HFpEF comorbidities, the complex pathophysio-
logical molecular mechanisms, and the resultant altered signalling
pathways are major factors promoting the development of HFpEF pa-
thologies [44-47]. The design of more personalized treatments, with
combinations of drugs that interfere with different molecular pathways,
may help to improve the prognosis and prolong the survival time of
HFpEF patients [47-50]. One of the major signalling cascades for the
regulation of cardiovascular function is the NO-soluble GC (sGC)-cGMP
pathway, whose suppression is tightly involved in the progression of
HFrEF and HFpEF, being, at least partly, the cause of cardiac dysfunction
in chronic heart failure [47,51,52]. Inhibition and impairment of
NO-sGC-cGMP pathway have been observed in clinical patient samples
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Fig. 6. Proteomic and phosphoproteomic analysis of LV tissue from ZSF1 rats after treatment with vericiguat. (A) Volcano plot showing the differential protein
expression between the obese control group (left) compared to the obese vericiguat group (right) (n = 10). (B) Representative illustration of the enhanced proteins of
the electron transport chain and others correlated to mitochondria in the obese vericiguat group. Created in https://BioRender.com. LV: left ventricle. ADT1: ADP/
ATP translocase 1, AT5F1: ATP synthase F(0) complex subunit B1, ATPG: ATP synthase subunit gamma, CYB5B: cytochrome b5 type B, EF-Tu: elongation factor Tu,
NDUA9: NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 9, NDUAA: NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 10, NDUAB:
NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 11, NDUS1: NADH-ubiquinone oxidoreductase 75 kDa subunit, NDUV2: NADH dehydrogenase
[ubiquinone] flavoprotein 2, PRDX3: thioredoxin-dependent peroxide reductase, PRDX5: isoform cytoplasmic + peroxisomal of Peroxiredoxin-5, SDHA: succinate
dehydrogenase [ubiquinone] flavoprotein subunit, SODM: superoxide dismutase [Mn], TOM70: mitochondrial import receptor subunit TOM70, VDAC3: voltage-

dependent anion-selective channel protein 3.
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Phosphogluconate (n = 9-10). Comparisons between groups were performed by Student’s t-test or Wilcoxon-Mann Whitney test. *P < 0.05; ***P < 0.001. a.u.:

arbitrary units. LV: left ventricle.

and in a variety of experimental animal HFpEF models, which urges
research to provide more targeted therapeutic strategies involving the
recovery of sGC-cGMP signalling [47]. Importantly, it has been
hypothesised that initiating therapy at an advanced stage of the disease
may reduce the efficacy of NO-cGMP-based interventions, mainly due to
irreversible microvascular and myocardial remodelling [41].

The sGC stimulator vericiguat has beneficial effects in HFrEF treat-
ment, but it has not been proved yet to be efficacious in HFpEF based on
recent trials [51]. The main novelty of our work is the demonstration,
for the first time, that the treatment with a sGC stimulator (vericiguat) is
able to improve diastolic dysfunction, to stimulate cardioprotective
metabolic processes such as the pentose phosphate pathway (PPP), to
ameliorate cardiac mitochondrial function, and to increase the cardiac
levels of pivotal mitochondrial proteins involved in antioxidant pro-
cesses, when it is administered in a preclinical model of early-stage
HFpEF.

To study the effects of the treatment with vericiguat during the
development of left ventricle diastolic dysfunction, we used the Zucker
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fatty /spontaneously hypertensive (ZSF1) rats. This preclinical model of
cardiometabolic HFpEF presents hypertension, hyperlipidaemia,
obesity, and diabetes, which are already seen at the age of 6 weeks [25,
53,54]. Although all HFpEF animal models are reflecting only parts of
human aetiologies and HFpEF characteristics, the ZSF1 rat model is
considered a rather predictive animal model of HFpEF [51-54]. Obese
ZSF1 rats develop signs of diastolic dysfunction, as deduced from
echocardiographic and invasive measurements, at the age of 10-15
weeks, with a rise in BNP expression and concomitant muscle atrophy,
which fulfil all criteria for diagnosis of HFpEF [54-57]. Consequently,
ZSF1 rats at 14 weeks may be considered a suitable animal model to test
initial intervention with new pharmacological strategies for early-stage
HFpEF.

In this study, treatment with vericiguat for four weeks did not affect
the body weight of ZSF1 rats or the weights of the heart, kidney, lung,
liver, pancreas, spleen, perirenal and perigonadal fat, or gastrocnemius
muscle. Importantly, vericiguat treatment significantly reduced serum
glucose levels in our animal model of early-stage HFpEF with diabetes
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and obesity. This is in line with data demonstrating a blood glucose-
lowering effect of praliciguat in obese ZSF1 rats [58]. However, treat-
ment with other sGC stimulators did not demonstrate this reduction in
blood glucose levels in different animal models of metabolic disease:
Reverte et al. (2022) found that fasting glucose plasma levels of hy-
pertensive rats with prolonged exposure to high-fat diet were not
modified after a treatment with the sGC stimulator praliciguat for 6
weeks [59]; while Patel et al. (2023) observed that blood glucose levels
were not significantly affected by an acute treatment with the sGC
stimulator BAY 41-2272 or the sGC activator runcaciguat in mice
models of mild type-2 diabetes [60]. Our results suggest, however, that
vericiguat may improve the diabetic phenotype, and confirm previous
findings indicating that pharmacological stimulation of sGC can have
beneficial metabolic effects, including additional glucose-lowering ef-
fects beyond the current standard of care [59,61,62].

Treatment of obese ZSF1 rats with vericiguat during 4 weeks (from
14 to 18 weeks of age) improved diastolic dysfunction (epicentre of
HFpEF) at the end of treatment, as demonstrated by echocardiography
showing a significant reduction in IVRT. Two studies have reported
improvements in cardiac function in animal models of cardiovascular
disease after vericiguat treatment: Jungtanasomboon et al. (2023)
showed that vericiguat was able to ameliorate left ventricular dysfunc-
tion in a rat model of mitral regurgitation [63]; while Zeng et al. (2024)
have recently reported that vericiguat partially reversed the
doxorubicin-induced decrease in cardiac left ventricle ejection fraction
and fraction shortening in a mouse model of cardiotoxicity [64]. Mir-
a-Hernéndez et al. (2024) have very recently reported an improvement
in cardiomyocyte electrophysiology in cultured cardiac cells from a fe-
male mouse model of HFpEF (leptin receptor-deficient db/db mice with
aldosterone infusion for 4 weeks) [20]. However, our data provide a first
evidence of a positive effect of vericiguat on cardiac function in an an-
imal model of early-stage HFpEF.

We have demonstrated for the first time an antihypertrophic effect of
vericiguat treatment on cardiac tissue in an animal model of early-stage
HFpEF. Histological analysis revealed a significant reduction in the area
of left ventricular cardiomyocytes following vericiguat treatment.
Moreover, vericiguat administration significantly decreased the per-
centage of fibrosis and a-tubulin protein expression in left ventricular
tissue from ZSF1 rats. Previous experimental research has suggested
potential benefits of sGC stimulators in preventing, or even reversing,
cardiac hypertrophy and fibrosis, proposing that impaired cGMP for-
mation may contribute to the pathophysiology of fibrosis and hyper-
trophy in cardiovascular tissues [51,65,66]. Specifically, the sGC
stimulator riociguat reduced right ventricular hypertrophy in specific
animal models of pulmonary hypertension or right ventricular hyper-
trophy, although other authors found no significant effect [51,67,68]. In
addition, vericiguat treatment resulted in a reduction of cardiac hy-
pertrophy in studies with L-NAME-treated renin transgenic rats and in
angiotensin II-treated mice [69,70]. In HF, cardiac hypertrophy and
stiffness are linked to the microtubule, intermediate filament, and
actomyosin networks’ pathological remodelling [71], being many
cytoskeletal-related proteins upregulated in failing hearts [72]. Proteo-
mic analysis of cardiac tissue in our study demonstrated that, even at an
early stage of HFpEF, vericiguat treatment reduces the expression of the
cytoskeleton-associated proteins tubulin p-4B chain (TUBB4B),
microtubule-associated protein 4 (MAP4) and tropomodulin-1
(TMOD1), which were significantly elevated in the obese control
group. TUBB4B is one of the most abundant p-tubulin isoforms
expressed in the heart, where it dimerises with a-tubulin to conform the
microtubules [73], and has been suggested to play a relevant role in the
development of hypertrophy and fibrosis, with its cardiac protein levels
upregulated in human HF [73,74]. MAP4 is one of the structural
microtubule-associated proteins that act as a cytoskeleton regulator, and
its upregulation is associated with cardiac remodelling [75,76]. We
found MAP4 levels to be increased in the hearts of obese compared with
lean animals, while the treatment with vericiguat reduced this protein.
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TMOD1 is the isoform predominantly expressed in the heart within the
tropomodulin family cytoskeletal regulatory proteins, whose over-
expression has been linked to cardiac hypertrophy [77]. TMOD]1 cardiac
expression was significantly increased in obese compared with lean
animals, but its levels decreased after the treatment with vericiguat.
Likewise, vericiguat treatment reduced cardiac levels of the predomi-
nant tropomyosin isoform in the heart, TPM1, whose increased cardiac
expression has been associated with impaired cardiac performance in HF
[78].

Previous studies have demonstrated alterations in the quantity,
structure and energy metabolism of cardiac mitochondria both in
humans with HFpEF and in animal models of the disease [79].
Furthermore, cGMP is known to play a role in a variety of cellular
processes, including mitochondrial biogenesis [80]. It has been pro-
posed that cardiac mitochondria may be critical in the cardioprotection
against ischemia-reperfusion injury mediated by cGMP-stimulating
compounds [81,82]. In the present study, mitochondrial function and
oxidative phosphorylation in cardiac tissue from ZSF1 rats treated with
vericiguat were evaluated by measuring the rate of oxygen consumption
in cardiac left ventricular fibres, as previously described [83]. Treatment
with vericiguat induced a positive effect on mitochondrial basal respi-
ration of permeabilised cardiac left ventricular fibres following the
addition of various substrates in our animal model of early-stage HFpEF.
This finding aligns with the reported improvement in mitochondrial
respiratory capacity in cardiac tissue of ZSF1 rats treated with the
sodium-glucose cotransporter-2 (SGLT2) inhibitor empagliflozin [55].
The enhanced mitochondrial respiration capacity observed in the obese
vericiguat group could contribute to a healthier metabolic phenotype in
this HFpEF animal model, likely reflecting improved mitochondrial
quality. Mitochondrial integrity and function derangements, including
mitochondrial cristae separation and dissolution, represent critical
pathophysiological features in HFpEF pathogenesis [84]. Electron mi-
croscopy revealed a diffuse dissolution and loss of mitochondrial cristae
in hearts of obese control rats, which was partially restored by vericiguat
treatment.

Compared with non-failing donor hearts, the activity rates of com-
plexes I and IV, as well as the Krebs cycle enzymes isocitrate dehydro-
genase and malate dehydrogenase, have been found to be lower in
human HF [85]. Krebs cycle intermediates were also found reduced in
human cardiac tissue from HFpEF patients [84]. We have observed,
using proteomics, that the treatment with vericiguat is able to increase
the cardiac levels of the Krebs cycle enzymes isocitrate dehydrogenase
and malate dehydrogenase. To note, phosphoproteomic analysis showed
a significant increase in the cardiac levels of phosphorylated malate
dehydrogenase and aspartate aminotransferase in the ZSF1 obese ani-
mals treated with vericiguat. In the heart, the malate-aspartate shuttle
constitutes the primary metabolic pathway for the transfer of reducing
equivalents from the cytosol into the mitochondria for oxidation, and it
is associated with preservation of mitochondrial function and cell sur-
vival [86,87]. Many studies have provided evidence that protein phos-
phorylation within mitochondria is of critical importance [88]. In
particular, it has been proved that the cardiac levels of phosphorylation
of aspartate aminotransferase are linked to cardioprotection [89].
Myocardial proteomics has recently revealed also reductions in mito-
chondrial respiration proteins in obese patients with HFpEF [84]. It has
been previously described that the hearts of obese ZSF1 rats have a
different expression of genes implicated in mitochondrial respiration
[52], a process firmly involved in the development of HFpEF [90]. Our
data clearly demonstrate that vericiguat was able to upregulate the
cardiac levels of mitochondrial electron transport chain proteins,
including five proteins from complex I (mitochondrial NADH dehydro-
genase [ubiquinone] flavoprotein 2, (NDUV2), NADH dehydrogenase
[ubiquinone] 1 alpha subcomplex subunit 9 (NDUA9), NADH dehy-
drogenase [ubiquinone] 1 alpha subcomplex subunit 10 (NDUAA),
NADH-ubiquinone oxidoreductase 75 kDa subunit (NDUS1), NADH
dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 11 (NDUAB),
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one protein from complex II (succinate dehydrogenase [ubiquinone]
flavoprotein subunit (SDHA)), and one protein from complex III (cyto-
chrome b5 type B (CYB5B)). To note, it has been demonstrated that
enhancements of cardiac mitochondrial complex I, complex II and/or
complex III proteins expression and activity can reduce aberrations in
mitochondrial cristae and can improve mitochondrial respiratory func-
tion in HF [91-94]. Importantly, the cardiac levels of mitochondrial
subunits of the complex V (ATP synthase), subunit gamma (ATPG) and
subunit B1 (AT5F1), were also significantly increased by the treatment
with vericiguat. ATP synthase is an important molecular motor that
catalyses the final coupling step of oxidative phosphorylation to supply
energy in the form of ATP, and it is also essential in sustaining mito-
chondrial structure, organization and function, being its impairment
associated with energy depletion in HF [95,96]. All these changes
induced by vericiguat imply an improvement in mitochondrial respira-
tory capacity, which has been associated with beneficial effects on
diastolic function in animal models of HFpEF [55]. In addition, the
treatment with vericiguat increased the cardiac levels of the ADP/ATP
translocase 1, that exports mitochondrial adenosine triphosphate into
the cytosol and plays a key role in cardiomyocyte contraction and cal-
cium transport, and whose deficiency results in cardiac dysfunction and
HF [97-99].

The oxidation phosphorylation machinery is under an accurate dual
control assembled in a highly orchestrated manner: most of its subunits
are encoded by nuclear DNA, translated by cytosolic ribosomes and
imported into mitochondria, while the rest are directly encoded by
mitochondrial DNA [100,101]. Mitochondrial proteins synthesized on
cytosolic ribosomes are imported into the mitochondria using the TOM
(translocase of the outer membrane) complex as the common entry gate
[102]. A key component of the TOM complex and its response to altered
metabolic situations is the major import receptor TOM70 [102], that we
have found upregulated by vericiguat in the cardiac tissue of ZSF1 rats.
TOM?70 is involved in protein import, contacts the endoplasmic reticu-
lum and the nucleus, and is linked to the control of energy metabolism,
to protection against diet-induced obesity and (in concordance with our
electron microscopy results) to the control of mitochondrial cristae
formation [103]. On the other hand, mitochondrial ribosomal proteins
and various translational elongation factors, including Tu (EF-Tup,), are
fundamental regulators of mitochondrial translation of oxidative phos-
phorylation subunits encoded by mitochondrial DNA [104]. The phos-
phoproteome of the cardiac tissue of ZSF1 rats after treatment with
vericiguat showed a significant decrease in the phosphorylation of
EF-Tupt. EF-Tup: phosphorylation has been reported to be able to
regulate its activity [105]. Specifically, it has been suggested that the
phosphorylation of EF-Tuy, in the myocardium inhibits mitochondrial
protein synthesis and associates with cardiac damage [106].

Mitochondrial Ca?* transport is an emerging topic in HF progression,
playing the fluctuations in mitochondrial matrix Ca2* a critical role in
adjusting energy production to cellular demand through direct effects on
oxidative phosphorylation and ATP production [107]. Mitochondrial
Ca®t uptake occurs via the mitochondrial Ca®t uniporter (MCU), that is
regulated by mitochondrial uptake proteins (MICU) 1, 2, and 3 [108].
The two regulators MICU1 and MICUZ2, as well as the MICU1/MCU ratio,
have been found elevated in the failing human heart, suggesting altered
Ca?*gating associated with cardiac contractile dysfunction [109]. In this
work, we demonstrate that the treatment with vericiguat is able to
significantly reduce the cardiac levels of MICU1.

An elevation of mitochondrial reactive oxygen species production
has also been found in the cardiac tissue of animal models of HFpEF
[110], and it is known that mitochondrial oxidative stress contributes to
diastolic dysfunction in HF [22]. The treatment with vericiguat signifi-
cantly increased the cardiac levels of several pivotal mitochondrial
proteins  involved in  antioxidant processes, such as
thioredoxin-dependent peroxide reductase (PRDX3), peroxiredoxin-5
(PRDX5), peroxiredoxin-6 (PRDX6), superoxide dismutase (SODM),
voltage-dependent anion-selective channel protein 3 (VDAC3) and ES1
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protein homolog (ES1) [111-116]. On the other hand, the metabolomic
study performed in the cardiac tissue of the animals showed that the
treatment with vericiguat was able to partially restore the decrease of
cardiac 6-phosphogluconate and D-ribose 5-phosphate (a main inter-
mediate of the oxidative phase and one of the final products of the
non-oxidative phase, respectively, of the PPP) observed in the obese
control group. In concordance with the metabolomics results, the car-
diac phosphoproteomic analysis revealed that vericiguat increased the
levels of phosphorylated 6-phosphogluconolactonase and 6-phospho-
gluconate dehydrogenase, two pivotal enzymes of the oxidative phase
of the PPP whose phosphorylation have been related with an enhance-
ment of its activity [117]. The PPP is a key metabolic route for cardiac
cells, and its modulation is considered a promising strategy to manage
several cardiometabolic pathologies [118]. Cardiac metabolic reprog-
ramming by stimulation of the PPP prevents cardiac dysfunction and
attenuates oxidative stress in the myocardium [119-121]. In fact,
endomyocardial biopsies from HFpEF patients have reduced PPP me-
tabolites compared to non-disease controls [122]. The steady state levels
of antioxidant molecules (also at cardiac level) are largely dependent on
the generation of NADPH (reduced nicotinamide adenine dinucleotide
phosphate), which is used to maintain glutathione and thioredoxin in
the reduced state [123]. Since the PPP is one of the main metabolic
pathways that controls the biosynthesis of NADPH [124], this molecule
might constitute the link between the upregulation of PPP and the
antioxidant response induced by the treatment with vericiguat in our
animal model.

Lastly, the treatment with vericiguat attenuated the decline of the
levels of cardiac arginine detected in the obese control group. It is
known that an increase in the myocardial arginine levels is linked to an
improvement in cardiac function [125]. The attenuation of the arginine
decline by vericiguat could contribute to the beneficial effects in the
obese ZSF1 rat HFpEF model.

5. Conclusions

The prevalence of HFpEF is increasing, while treatment options are
insufficient. Early metabolic changes, bioenergetic perturbations, and
cardiac structural remodelling are pivotal in the pathogenic HFpEF
cascade, providing targets that may aid in the development of more
precise therapies. We demonstrate that the treatment with an sGC
stimulator (vericiguat) elicits beneficial functional and metabolic re-
sponses at the cardiac level in an animal model of HFpEF when
administered at an early-stage of the disease (Fig. 9). Vericiguat induced
a reduction of hypertrophy and fibrosis, and a significant improvement
of diastolic dysfunction. The treatment with vericiguat improved mito-
chondrial function, increased the levels of pivotal mitochondrial pro-
teins involved in antioxidant processes, and stimulated cardioprotective
metabolic processes such as the pentose phosphate pathway. Our results
could contribute to a better understanding of the potential effects of sGC
stimulation on the pathophysiological mechanisms that participate in
the development and progression of HFpEF. Those findings also under-
score cardiac metabolism and mitochondrial function as novel thera-
peutic targets of sGC stimulators in early-stage HFpEF.

6. Limitations

The available animal models of HFpEF do not fully reproduce the
human disease and mimic only parts of the clinical phenotypes. There-
fore, the relevance of these findings needs to be confirmed in the human
setting. Both the female and the male obese ZSF1 rats are relevant ani-
mal models for HFpEF with multiple comorbidities, with some meta-
bolic differences between them, and both of them suitable for
investigating novel therapeutic interventions; so, the effects of ver-
iciguat reported in this work should be studied in the future in female
rats with HFpEF. The mechanisms that mediate the favourable effects
elicited by vericiguat in early-stage HFpEF need to be further explored
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Fig. 9. Potential metabolic pathways modulated and/or preserved by that the soluble guanylate cyclase stimulator vericiguat. Illustrative representation of the
pentose phosphate pathway (PPP), the malate-aspartate shuttle, the Krebs cycle and the electron transport chain, highlighting (in green) metabolites and enzymes
whose levels could be modulated or prevented following vericiguat treatment. Created in https://BioRender.com. The solid arrows denote the key steps within the
metabolic pathways, while the dashed arrows signify the involvement of additional steps. AAT: aspartate aminotransferase, AATM: aspartate aminotransferase
(mitochondrial), ADP: adenosine diphosphate, ADT1: ADP/ATP translocase 1, ATP: adenosine triphosphate, CoQ: coenzyme Q, Cyt C: cytochrome C, EF-Tu: elon-
gation factor Tu (mitochondrial), FAD: flavin adenine dinucleotide, FADH2: flavin adenine dinucleotide (reduced form), GAPDH: glyceraldehyde-3-phosphate de-
hydrogenase, G6PDH: glucose-6-phosphate dehydrogenase, GPI: glucose-6-phosphate isomerase, GSH: glutathione (reduced form), GSSH: glutathione disulfide
(oxidized form), HXK: hexokinase, I: NADH dehydrogenase, IDH: Isocitrate dehydrogenase, II: Succinate dehydrogenase, III: Cytochrome bcl complex, IV: cyto-
chrome c oxidase, MDH: malate dehydrogenase, MDHM: malate dehydrogenase (mitochondrial), MICU1: mitochondrial calcium uptake protein 1, NAD+ : nico-
tinamide adenine dinucleotide (oxidized form), NADH: nicotinamide adenine dinucleotide (reduced form), NADP+ : nicotinamide adenine dinucleotide phosphate
(oxidized form), NADPH: nicotinamide adenine dinucleotide phosphate (reduced form), PGAM: phosphoglycerate mutase, PGK: phosphoglycerate kinase, PFK1:
phosphofructokinase 1, PK: pyruvate kinase, RPE: ribulose-5-phosphate epimerase, RP1: ribulose-5-phosphate isomerase 1, TKT: transketolase, TALDO: Trans-
aldolase, TPI1: triosephosphate isomerase 1, TOM70: mitochondrial import receptor subunit TOM70, VDAC3: non-selective voltage-gated ion channel VDAC3
(‘Voltage—Dependent Anion-Selective Channel Protein 3), 6PGL: 6-phosphogluconolactonase, 6PGDH: 6-phosphogluconate dehydrogenase.
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