THE ANATOLIAN
JOURNAL OF
CARDIOLOGY

Vericiguat Alleviates Atrial Electrical and
Structural Remodeling in Rats with Atrial
Fibrillation

ABSTRACT

Background: The initiation and maintenance of atrial fibrillation (AF) are predominantly
driven by progressive atrial structural remodeling, characterized by fibrosis and electri-
cal conduction abnormalities. While vericiguat has shown efficacy in attenuating cardiac
remodeling in heart failure (HF), its impact on AF remains insufficiently characterized.

Methods: This study investigated the cardioprotective effects of vericiguatin a Sprague-
Dawley rat model of AF. Twenty-four male SD rats (250-300 g, 8-10 weeks old) were
randomly assigned to control, AF, and vericiguat-treated groups. Echocardiography
and histological assessments were performed, along with quantification of NT-proBNP,
Collagen |, CaMKIl, Cx43, ATG7, P62, and LC3lI/lin the left atrium.

Results: Compared to controls, AF rats exhibited atrial enlargement, elevated myocardial
fibrosis, and significant alterations in molecular markers. Vericiguat treatment effec-
tively reversed these pathological changes. Specifically, NT-proBNP, Collagen |, CaMKiIlI,
ATG7, and LC3ll/I were upregulated, while Cx43 and P62 were downregulated in the AF
group—changes that were mitigated by vericiguat.

Conclusion: Collectively, these findings suggest that vericiguat attenuates atrial remod-
eling and AF progression by modulating autophagy and suppressing fibrosis.

Keywords: Atrial fibrillation, autophagy, electrical remodeling, structural remodeling,
vericiguat

INTRODUCTION

Atrial fibrillation (AF) is the most prevalent sustained cardiac arrhythmia and
is strongly associated with increased risks of ischemic stroke, systemic throm-
boembolism, and heart failure (HF) progression, thereby contributing substan-
tially to the global cardiovascular disease burden. The 2024 European Society of
Cardiology (ESC) guidelines project a twofold rise in AF prevalence over the com-
ing decades, driven primarily by population aging and advances in diagnostic
technologies. Atrial fibrillation (AF) has become a notable public health concern.™?
Current AF management strategies focus largely on pharmacological rate con-
trol and complication prevention, with catheter ablation as the primary interven-
tional option.®* However, the high recurrence rate and therapeutic resistance of AF
post-ablation impose significant economic and societal burdens, underscoring its
status as a global health challenge.** Consequently, elucidating the pathophysi-
ological mechanisms underlying AF and translating these insights into targeted
therapies remains a critical unmet need in cardiovascular medicine.

Atrial fibrillation (AF) pathogenesis is fundamentally driven by tightly coupled
electrical and structural remodeling processes within the atrial myocardium,®
although the precise molecular underpinnings remain incompletely defined.
Electrical remodeling is characterized by disrupted calcium handling, shortened
action potential duration (APD), and impaired conduction. Structural remodeling,
in contrast, involves interstitial fibrosis and atrial enlargement—particularly left
atrial dilation, which is now recognized as anindependent risk factor for AF initia-
tion and maintenance.” Emerging evidence implicates dysregulated autophagy
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as a contributing factor in both electrical and structural
remodeling,”® suggesting that modulation of autophagy
may offer a novel therapeutic avenue for AF.

Vericiguat, a soluble guanylate cyclase stimulator approved
for HF treatment, mitigates oxidative stress in cardiomyo-
cytes, exerts anti-fibrotic effects, and improves ventricular
remodeling.”™ Large-scale clinical trials have demonstrated
that vericiguat provides clinical benefit in HF patients with
comorbid AF,” although the underlying mechanisms remain
unclear. Preclinical and clinical data indicate that vericiguat
reduces both electrical and structural remodeling in the ven-
tricles.™ ' Building upon this foundation, the present study
investigated whether vericiguat attenuates atrial remod-
eling in AF-induced Sprague—Dawley rats and explored its
potential regulatory role in atrial autophagy.

METHODS

Establishment of Atrial Fibrillation Rat Model

All SD rats were housed under standardized conditions:
temperature 23.0 + 0.5°C, humidity 50%-60%, and a 12-hour
light/dark cycle. Atrial fibrillation (AF) was induced using
a modified protocol based on references.””® Rats received
daily tail vein injections of a mixed solution containing ace-
tylcholine (ACh, 66 pg/mL; A111014, Aladdin) and CaCl, (10
mg/mL; 499609, Sigma-Aldrich) for 14 consecutive days.
Control rats received an equivalent volume of saline (1 mL/
kg) via the same route. Fourteen days after the establish-
ment of the AF model, animals were randomly divided into
three groups (n=8 each): Control, saline via oral gavage;
AF, AF induction plus saline gavage; and AF + Vericiguat, AF
induction followed by vericiguat 0.5 mg/kg/day (Bayer, USA)
via oral gavage for four weeks."”?

Electrocardiographic Analysis and Recording

Anesthesia was induced via intraperitoneal injection of
sodium pentobarbital (40 mg/kg). Electrocardiographic
monitoring (12-lead ECG, ECG-2303B; Guangzhou Sanrui
Electronics Co., Ltd., China) was performed by attachinglimb
leads to the extremities. Continuous intravenous infusion of
ACh-CaCl, was administered for 14 days, with daily assess-
ments of AF duration. Atrial fibrillation (AF) was confirmed
by continuous ECG monitoring, characterized by irregular RR
intervals, absence of P-waves, and presence of fibrillatory
wave (f-wave) patterns.”™

Echocardiography Analysis

Cardiac structure and function were evaluated after four
weeks using transthoracic echocardiography (LOGIQ E11,

HIGHLIGHTS

e Vericiguat ameliorates structural remodeling in atrial
fibrillation (AF) rats, as shown by attenuated atrial dila-
tion and reduced collagen | deposition.

e Vericiguat demonstrates potent anti-fibrotic and anti-
remodeling effects by attenuating atrial dilation and
collagen | depositionin arat model of AF.

e We identify the normalization of dysregulated autoph-
agy as a novel mechanism underlying vericiguat’s car-
dioprotective action.
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GE, USA). Parameters measured included left atrial antero-
posterior diameter (LAD), left ventricular ejection fraction
(LVEF), and fractional shortening (FS).

Biochemical Assessment

Blood samples were collected, centrifuged, and the serum
was stored at —80°C. NT-proBNP concentrations were
measured using a commercial enzyme-linked immunosor-
bent assay kit (ZC-36153, Zhuocai Biotechnology Co., Ltd.,
Shanghai, China). Absorbance was recorded using a micro-
plate reader (SpectraMax iD3, Molecular Devices Co., Ltd.,
Shanghai, China).

Histological Staining (Hematoxylin and Eosin and Masson's
Trichrome)

Left atrial tissues were fixed, embedded, and sectioned
for histological analysis. Sections were stained with hema-
toxylin and eosin (H&E) or Masson's trichrome, followed by
sequential dehydration in graded ethanol, xylene clearing,
and mounting with resinous medium. Whole-slide scanning
was performed using a digital scanner (Pannoramic 250,
3DHISTECH, Hungary). Representative fields at 400x mag-
nification were imaged to assess tissue morphology and
fibrosis. Fibrotic area was quantified using ImageJ software
(version 1.8.0, NIH), and calculated as:

Fibrosis areafraction (%)=(collagenfiber area/total area)x100.

Immunohistochemistry

For immunohistochemical analysis, sections were depar-
affinized, rehydrated, and cooled. Antigen retrieval was
performed with 3% H,O, for 25 min at room temperature in
the dark, followed by three PBS washes (5 minutes each).
Sections were incubated overnight at 4°C with primary
antibodies in blocking buffer: collagen | (1:200, AF7001,
Affinity), ATG7 (1:1000, ET1610-53, HuaAn), and LC3B (1 pg/
mL, ab192890, Abcam). After phosphate-buffered saline
(PBS) rinsing, horseradish peroxidase (HRP)-conjugated
secondary antibodies were applied at 37°C for 30 min-
utes. Diaminobenzidine (DAB) chromogen was added and
monitored microscopically for optimal signal development.
Hematoxylin counterstaining (3 minutes) was followed by
dehydration (ethanol 75%-100%) and xylene clearing. Whole-
slide images were analyzed using Halo software to quantify
DAB-positive area percentages from three representative
fields per section.

RT-qPCR Assay

Left atrial tissues were homogenized in TRIzol using a high-
throughput cryogenic grinder (MB-LD48S, Zhejiang Mibei
Instruments Co., Ltd., China). Total RNA was extracted
using the RNAeasy Mini Kit (Accurate Biotechnology, Hunan,
China), and purity was assessed with a Nano-500 micro-
spectrophotometer (Hangzhou Aosheng Instruments Co.,
Ltd., China). First-strand cDNA was synthesized using a
reverse transcription kit (Accurate Biotechnology), fol-
lowed by RT-qPCR using SYBR Green Master Mix (Accurate
Biotechnology) on a CFX Connect RT-gPCR system (Bio-
Rad, USA; 788R06671). Primer sequences are listed in Table 1.
Reactions were conducted in 20 pL volumes under the fol-
lowing cycling conditions: 95°F for 30 seconds, then 40 cycles
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Table 1. Primer sequences used for quantitative real-time PCR analysis.

Gene Forward (5'-3") Reverse (5'-3')

ATG7 AATGATGTGGTGGCTCCAGG CCTCAGGATGCTGCAAGACA
Collagen| CACTGCAAGAACAGCGTAGC AAGTTCCGGTGTGACTCGTG
GAPDH GGCACAGTCAAGGCTGAGAATG ATGGTGGTGAAGACGCCAGTA

Gene-specific primers were designed using the NCBI Primer-BLAST tool (https:/www.ncbi.nlm.nih.gov/tools/primer-blast/).

of 95°F for 5 seconds, and 60°F for 30 seconds. Each analysis
included three independent biological replicates with tech-
nical triplicates. Gene expression was normalized to GAPDH
and calculated using the 2744t method. Primer design and
validation.

The coding sequence of the rat GAPDH, ATG7, collagen |
gene was downloaded from the NCBI Nucleotide data-
base. Gene-specific primers were designed using the NCBI
Primer-BLAST tool (https:/www.ncbi.nlm.nih.gov/tools/
primer-blast/). Design parameters were configured as fol-
lows: product size range of 70-150 bp, optimal primer length
of 20 nucleotides (18-22 range), optimal melting tempera-
ture (Tm) of 60°C (58-62°C range), and optimal GC content
of 50% (40-60% range). To ensure specificity, the “Primer
specificity check” parameter was set to query the Norway
rat (taxid:10116) RefSeq mRNA database. From the out-
put, a primer pair spanning an exon-exon junction was
selected to preclude genomic DNA amplification and was
further evaluated for minimal secondary structure using
OligoAnalyzer Tool.

Western Blotting

Total protein was extracted from rat left atrial tissue, and
concentrations were quantified using the bicinchoninic acid
assay (Beyotime, China). Equal amounts of protein (30 pg/
lane) were denatured in 5x sodium dodecyl sulfate (SDS)
loading buffer (Solarbio) and separated via10%-15% gradient
SDS-PAGE (80 V for 30 minutes followed by 120 V for 60 min-
utes). Proteins were then transferred to PVDF membranes
(Millipore, USA) at 200 mA for 90 minutes. Membranes were
blocked with a protein-free rapid sealing solution (PS108,
Epizyme) and incubated overnight at 4°C with primary anti-
bodies against: Collagen | (1:500, AF7001, Affinity), CaMKII
(1:4000, 12666-2-AP, Proteintech), Cx43(1:4000, 26980-1-AP,
Proteintech), ATG7 (1:1000, ET1610-53, HuaAn), P62 (1:1000,
A7785, ABclonal), LC3B (1:2000, ab192890, Abcam), GAPDH
(1:30,000, AC001, ABclonal), and Tubulin (1:3000, 11224-1-
AP; Proteintech). After washing with Tris-buffered saline
with Tween 20, membranes were incubated with horserad-
ish peroxidase—conjugated goat anti-rabbit IgG (1:10,000,
bs-0295G-HRP, Bioss) for 1hour at room temperature. Signal
detection was performed using ECL substrate (Bio-Rad), and
images were acquired with a ChemiDoc XR system (Bio-Rad,
USA).Bandintensities were quantified using Image Lab soft-
ware (version 6.1). Each analysis included three independent
biological replicates

Statistical Analysis

Data analysis was conducted using GraphPad Prism (version
8.01; GraphPad Software, San Diego, CA, USA). Normality of
the data was assessed using the Shapiro—Wilk test. Results

are presented as mean =+ standard deviation (SD). For com-
parisons between two groups, the Student'’s t-test was used
(e.g., for the frequency and duration of AF episodes between
the AF and Ver + AF groups), while comparisons among mul-
tiple groups were performed using one-way analysis of vari-
ance (ANOVA) followed by Tukey's post-hoc test. A P-value
of less than .05 was considered statistically significant.

RESULTS

Electrocardiogram Analysis

Daily electrocardiographic monitoring was performed on
the rats. A total of 16 rats developed paroxysmal AF start-
ing on the seventh day following continuous injection of the
ACh-CaCl, mixture. Atrial fibrillation (AF) induction was
characterized by the absence of P waves, the appearance
of fibrillatory (f) waves, and irregular RR intervals. Over
the subsequent seven days, the frequency and duration of
AF episodes following each drug injection were recorded
(Table 2). According to the 2024 ESC guidelines on the defi-
nition of AF! modeling was successfully established in all
16 rats. These rats were then randomly divided into the AF
group and the Ver + AF group, while the control group, which
received an equal volume of saline, exhibited no abnormali-
tiesin the electrocardiogram (Figure 1C).

Echocardiographic Analysis

After four weeks of continuous vericiguat administration,
echocardiographic assessment revealed no significant dif-
ferences in LVEF or FS between the AF and control groups.
However, the LAD was significantly increased in the AF
group and was notably reduced following vericiguat treat-
ment (Figure 1A and B; Table 3).

Vericiguat Significantly Attenuated Atrial Fibrillation—
Induced Morphological Alterations

Hematoxylin and eosin (HE) staining showed that cardio-
myocytes in the control group were well-organized with
aligned nuclei, whereasthe AF group exhibited disorganized
myocardial fibers, necrosis, and inflammatory infiltration.
These pathological changes were markedly attenuated by
vericiguat (Figure 2A). Masson's trichrome staining revealed
significantly elevated collagen deposition and collagen
volume fraction (CVF) in the AF group, both of which were
significantly reduced by vericiguat treatment (Figure 2B
and C).

Table 2. Serum NT-proBNP levelsin control, AF, and Ver+AF
groups.

Control AF Ver + AF
NT-proBNP (pg/mL) 361+23.75*** 790+66.54 560.3+5512*
*P<.05**P <.01,***P <.001vs. atrial fibrillation (AF) group.
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Figure 1. (A) Echocardiographic alterations in experimental groups. i: long axis/B-ultra; ii: short axis/M-ultra. (B) left atrial
diameter (LAD mm), left ventricular shortening fraction (FS%), and left ventricular ejection fraction (LVEF%) of ratsin each group.

Data are presented as mean + standard deviation. Comparisons among groups were performed using one-way ANOVA.

*P <.01,***P < .001vs AF group, n=8 per group. (C) ECG analysis in the atrial fibrillation (AF) group and the control group.

ELISA Analysis of Serum NT-proBNP in Each Group of Rats
Serum NT-proBNP levels were significantly elevated in
the AF group and were substantially reduced following
vericiguat treatment (Figure 2D; Table 4).

Vericiguat Attenuated the Upregulation of Collagen | and
CaMKll, as well as the Downregulation of Cx43, in the AF
Model

Western blot, immunohistochemistry (IHC), and RT-gPCR
analyses demonstrated that the AF group exhibited upregu-
lation of Collagen | and CaMKIl, along with downregulation

e 4

Table 3. Echocardiographic parametersin control, AF, and
Ver+AF groups

Control AF Ver + AF
Left atrial 2.886 +£0.345*** 4389+ 0917 3.475+0.377*
diameter
(mm)
FS(%) 48.64 + 4.399 42.4 +9.505 4397 +4.215
EF (%) 79.02 +3.742 74.33 +7.681 7812+ 3.854

*P<0.05,**P < 0.01,***P < 0.001vs atrial fibrillation (AF) group.
AF, atrial fibrillation; EF, ejection fraction (%); FS, fractional shortening
(%); LAD, left atrial diameter (mm).
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Figure 2. Histological and serological changes in rat myocardial tissues: (A) Representative images of HE-stained left atrial
tissues from each group. (B) Masson-stained left atrial tissues across experimental groups. (C) Collagen volume fraction (CVF%)

in the left atrium (magnification: 40x and 100x). (D) Serum

NT-proBNP levels in different groups. Data are presented as

mean + standard deviation. Comparisons among groups were performed using one-way ANOVA. *P<.05, **P < .01, ***P <.001vs
atrial fibrillation (AF) group. n=3 per group for panels A-C, n=5 for panel D.

of Cx43. Vericiguat effectively reversed these changes
(P < .05vs. AF group; Figure 3A-G), indicatingitsrolein modu-
lating both electrical and structural remodelingin AF.

Vericiguat Suppressed the Upregulation of ATG7 and
LC3ll/1, as well as the Downregulation of P62

Consistent with this, expression of autophagy-related
proteins was altered in the AF group, with significant

upregulation of ATG7 and LC3ll/I and downregulation of P62.
Vericiguat treatment reversed these trends (Figure 4A-G),
suggesting that its therapeutic mechanism may involve sup-
pression of pathological autophagy activationin AF.

DISCUSSION

Key findings of this study are as follows: (1) AF rats exhib-
ited significantly increased collagen | expression and left
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Table 4. Comparison of atrial fibrillation frequency and
duration between AF and Ver+AF groups.

Average Frequency
(Time)/Seven Days

Average Duration (s)/
Seven Days

AF 7.339 +0.481 348.6 +5.721
Ver + AF 7.268 +0.524 350.4 +8.029
P value .783 (ns) .614 (ns)

Data are expressed as mean + standard deviation. Comparisons
between two groups were performed using Student's t-test; ns
indicates no statistically significant difference (P> .05).

AF, atrial fibrillation.

atrial diameter, both of which were attenuated by vericiguat
treatment. (2) Elevated CaMKIl expression and decreased
connexin 43 (Cx43) levels in AF rats were reversed with
vericiguat administration. (3) Dysregulation of autophagy-
related proteins—upregulation of LC3ll/l and ATG7, and
downregulation of Pé62—was normalized by vericiguat,
implicating autophagy modulation as a potential mecha-
nism of action.

Calcium/calmodulin-dependent protein kinase Il (CaMKIl)
plays a central role in atrial electrical remodeling by phos-
phorylating ryanodine receptor 2 (RyR2), thereby enhancing

Anatol J Cardiol 2026; XX(X): 1-9

sarcoplasmicreticulum calciumrelease and promotingintra-
cellular calcium overload. This leads to shortened APD and
aberrant electrical activity that facilitates AF initiation and
perpetuation.???* Connexin 43 (Cx43), the principal gap junc-
tion protein in atrial myocytes, ensures coordinated impulse
propagation.?* Its downregulation or disorganization dis-
rupts electrical conduction, creating a substrate for micro-
reentry and arrhythmia maintenance.?® Notably, excessive
autophagy has been shown to suppress Cx43 expression,
linking proteostatic imbalance to arrhythmogenesis.?® Atrial
fibrosis, characterized by extracellular matrix expansion
and disorganized collagen | deposition,?”?® impairs conduc-
tion homogeneity and promotes delayed depolarization,
increasing vulnerability to reentrant arrhythmias. This
fibrotic remodeling not only initiates AF but also sustains
its recurrence by establishing a persistent arrhythmogenic
substrate.

Autophagy is a regulated catabolic process that facilitates
the degradation and recycling of intracellular components
via lysosomal pathways. It is activated by stressors such as
oxidative stress, hypoxia, and nutrient deprivation. Upon
activation, the ULK1 complex initiates autophagosome
formation, and ATG7 promotes the lipidation of LC3-I| to
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Figure3. (A)RT-qPCRanalysisof Collagenl mRNA expressionlevelsacrossexperimentalgroups. (B-E) Westernblotquantification
of Collagen I, Cx43, and CaMKIl protein levels. (F, G) Representative immunohistochemical (IHC) images showing Collagen |
deposition (magnification: 40x; n=23 per group). Data are presented as mean + standard deviation. Comparisons among groups

were performed using one-way ANOVA. *P<.05, **P < 0.05, **P < .01, ***P <.001, ****P < .0001 vs. atrial fibrillation (AF) group.
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form LC3-Il. LC3-I1l then incorporates into autophagosomal
membranes, aiding in the sequestration of cytoplasmic sub-
strates. Concurrently, p62/SQSTMT1 binds to ubiquitinated
cargo and anchors it to autophagosomes. Mature autopha-
gosomes fuse with lysosomes for the degradation and recy-
cling of metabolic byproducts.?”*® Excessive autophagy
promotes atrial fibrosis through mechanisms like increased
extracellular matrix deposition and collagen | overproduc-
tion, which facilitate AF persistence and recurrence.’0*-33

To characterize fibrotic remodeling, we comprehensively
assessed atrial collagen | deposition across experimental
groups using multiple modalities. The AF group exhibited sig-
nificantly elevated collagen | expression and increased CVF
relative to controls, corroborating previous reports linking
fibrosis to AF progression.’®*43> Echocardiographic analysis
further revealed marked left atrial enlargement in AF rats,
while LVEF and FS remained unaltered. In parallel, serum
NT-proBNP levels—a biomarker of myocardial stress—were
significantly elevated in the AF cohort. Notably, vericiguat
treatment attenuated these pathological changes, consis-
tent with its documented benefits in mitigating ventricu-
lar remodeling in HF models.*® Given the contributions of
CaMKIl upregulation and connexin 43 (Cx43) downregu-
lation to atrial electrical remodeling, we quantified their
expression profiles. Atrial fibrillation (AF) was associated
with pronounced increases in CaMKIl expression and con-
comitant reductions in Cx43 levels, indicative of impaired
calcium handling and disrupted gap junctional communica-
tion. Vericiguat administration reversed these molecular
derangements, suggesting its capacity to restore electro-
physiological stability by simultaneously modulating calcium
signaling and intercellular connectivity.

Furthermore, we observed distinct alterations in autoph-
agy-related markers in the AF group: a significantly ele-
vated LC3ll/I ratio, increased mRNA and protein expression
of ATG7, and reduced levels of pé62. These changes suggest
a shift in autophagic activity, indicating that paroxysmal AF
may lead to changes in autophagic activity in atrial cardio-
myocytes, in line with previous findings.**”*® These obser-
vations suggest that restoring autophagic balance might
help reduce AF susceptibility. Our study demonstrated that
vericiguat reversed the alterationsin the above proteins.

In summary, our study provides evidence that vericiguat may
alleviate paroxysmal AF, potentially through modulation of
atrial autophagy.

Limitations

However, our study has several limitations. The relatively
small sample size, particularly in histological and molecu-
lar analyses, may limit the generalizability of our findings.
Additionally, we focused solely on the effects of vericiguatin
a paroxysmal AF model, and future studies should evaluate
its mechanisms in other AF subtypes, such as persistent AF.

Al Disclosure: The authors declare that no generative Al tools (such
aslarge language models, chatbots, orimage creators) were used in
any stage of the preparation or writing of this manuscript.
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