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A B S T R A C T

Objective: Anxiety disorder (AD) is a common mental disorder related to cardiovascular disease
morbidity. Oxidative stress plays a crucial role in the anxiety state and can lead to cardiac
remodeling. Over-activation of the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid re-
ceptor (AMPAR) in cardiomyocytes and neurons can cause oxidative stress. Additionally, the
AMPAR inhibitor—2,3-dihydroxy-6-nitro-7-sulfamoyl-benzoquinoxaline-2,3-dione (NBQX) plays
an important role in ameliorating oxidative stress. This study aimed to explore the anti-
arrhythmic effects of NBQX in a rat model of anxiety.
Methods: The AD model was induced using empty bottle stimulation. Male Sprague Dawley rats
were randomly divided into four groups: control + saline, control + NBQX, AD + saline, and AD
+ NBQX. Open field test was conducted to measure anxiety-like behavior. Electrophysiological
experiments, histological analysis, biochemical detection and molecular biology were performed
to verify the effects of NBQX on the amelioration of electrical remodeling and structural
remodeling. Furthermore, the nuclear factor erythroid 2-related factor 2 (Nrf2) inhibitor (ML385)
was used in vitro to demonstrate the signaling pathway.
Results: Oxidative stress levels increased with AMPAR over-activation in AD rats, leading to
heightened vulnerability to ventricular fibrillation (VF). NBQX reverses anxiety and VF suscep-
tibility. Our results showed that NBQX activated the Nrf2/heme oxygenase-1 (HO-1) pathway,
leading to a decline in oxidative stress levels. Connexin 43 and ion channel expression was
upregulated. NBQX treatment attenuated fibrosis and apoptosis. This effect was diminished by
ML385 treatment in vitro.
Conclusion: NBQX can alleviate VF susceptibility in rat models of anxiety by alleviating electrical
remodeling, structural remodeling via regulating the Nrf2/HO-1 pathway to some extent.

1. Introduction

Ventricular fibrillation (VF) is the most dangerous type of ventricular arrhythmia and can cause sudden cardiac death. Its
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prevalence is high, affecting 1 % of the global population [1]. Although VFwas formally proposed in 1874, its pathogenesis is not yet
well understood [2]. Many studies have suggested that arrhythmias are related to various factors, including myocardial fibrosis [3],
metabolic changes [4], inflammation [5], and oxidative stress [6].

Anxiety disorder (AD) is a pathological condition caused by excessive pressure and physical symptoms that are difficult to control
[7]. There are three types of AD: generalized AD (lifetime prevalence 6.2 %), social AD (lifetime prevalence 13 %), and panic disorder
(lifetime prevalence 5.2 %) [8]. Clinical symptoms of AD include recurrent worry, muscle tension, fear of social performance, acci-
dental and/or triggered panic attacks, and avoidance behavior.

A substantial body of clinical evidence highlights the close relationship between anxiety and cardiovascular disease [9].
Arrhythmia and anxiety are interconnected, with frequent arrhythmia episodes potentially inducing anxiety and prolonged anxiety,
thereby increasing the risk of arrhythmia [10]. Medications commonly used to treat psychiatric disorders may increase the risk of
arrhythmia [11]. For instance, anti-anxiety medications can affect repolarization [12]. A follow-up study conducted among women
with no history of cardiovascular disease revealed an elevated risk of death owing to sudden cardiac arrest among those with higher
anxiety scores [13]. Notably, the level of oxidative stress is significantly elevated in patients with anxiety [14], which can lead to
myocardial fibrosis and electrical remodeling [15].

The α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor is an ionotropic glutamate receptor controlled by
glutamate transmitter conduction. It exhibits selective permeability to ions such as Na+, K+, and Ca2+, resulting in gated current and
changes in the membrane potential [16]. Sustained anxiety causes an increase in extracellular fluid glutamate, which over-activates
glutamate receptors, resulting in the influx of calcium ions and causing a series of cell death signals, such as apoptosis, mitochondrial
damage, and cell excitatory death [17]. In a rabbit cardiopulmonary resuscitation model of cardiac arrest, glutamate receptor in-
hibitors not only had a significant protective effect on CA2 in the hippocampus, but also significantly reduced the apoptosis of car-
diomyocytes and the level of troponin 1 [18]. Similar to neurons, cardiomyocytes have the ability to generate action potentials in
response to external stimuli. Glutamate receptors are reportedly present on cardiomyocytes, indicating glutamate’s ability to regulate
heart function [19]. Studies by Yi-Han have shown that 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzoquinoxaline-2,3-dione (NBQX)
downregulates cardiomyocyte excitability, as well as prevents and terminates arrhythmias in rats [20].

Glutamatergic signaling plays a crucial role in various physiological and pathological processes, including inflammation, pain, and
oxidative stress [21]. For example, glutamate concentrations significantly increase (approximately 54-fold) in the synovial fluid of
patients with osteoarthritis, and inhibiting AMPA activity can alleviate inflammation and bone remodeling [22]. In mice with acute
subarachnoid hemorrhage, AMPAR was heavily activated, and the use of AMAPR antagonists could significantly inhibit the neuro-
logical dysfunction and the destruction of the blood-brain barrier after cerebral hemorrhage, which may be related to the activation of
AMPAR inducing the release of pro-inflammatory factors, elevated oxidative stress and neuronal apoptosis [23]. High consumption of
alcohol during development induces ROS production by activating AMPAR, which can have harmful effects on fetal neurodevelopment
[24]. NBQX, an AMPA receptor antagonist, improves mitochondrial function and decreases oxidative stress [25,26]. For example,
NBQX may alleviate heart rate irregularities and inhibit sympathetic nerve activity in rats poisoned with nitrous oxide by reducing
oxidative stress levels [27]. Evidence also suggests that NBQX may alleviate anxiety symptoms [28].

Nuclear factor erythroid-2 related factor 2 (Nrf2) is a vital antioxidant system that regulates the expression of cytoprotective genes,
including heme oxygenase-1 (HO-1), which helps prevent oxidative damage and regulates apoptosis. Under oxidative stress, Nrf2
interacts with antioxidant response elements (ARE) to activate transcriptional pathways, promote transcription of downstream
antioxidant genes, and maintain cellular REDOX homeostasis. Nrf2 downstream genes can regulate ROS detoxification, involving
GPX4, heme oxygenase 1(HO1), NAD(P)H, etc. Myocardial tissue is susceptible to reactive oxygen species (ROS) -induced damage that
reduces Nrf2 and important antioxidant enzymes, including superoxide dismutase 1 (SOD1), catalase (CAT), and GPX4, and increasing
antioxidant protein levels through Nrf2 activation is considered one way to achieve cardiac protection [29].

These findings from previous studies led us to hypothesize that NBQX could improve VF in patients with AD. This study aimed to
test this hypothesis and explore its underlying molecular mechanisms.

2. Methods

2.1. Animals

Male SD rats (200 ± 20 g) were obtained from the animal experimental administration of Wuhan University and were housed in
pathogen-free conditions with a 12-h light/12-h dark cycle, with free access to food and water. The experimental rats were divided into
four groups (n = 14 per group): (1) control + saline (CTL group), (2) control+ NBQX (CTN group), (3) AD group, and (4) AD + NBQX
(ADN group). NBQX was administered via intraperitoneal injection to the CTN and ADN groups at a dose of 20 mg/kg per day for 28
days as previously described [30]. Rats in the CTL group received saline in the same manner. All animal procedures were approved by
the Ethics Committee of the Wuhan University People’s Hospital.

The AD model was induced employing empty bottle stimulation, following a method described in a previous study [31]. Briefly,
CTL and CTN rats had access to water throughout the day, whereas AD and ADN rats received water at specific times (8:00–8:10 and
19:00–19:10 every day) during the first week to establish a new drinking habit. Subsequently, only the AD and ADN groups received
water randomly at specified times over the next 2 weeks. Except for the differences in drinking habits among all groups, other feeding
environments such as light/dark cycle, temperature, humidity and noise, were identical.
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2.2. Materials

NBQX (AMPA receptor antagonist) and ML385 (Nrf2 inhibitor), which were obtained from MedChemExpress (HY-15068; New
Jersey, USA), were dissolved in dimethyl sulfoxide and then stored at − 20 ◦C. The primary antibodies used for western blotting
analysis included AMPAR (1:1000 dilution; #4676; Cell Signaling Technology), Connexin 43 (CX43,1:1000 dilution; #3512; Cell
Signaling Technology), KV4.2 (1:1000 dilution; #74748; Cell Signaling Technology), KV4.3 (1:1000 dilution; bs-3762R; Bioss),
collagen I (1:5000 dilution; 67288; Proteintech), collagen III (1:1000 dilution; 22734; Proteintech), Nrf2 (1:2000 dilution; 16396;
Proteintech), HO-1 (1:1000 dilution; 10701; Proteintech), Bcl2 (1:1000 dilution; #4223; Cell Signaling Technology), BAX (1:1000
dilution; #5023; Cell Signaling Technology), Caspase-3 (1:1000 dilution; #14220; Cell Signaling Technology) and GAPDH (1:4000
dilution; 60004; Proteintech).

2.3. Open field test

After 4 weeks of empty bottle stimulation, all animals were subjected to an anxiety behavior test, specifically the open field test
(OFT), to evaluate their autonomous behavior, exploratory behavior, and tension levels in new and different environments. The test
was carried out in a quiet environment using an experimental device that consists of an open field box and an automatic data pro-
cessing system (EthoVisionXT; Noldus Information Technology). The reaction box measures 30–40 cm high, with a bottom length of
100 cm. The inner walls are painted black, and the bottom surface is divided into 25 small squares, each averaging 4 cm × 4 cm. The
open field uses artificial lighting. At the start of the test, rats were placed in the center of a square box and allowed to move freely for 5
min During this time, their cumulative time spent in the center, the frequency of entering the central zone, and rearing times were
recorded [32].

2.4. Heart rate variability (HRV) analysis

SD rats received a surface electrocardiogram from lead II for 10min after being anesthetized with gaseous isoflurane. Generally, the
induced concentration of isoflurane was adjusted to 3%–4%. When the rats were completely anesthetized, the concentration was
maintained at 2%–2.5 % to sustain narcosis. HRVwas analyzed, including the average RR intervals (average RR) and the square root of
the mean squared differences of successive RR intervals (RMSSD), which indicate the time domain parameters.

2.5. In vivo electrophysiological experiment

SD rats underwent a surgical procedure after being anesthetized to fully expose their hearts. Platinum-stimulation electrodes were
placed in the left ventricle (LV) to provide stimulation. Recording electrodes made of Ag-AgCl were positioned approximately 1 cm
away from the stimulation electrodes in the LV to capture monophasic action potentials. Briefly, the S1S1 stimulation procedure at
pacing cycle lengths (PCLs) of100 ms was programed to record the action potential duration (APD), and the duration of the action
potential repolarized to 50 % (APD50) and 90 % (APD90) was measured. The S1S2 procedure was performed to stimulate the effective
refractory period (ERP), which included eight successive stimuli (S1) for 250 ms,followed by a preceding stimulus (S2) that captured
no ventricle [33]. Burst stimulation was performed 10 times at 50 Hz to asses VF susceptibility, which refers to a rapid irregular
ventricular rhythm lasting for a minimum of 2 s [34].

2.6. Histological analysis

LV tissues were fixed in 4 % paraformaldehyde and embedded in paraffin, allowing for the preparation of 5-μm-thick sections for
histological analysis. Masson trichrome and Sirius red staining were used to assess the degree of fibrosis. The fibrotic areas of the LV
were analyzed using Image J software (n = 3 in each group). Anti-CX43 primary antibody were used for immunohistochemistry and
immunofluorescence staining. LV sections were combined with Cx43 antibody at 4 ◦C overnight. Subsequently, it was combined with
secondary antibody at 25 ◦C for 1 h and stained with 3,3 ′-diaminobenzidine. Image Pro Plus software (version 6.0) was used to
quantitatively analyze the average optical density of CX43 (n = 5 per group).

2.7. Immunofluorescence staining

LV tissue sections from all groups were fixed with 4 % paraformaldehyde and then incubated with anti-CX43 and anti-Nrf2 an-
tibodies at 4 ◦C overnight, followed by incubation with secondary antibodies at 37 ◦C for 1 h. The nuclei were stained with 4′,6-
diamidino-2-phenylindole dihydrochloride (DAPI) for 5 mi at room temperature. Finally, representative images were obtained, and
the positive rate of CX43 and Nrf2 expressions was analyzed using Image J software (n = 5 for each group).

2.8. Cell culture and treatment

H9C2 cells (Procell Life Technologies Inc) were cultured in Dulbecco’s modified Eagle medium/F12 medium containing 10 % fetal
bovine serum and 1 % penicillin/streptomycin at 37 ◦C in 5 % CO2. The cells were divided into six groups: (1) control; (2) control +
NBQX (40 μM); (3) control + ML385 (40 μM); (4) control + H2O2 (200 μM); (5) control + H2O2 + NBQX; (6) control + H2O2 +
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ML385. NBQX or ML385 was added to the medium for 6 h before oxidative stress was induced by the addition of H2O2 for 3 h. The
drug concentrations and processing times were determined in accordance with a previous study [35].

2.9. Biochemical detection

Serum obtained from all rats and treated H9C2 cells were measured for malondialdehyde (MDA) and superoxide dismutase (SOD)
alterations, following the manufacturer’s protocol (SOD assay kit, A003-1-2; MDA assay kit, A001-1-2; Nanjing Jiancheng Bioengi-
neering Institute). Briefly, animal serums were centrifuged at 3500 RPM/min for 10 min. For cell samples, digestion was performed
with 0.25 % pancreatic enzyme at room temperature for 2 min. Serum was then added to terminate digestion, and all liquids were
gently blown with a micropipette. The mixture was then transferred to an EP tube and centrifuged at 1000 RPM for 10 min to pellet the

Fig. 1. NBQX alleviated anxiety behaviors in AD rats. (A) Schematic representation of the behavioral test (n = 9 per group). (B) Representative heat
map images highlighting the motion trails of SD rats in the open field test (n = 9 in each group). (C) Frequency of rats entering the central zone (n =

9 per group). (D) Cumulative duration of rats in the center zone (n = 9 per group). (E) Number of rearing instances in 5 mi of testing (n = 9 per
group). Data are expressed as mean ± SD, ****p < 0.0001, **p < 0.01.
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cells for further use. Enzymewas added to the working solution containing samples according to the instructions; the orifice was gently
shaken to mix reaction solution, and the mixture was incubated at 37 ◦C for 20 min. Finally, the absorbance was measured with an
enzyme reader.

2.10. Western blotting

Fresh LVmyocardia tissues and H9C2 cells were lysed in radioimmunoprecipitation assay lysis buffer (G2002; Servicebio) to obtain
total tissue and cell protein. The protein concentrations were determined using a bicinchoninic acid protein assay kit (G2026; Serv-
icebio). Subsequently, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (G2042; Servicebio) was performed to separate
proteins which were transferred to polyvinylidene difluoride membranes (EMD Millipore). The membranes were then blocked and
immunoblotted with specific primary antibodies at 4 ◦C overnight. Enhanced chemiluminescence solution (G2020; Servicebio) was
used to visualize the protein bands. All bands were analyzed using ImageJ software, and GAPDH was used for normalization.

2.11. ROS measurement

Dihydroethidium (DHE) staining was performed on LV tissue slices and H9C2 cells. Immunofluorescence was carried out to
determine the production of ROS. LV tissue sections and H9C2 cells cultured in 6-well plates were co-incubated with DHE, and
fluorescence images were obtained using a fluorescence microscope (Olympus, Tokyo, Japan).

2.12. Statistical analysis

Statistical analyses were performed using GraphPad Prism 9.0 (GraphPad, CA, USA). All data were presented as mean ± standard
error of the mean. The difference between the two groups was determined using the unpaired Student t-test. Differences between
multiple groups were analyzed using oneway analysis of variance (ANOVA). A p-value of <0.05 was considered to indicate a sig-
nificant difference.

3. Results

3.1. NBQX ameliorated anxiety in rat models of anxiety

OFT results showed that NBQX significantly reduced anxiety symptoms in AD rats (Fig. 1A–D). Fig. 1B showed the representative
images of movement path. As Fig. 1C–E indicated, the model rats entered less frequently than control rats, and NBQX administration
could reverse this phenomenon (CTL vs AD vs ADN: 9.17± 0.778 vs 1.57± 0.481 vs 6.57 ± 0.751, p < 0.05). AD rats spent more time
in the peripheral zone than CTL rat,and the NBQX-treated group rats became more active in the central zone (CTL vs AD vs ADN: 17.64
± 1.843 vs 2.649 ± 1.65 vs 13.45 ± 2.017, p < 0.05). The number of rearing significantly decreased in AD group compared with CTL

Fig. 2. NBQX treatment alleviated heart rate variability (HRV). (A–B) Statistical analysis of RR and RMSSD (n = 9). (C–E) Statistical data of HF, LF,
and LF/HF in all groups (n = 9). *p < 0.05, **p < 0.01, ***p < 0.001.
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(35.78 ± 0.703 vs 12.44 ± 0.338, p < 0.05). The aforementioned variables were significantly mitigated in the ADN group compared
with the AD group (12.44 ± 0.338 vs 27.56 ± 0.445, p < 0.05).

3.2. NBQX conferred protective effects on HRV in rat models of anxiety

NBQX treatment improved time domain parameters in rat models of anxiety, including average RR (143.1 ± 3.518 vs 1.275 ±

0.049, p < 0.05) and RMSSD (0.778 + 0.024 vs 1.275 ± 0.049, p < 0.05), which were reduced employing empty bottle stimulation
Fig. 2 (Fig. 2A–B). Additionally, frequency domain parameters (LF, HF, and LF/HF) were restored by NBQX (AD vs ADN:13.38± 1.716

Fig. 3. Effects of NBQX on ventricular electrical remodeling. (A) Typical record of APD50/90 at PCL = 100 ms. (B) Representative images of the
effective refractory period (ERP) in different groups. (C) Typical record of ventricular fibrillation (VF) in each group. (D, E) Incidence rate and
duration of VF in the AD and ADN groups. (F, G) Statistical analysis of APDs at PCL = 100 ms. (H) Statistical analysis of ERP in the four groups. n = 9
per group. *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 4. NBQX enhanced the expression of CX43 and ion channel proteins. (A) Representative immunoblotting images of protein CX43, KV4.2,
KV4.3, AMPAR. (B–E) Immunoblotting quantitative analysis of KV4.2, KV4.3, CX43, and AMPAR expression（n = 3 per group）. (F, G) Typical
images of CX43 in immunohistochemical staining and quantitative analysis of the CX43 area; scale bar = 50 μm (n = 5 in each group). (H, I)
Immunofluorescence staining and quantitative analysis of CX43 expression; scale bar = 50 μm (n = 5 per group)., **p < 0.01, ***p < 0.001.
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vs 6.706 ± 1.226, p< 0.05; 70.38 ± 0.389 vs 77.96 ± 0.407, p< 0.05; 0.202 ± 0.019 vs 0.082± 0.011, p < 0.05). The HF levels were
significantly higher in the AD group than in the CTL and CTN groups (Fig. 2C), while NBQX reversed this alteration. LF and HF/LF
increased in AD rats but were reduced after NBQX administration (Fig. 2D–E).

3.3. NBQX ameliorated ventricular electrical remodeling in rat models of anxiety

Fig. 3 (Fig. 3A–C) illustrates the changes in APD50 (20.58± 0.868 vs 25.60± 1.352, p< 0.05) and APD90 (59.60± 1.024 vs 64.99
± 1.152, p < 0.05) at PCL = 100 ms in AD rats and the mechanism through which NBQX rescued them. A significant decrease in APDs
was observed in AD group, which was reversed with NBQX treatment. The ERP of the AD group was shorter than that of CTL rats (40.2
± 3.645 vs 57.8 ± 4.848, p < 0.05), while NBQX ameliorated this metastasis (40.2 ± 3.645 vs 56.2 ± 1.413, p < 0.05) (Fig. 3B). No
significant differences were observed between the CTL and CTN groups.

As shown in Fig. 3, NBQX significantly reduced VF susceptibility in AD group as determined using the unpaired Student’s t-test to
analyze the difference. After the burst pacing procedure, VF bursts were continuously induced in AD rats, with an incidence rate of
approximately 77.8 % (n = 7/9). NBQX treatment reduced this incidence to 33.3 % (n= 3/9). However, no VF bursts were induced in
CTL and CTN groups (Fig. 3D). Moreover, the VF duration in AD group was longer than that in ADN rats (Fig. 3E).

3.4. NBQX upregulated CX43 and ion channel expression

NBQX significantly improved CX43 expression in ADN rats compared with that in AD rats. However, no difference was observed
between CTL rats and CTN rats (Fig. 4A–B, F-I). Additionally, western blotting results showed that after NBQX treatment, the
expression of the ion channel proteins KV4.2 and KV4.3 was upregulated in ADmodel rats, with no significant change in CTL group rats
(Fig. 4A–D). Furthermore, AMPAR was activated in AD rats, and NBQX could inhibited its expression (Fig. 4A).

3.5. NBQX ameliorated ventricular fibrosis in rat models of anxiety

Masson’s trichrome staining images (Fig. 5A) showed that the rat models of AD exhibited ventricular fibrosis compared with the
CTL group, and an improvement in fibrosis was observed in ADN rats (CTL vs AD vs ADN: 4.73 ± 1.083 vs 17.16 ± 3.008 vs 7.54 ±

0.429, p< 0.05) as indicated by the quantitative analysis of fibrotic area (Fig. 5C). Moreover, the expression of collagen I and collagen
III were reduced after administration of NBQX (Fig. 5D–F).

Fig. 5. Effects of NBQX on ameliorating ventricular fibrosis. (A) Representative images of tissues stained with Masson’s trichrome stain (n = 5 in
each group); scale bar = 50 μm. (B) Representative images of Sirius red staining (n = 5 in each group); scale bar = 50 μm. (C) Percentage of fibrotic
area. (D–F) Typical images of immunoblotting and quantitative analyses of collagen I and collagen III (n = 3 per group). *p < 0.05, **p < 0.01, ***p
< 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3.6. Oxidative stress level was elevated in rat models of anxiety and NBQX could ameliorate oxidative stress and apoptosis in vivo and in
vitro

Fig. 6A shows the images of DHE staining performed on the LV sections of rats. The results revealed elevated ROS levels in the AD
group, which were decreased following NBQX treatment (122.6 ± 8.879 vs 39.16 ± 2.031, p < 0.05). Additionally, MDA and SOD
levels in the serum of SD rats indicated increased oxidative stress in AD rats, which was ameliorated by NBQX treatment (MDA: 9.506
± 0.279 vs 6.497 ± 0.310, p < 0.05) (SOD: 77.29 ± 9.898 vs 110.0 + 3.889, p < 0.05) (Fig. 6C and D). TUNEL immunohistochemical
staining and electron microscope also suggested that apoptosis occurred in AD group and NBQX mitigated apoptosis progression
(Fig. 6I, J, O), with BAX, Bcl-2 and Caspase-3 expressions showing consistent results (Fig. 6K–N).

As shown in (Fig. 6E–H), MDA and ROS levels in H9C2 cells stimulated by H2O2 were significantly enhanced, but pre-treatment
with NBQX reduced these levels compared to those in the model group. SOD activity decreased in the H2O2 group but increased in
the H2O2+NBQX group (Fig. 6G).

3.7. NBQX downregulated oxidative stress by regulating the Nrf2/HO-1 pathway

The Nrf2/HO-1 pathway plays a crucial role in cellular antioxidant effects [36]. We observed that the expression of Nrf2 and HO-1
significantly decreased in the AD group, but NBQX treatment increased their expression (Fig. 7A–F). These findings suggest that the
Nrf2/HO-1 pathway may be linked to reducing VF susceptibility in the ADN group, as supported by Nrf2 immunofluorescence staining
in LV. To confirm NBQX’s antioxidant effect, we used an Nrf2 inhibitor (ML385). As previously described, SOD and MDA levels were
measured in H9C2 cells after pretreatment with ML385 or NBQX and exposure to H2O2. The results indicated that the expression of
Nrf2 and HO-1 significantly decreased in the H2O2 group and increased in the NBQX-treated group, but this effect was suppressed after
ML385 treatment (Fig. 7G–I).

4. Discussion

In AD rats, elevated oxidative stress levels and activated AMPA receptors led to electrical and structural remodeling, thus increasing
susceptibility to VF. NBQX administration reversed this effect by activating the Nrf2/HO-1 pathway (Fig. 8).

Our study demonstrated the effectiveness of NBQX in ameliorating VF vulnerability and anxiety in rats. As shown in Figure, NBQX
mitigated fibrosis in the ventricles of AD rats and increased the levels of CX43 and ion channel proteins, thus improving VF sensitivity,
potentially through the activation of the Nrf2/HO-1 pathway.

Electrical remodeling of the heart can affect the rhythm of contraction, leading to thromboembolism or sudden cardiac death due to
arrhythmia [37]. APD represents the time from depolarization to repolarization, followed by ERP. In patients with arrhythmia, the
relationship between APD and ERP changes [38]. In patients with VF, the variability of APD is more significant [39,40]. Some studies
have found that the durations of APD and ERP in patients with VF is significantly shortened [41]. The results of our study are consistent
with those of previous studies. ERP and APD of the LV decreased in AD rats, and were prolonged after treatment with NBQX.

Arrhythmia is primarily caused by abnormal electrical signal conduction. Electrical signals propagate between adjacent car-
diomyocytes mainly through gap junction proteins such as CX43. The abnormal distribution and expression of CX43 are common in the
hearts of patients with arrhythmia. As shown in Fig. 5, CX43 expression was significantly decreased in the ventricular tissue of AD rats,
potentially contributing to VF sensitivity [42]. The reduction in CX43 expression was partially reversed with NBQX treatment.

The stability of cardiac electrical signals closely depends on the regulation of ion channels in the cell membrane. In the heart, more
than 10 types of potassium channels play a role in forming action potentials [43]. During VF, the most significant change in potassium
channels is the decrease in repolarization, mainly because of the reduced expression of the potassium channel protein subunit KV4.3
[44,45]. Decreased KV4.2 expression has been linked to arrhythmia development [46]. Our research demonstrated that empty bottle
stimulation can notably inhibit KV4.2 and KV4.3 expression. Following NBQX administration, the expression of ion channel proteins
expression increased.

Continuous pathological stimulation can cause structural changes in the heart, including myocardial fibrosis. In patients with
arrhythmias, ventricular cardiomyocytes undergoing atrophy and apoptosis are replaced by fibrous tissue. This pathological process
progresses from the epicardium to the endocardium. As the disease advances, nonfunctional fibrous tissue replaces most car-
diomyocytes, increasing the susceptibility to arrhythmia [47]. As shown in Fig. 5, fibrosis worsened in AD rats, and NBQX could
ameliorate fibrosis progression of.

Oxidative stress refers to an imbalance between pro-oxidants and antioxidants [48]. Elevated oxidative stress levels are associated
with various neurological disorders, such as AD [49,50]. They may be linked to the excessive production of ROS and reactive nitrogen
species brain microglia are overactivated [51]. Our study found that in the AD group, ROS production was accompanied by an increase
in MDA levels, whereas SOD activity showed a declining trend, indicating that anxiety can induce a stressed state in the body.
Abnormal oxidative stress significantly improved after NBQX treatment.

ROS, a general process involving various chemicals including hydrogen peroxide, nitric oxide, and hypochlorous acid, is primarily
produced during cell metabolism [52]. Elevated ROS levels significantly increase the risk of arrhythmia [53]. Currently, many anti-
oxidant drugs are used to treat anti-arrhythmic disorders [54,55]. Most cardiovascular diseases are associated with an abnormal
mitochondrial membrane potential, affecting energy metabolism and cardiomyocyte REDOX homeostasis [56]. Mitochondria supply
energy for cardiomyocyte activity, and the electron transport chain complex involved in ATP synthesis is the primary source of ROS.

When the heart undergoes pathological changes, such as cardiac hypertrophy or core muscle ischemia, ROS levels increase. ROS
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Fig. 6. NBQX reduced oxidative stress levels and apoptosis in vivo and in vitro. (A) Representative images of reactive oxygen species (ROS) in left
ventricle (LV) tissues. n = 5 per group. (B) Relative fluorescence intensity of ROS in LV. n = 5 per group, bar = 50 μm. (C, D) Concentration of
malondialdehyde (MDA) and superoxide dismutase (SOD) activity in the serum. n = 12 per group. (E) Representative images of ROS in H9C2 cells.
n = 5 per group; scale bar = 50 μm) (F) Relative fluorescence intensity of ROS in H9C2 cells. n = 5 per group. (G, H) Concentration of
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disorders also affect ATP levels, creating a vicious circle [57]. Oxidative stress can affect the function of ion channels in cardiomyocytes
and cause impairment of CX43 distribution and expression [58,59]. This finding aligns with our results: in the AD group, ROS levels
significantly increased, accompanied by decreased expression levels of KV4.2, KV4.3, and CX43 in the ventricular muscle. Therefore,
AD can significantly increase oxidative stress levels, ultimately increasing VF susceptibility by inducing electrical remodeling of the

malondialdehyde (MDA) and superoxide dismutase (SOD) activity in H9C2 cell. n = 5 per group. (I, J) Typical images of TUNEL immunohisto-
chemical staining and quantitative analysis of the positive area. n = 5; scale bar = 50 μm. (K–N) Immunoblotting and quantitative analysis of BAX,
Bcl-2 and Capase-3 in LV. n = 3. (O) Representative images of electron microscopy: In the myocardium of AD rats, mitochondrial was swollen and
dissolved, which was reversed following NBQX treatment. n = 5; scale bar = 500 nm *p < 0.05, **p < 0.01, ***p < 0.001.

Fig. 7. NBQX downregulated oxidative stress by regulating the Nrf2/HO-1 pathway. (A–D) Immunoblotting and quantitative analyses of Nrf2, HO-
1, and NOX4 in LV, n = 3 per group. (E–F) Representative immunofluorescence staining images and positive rate of Nrf2 in LV. n = 5, bar = 50 μm.
(G–I) Immunoblotting and quantitative analysis of Nrf2 and HO-1, n = 3. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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heart.
Furthermore, heart oxidative stress can accelerate heart fibrosis [60]. The accumulation of OS in cardiomyocytes increases

extracellular matrix deposition in the myocardium, which promotes fibroblast proliferation, cardiomyocyte destruction, and
myocardial fibrosis progression. Additionally, elevated ROS levels can cause DNA strand breaks in myocardial nuclei and accelerate
apoptosis [61]. ROS can also increase of COLA-I and COLA-III expression in the heart, further exacerbating fibrosis changes [62].

Nrf2/HO-1 is a crucial molecular pathway in the response to oxidative stress, involved in apoptosis and anti-inflammatory/
antioxidant processes [63]. Our results showed that in AD rats, apoptosis worsened, leading to myocardial fibrosis [64], and NBQX
treatment could rescue it. Nrf2 is a transcription factor that regulates cellular oxidative stress levels. Under normal conditions, Nrf2
and Keap1 form complexes and remain in a low-activity state. When oxidative stress levels increase, Nrf2 is phosphorylated and is
released from the complex, forming heterodimers with Maf protein and Jun-bZip transcription factor in the nucleus [65]. Nrf2 plays a
protective role against neuro-excitotoxicity caused by oxidative stress. HO-1 is an antioxidant enzyme directly regulated by Nrf2 and
plays anti-inflammatory and antioxidant roles by converting hemoglobin into CO and Fe2+ [66]. The Nrf2-HO1 pathway plays a
positive role in ameliorating anxiety symptoms [67] and suppressing VF [68]. Jin et al. reported that by upregulating the expression of
Nrf2 and HO-1, the phosphorylation of calmodulin-dependent protein kinase-II (CaMKII) is enhanced, thus playing a role in alleviating
heart diseases [69]. Our results are consistent with this finding. in the AD group, VF susceptibility increased with a reduction in
Nrf2/HO-1 protein expression, and NBQX administration could rescue this phenomenon. Moreover, the effect of NBQXwas diminished
by ML385 in H9C2 cells, demonstrating that the Nrf2-HO-1 pathway contributed to the protection of NBQX in the cardiovascular
system.

5. Conclusion

This study demonstrated that NBQX reduces VF susceptibility in rats with AD by addressing electrical remodeling, structural
remodeling, and oxidative stress through the Nrf2-HO-1 pathway. Therefore, NBQX holds promise as a treatment for patients with AD
and VF.

Fig. 8. Summary of the effects of NBQX on reducing ventricular fibrillation susceptibility in rat models of anxiety and its underlying mechanisms.
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