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Background: New-onset atrial fibrillation (AF) in sepsis significantly impacted patient morbidity and mortality, yet the optimal 
animal model for studying this condition remains undetermined. This study aimed to establish a stable animal model for new-onset AF 
in sepsis and to explore the molecular mechanisms involved.
Methods: Forty-seven Sprague-Dawley rats were utilized, with the cecal ligation and puncture (CLP) group divided into 0.6 mm and 
1.0 mm needle outer diameter subgroups, and the lipopolysaccharide (LPS) group into 5 mg/kg, 10 mg/kg, 15 mg/kg, and 20 mg/kg 
dosage subgroups. The incidence of new-onset AF and five-day mortality rates were compared to identify the most stable modeling 
conditions. Selected subgroups underwent further analysis, including cardiac ultrasound, electrophysiology, and pathological exam-
inations. Inflammation-related molecular levels in the atrium were assessed using ELISA and Western blotting (WB).
Results: The intraperitoneal injection of 10 mg/kg LPS was identified as the most stable model for new-onset AF in sepsis, with 
significant findings including increased left atrial area and fibrosis, left ventricular pump dysfunction, uncoordinated ventricular wall 
motion, and impaired electrical impulse conduction. The effective atrial refractory period was markedly shorter, and susceptibility to 
AF was higher in the LPS group compared to the CLP group. Molecular analysis revealed elevated levels of NOD-like receptor protein 
3(NLRP3) inflammasomes, apoptosis-associated speck-like protein containing a CARD(ASC), Caspase-1 p20 Elevated levels of three 
inflammation-related proteins and increased activity of the Sphingosine 1-phosphate/Sphingosine 1-phosphate Receptor 2(S1P/S1P2) 
signaling axis.
Conclusion: Intraperitoneal injection of 10 mg/kg of LPS can successfully construct a new-onset AF model in sepsis, and NLRP3 
inflammatory vesicles mediated by the S1P/S1P2 signaling axis may promote new-onset AF in sepsis.
Keywords: sepsis, atrial fibrillation, rat model, lipopolysaccharide, NLRP3 inflammasome, S1P/S1P2 signaling axis

Introduction
Sepsis was a critical systemic inflammatory response syndrome triggered by infection.1,2 It was frequently associated 
with cardiac arrhythmias, particularly AF, which was the most prevalent arrhythmia in this context.3 AF that arises during 
sepsis and was not present beforehand is termed new-onset AF in sepsis.4

Patients who develop new-onset AF during sepsis exhibited a significantly elevated five-year risk of hospitalization 
for heart failure compared to those without AF.5 Moreover, survivors of sepsis with new-onset AF were prone to 
recurrent AF post-discharge and face increased long-term risks of in-hospital mortality, post-discharge mortality, heart 
failure, ischemic stroke, and overall mortality.6,7 The pathophysiological mechanisms underlying new-onset AF in 
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sepsis were not well understood and may be distinct from those of AF in non-septic contexts. The development of 
stable animal models for sepsis-induced new-onset AF was challenging. Current approaches involved creating models 
through genetic engineering to induce spontaneous AF or by electrically stimulating the left atrium to provoke AF, 
with large animals such as horses, pigs, and dogs being the typical subjects.8–10 However, the complexity and expense 
of these methods hindered high-throughput experimental research into the pathogenesis and treatment of sepsis- 
induced AF.

The primary sepsis models currently in use include CLP and intraperitoneal injection of LPS.5 The severity of sepsis 
in CLP models has been categorized, with approximately two-thirds cecum ligation representing a model for severe 
sepsis,11 which means that this modeling modality has the highest level of inflammation and may be better suited to 
explore the relationship between inflammation and new-onset atrial fibrillation. Both CLP and LPS models in mice and 
rats have demonstrated the occurrence of arrhythmias in sepsis, including AF.12,13 However, the optimal model for 
studying new-onset AF in sepsis remained to be determined.

Materials and Methods
Animal Preparation and Study Protocol
Forty-seven Sprague-Dawley rats were acquired from the Animal Experiment Center at Xinjiang Medical University, and 
all procedures involving animals were conducted at the Xinjiang Key Laboratory of Cardiac Electrophysiology and 
Electroreconstruction, affiliated with the First Hospital of Xinjiang Medical University. Ambulatory electrocardiograms 
were obtained using a TER010 patch-type electrocardiograph one day prior to the experimental modeling. The rats were 
randomly assigned to four groups: control(CT) (n=6), sham operation (n=6), CLP(n=24), and LPS treatment (n=11). The 
CLP group was subjected to a 12-hour fast followed by cecum ligation, puncture, and fecal extrusion to induce infection. 
The LPS group received intraperitoneal injections of LPS (L2880, sigma, German) (5 mg/kg, 10mg/kg, 15 mg/kg, and 
20 mg/kg) post-fasting. On the fourth day post-modeling, we performed tracheal intubation and chest opening in rats 
under anesthesia, atrial electrophysiology studies were performed on all rats. The optimal recording was identified by the 
LEAD-7000 Multi-Conductive Physiological Recorder (Figure 1A).

Measurement of Effective Atrial Refractory Period
The effective atrial refractory period (AERP) was determined by programmed electrical stimulation of the left and right 
atria separately using the LEAD-7000 Multi-Conductive Physiological Recorder.An 8:1 S1S2 stimulation protocol was 
employed, utilizing an output voltage of 4 V and a pulse width of 0.5 ms. This consisted of eight consecutive stimuli (S1-S1 
interval of 260 ms) followed by a single premature stimulus (S2). The S1S2 interval commenced at 110 ms and was 
progressively reduced in 5-ms decrements until the AERP was identified. The AERP was defined as the longest S1S2 
interval that failed to provoke a response. Each rat underwent three trials, and the mean of these trials was recorded as the 
AERP for the respective atrium. The procedure was replicated three times per rat, and the average of these measurements 
was considered the definitive AERP for the experimental subject.

Measurement of AF Induction Rate
The induction rate of AF was assessed using the burst stimulation method. This involved applying an S1S1 protocol 
with an 8 V voltage and a frequency of 50 hz for 10 seconds per stimulation. Following each stimulation, the presence 
of AF was determined, and typical screenshots were captured for documentation. Subsequent stimulations were 
administered at 5-minute intervals, with a total of three stimulations per rat. Persistent AF, defined as lasting 1000 
ms or longer, was terminated using S1S1 stimulation, and the subsequent burst stimulation was initiated after 
a 5-minute recovery period. The AF induction rate was calculated as the percentage of successful AF inductions. In 
this study, AF was characterized by the absence of the p-wave, replaced by irregular f-waves, and a duration exceeding 
1000 ms.
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Measurement of Left Atrial Electrical Conduction Velocity and Heterogeneity
In vivo microelectrode array (MEA) recordings were employed to evaluate the conduction velocity and heterogeneity 
within the left atrium of rats. The rats were anesthetized, mechanically ventilated, and positioned on the operating table at 
the MEA facility. A median sternotomy was performed using bone scissors, and the ribs were gently spread with a rib 
spreader to fully reveal the heart. A flexible MEA was placed on the left atrial surface. Following the stabilization of 
unipolar electrical signals from the MEA, conduction maps were produced during sinus rhythm. The data were collected 
at a sampling rate of 10 kHz per channel and processed using Cardio2D+ software. Left atrial electrograms were acquired 
and a set of left atrial conduction velocities were measured from five consecutive stable heartbeats, and the mean of the 
conduction velocities (CV) was calculated after excluding outliers. The variance of each set of conduction velocity data 
was calculated after excluding outliers, and was used as heterogeneity of conduction velocities to quantify conduction 
heterogeneity to mitigate the effects of conduction instability.

Echocardiography
All animals were anesthetized with isoflurane, appropriate room temperature and animal heating pads using a Doppler 
ultrasound machine for measurements of cardiac ultrasound related data. All animals were traced in left ventricular(LV) long- 

Figure 1 Schematic diagram of molding process.(A)Flowchart of molding and related metrics measurement; (B) The relative protein levels of IL-18 were determined by 
centrifugation of blood in each group and the supernatants were collected for the elisa assay four days after the completion of modeling. (C and D) Sinus rhythm and AF 
observed by analyzing surface electrocardiogram data; (E) Statistics of new-onset AF occurrences in each subgroup of the CT group and the LPS group; (F) Statistics of new- 
onset AF occurrences in the Sham group and the CLP subgroup; *p<0.05, ***p<0.001, labeled as ns when p>0.05. Data are expressed as mean ± SEM. n=6/group, n=5 
(1.0 mm group). 
Abbreviations: BS, baseline; EP, electrophysiology.
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axis views while awake using a Doppler ultrasound machine, (Philips Corporation, Bothell, WA, USA) using a S12-4 scanning 
probe. The following specific parameters were measured for at least three consecutive heartbeats: Left atrial diameter, Left 
ventricular ejection fraction (LVEF) and early mitral peak velocity to atrial peak velocity ratio(E/A) peaks.

Histological Analysis
Left atrial tissues were fixed in 4% paraformaldehyde for 24 hours and subsequently embedded in paraffin. Hematoxylin 
and eosin (H&E) staining, as well as Masson’s trichrome staining, were conducted on tissue sections measuring 3 μm in 
thickness. Inflammatory infiltrates usually result in inflammatory cells congregating around the damaged tissue, and areas 
of inflammatory cell infiltration with a high density of inflammatory cells are visible on microscopic observation of HE- 
stained pathology sections. While the areas staining positive for collagen in the Masson’s trichrome sections denoted the 
extent of cardiac fibrosis. Quantification of inflammatory cell infiltration and fibrosis was performed using a single 
bright-field microscopy image from each animal at 200× magnification. Image analysis was carried out using ImageJ 
software (version 1.8.0).

ELISA Assay
Plasma samples from SD rats were analyzed for Interleukin-18 (IL-18) concentration using an ELISA kit (CSB-E04610r, 
Cusabio, China). A volume of 100 μL of the appropriately diluted samples was added to the pre-coated wells, alongside 
blank and standard wells containing serial dilutions. The plate was sealed with a cover film and incubated at 37°C for 
1–2 hours. Following incubation, wells were washed and then incubated with 100 μL of biotinylated antibody working 
solution at 37°C for 1 hour. After a subsequent wash, 100 μL of enzyme conjugate working solution was added to each 
well. Post-washing, TMB substrate solution was dispensed into each well and the reaction was allowed to proceed at 
37°C for 10–30 minutes until a color gradient was observed in the standard wells. The reaction was stopped by adding 
100 μL of 2M sulfuric acid to each well, resulting in a color change from blue to yellow. Within 10 minutes, the optical 
density (OD) at 450 nm was measured using a microplate reader, with zero adjustment based on the blank control well. 
A standard curve was generated from the OD values of the standards, and sample concentrations were calculated using 
the curve equation. Results were recorded in an Excel spreadsheet.

Western Blotting
Left atrial homogenates were prepared using a mixed cell lysate solution (RIPA: PMSF: Phosphatase Inhibitor Cocktail = 
100:1:1, Solarbio, China). The protein concentration was quantified with a BCA assay kit (PC0020, Solarbio, China). 
Subsequently, 20 μg of protein per sample was subjected to electrophoresis on a 10% SDS-PAGE gel at 80 V for 
140 minutes using a Mini-PROTEAN system (Bio-Rad). The separated proteins were then transferred onto PVDF 
membranes via wet transfer at 300 mA for 90 minutes. Membranes were blocked with 5% BSA for 1 hour at room 
temperature and incubated with primary antibodies overnight at 4°C. Experiments using X-Ray film darkroom exposures. 
The primary antibodies utilized included anti-ASC (AB307560, Abcam, USA), anti-NLRP3 (SAB5700723, Sigma, 
USA), anti-Caspase-1 (89332, Cell Signaling Technology, USA), anti-S1P (AB140592, Abcam, USA), anti-S1P2 
(AB235919, Abcam, USA), and GAPDH (10494-1-AP, Proteintech, USA).

Statistical Analysis
The raw data were entered into Excel (version 2024, WPS) and analyzed using SPSS (version 25.0) to compare 
differences in rates between groups. GraphPad Prism (version 9.0) was employed for the analysis and visualization 
of continuous variables. Data were presented as mean ± Standard Error of Mean. The event rates across the four 
groups were assessed using Fisher’s exact test, as the conditions for the chi-square test were not met due to the 
requirement that each cell should contain more than one event. For the comparison of continuous variables across 
multiple groups, one-way ANOVA was conducted. A p-value of less than 0.05 was considered indicative of 
statistical significance.
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Results
The Most Stable Model of New-Onset AF in Sepsis Constructed by Intraperitoneal 
Injection of 10 Mg/Kg LPS
Compared with the CT group, rats in the CLP and LPS groups were significantly depressed, fed less, were less active, 
had less self-cleaning behavior, had significantly messy fur, and were curled up; there was no obvious avoidance of the 
grasping response; the stools were pasty, and there was an increase in the periocular secretion. Inflammatory factor levels 
were significantly higher in the rats of the CLP and LPS groups than in those of the CT and Sham groups (Figure 1B). 
New-onset atrial fibrillation in sepsis was found in both CLP and LPS groups (Figure 1C and D), and the incidence of 
new-onset AF in sepsis did not differ significantly among subgroups of CLP with different outer diameters (ODs) 
(Figure 1E), and among subgroups of LPS, the low mortality rate and the high incidence of new-onset AF in the 10 mg/ 
kg group was statistically significantly different from that in the other groups (Figure 1F and Supplementary Figure 1).

Echocardiography Findings of AF in the LPS Group
Echocardiography via the LV long-axis view revealed a significant enlargement of the left atrium in both the CLP and 
LPS groups when compared to the CT and Sham groups (Figure 2E). The analysis of left atrial diameter changes pre- 
modeling and post-modeling indicated that the CLP and LPS groups experienced marked left atrial dilation, whereas the 
CT and Sham groups exhibited minimal alterations in left atrial size (Figure 2B). Additionally, the CLP and LPS groups 
demonstrated notable incoordination in ventricular wall motion (Figure 2A). And the studies documented the absence of 
peak A and the emergence of a singular peak in the mitral M-curve and mitral valve flow profile in the experimental 
groups as opposed to the CT group (Figure 2F). Specifically, in the LPS group, the E/A peak velocity ratio was 
significantly reduced relative to the CT group (Figure 2D), and a more pronounced decrease in LVEF was observed, 
indicating a substantial impairment in LV pump function (Figure 2C).

Reduced Effective Atrial Refractory Period and Enhanced AF Susceptibility in the CLP 
and LPS Groups
In the CT and sham groups, the effective refractory periods (ERP) of the left and right atria ranged between 70–80 ms. In 
contrast, the CLP and LPS groups exhibited significantly reduced ERPs, oscillating between 15–20 ms, with statistically 
significant differences observed (Figure 3E and F). Typical images of AF induction with burst pacing at 40 ms S1-S1 
interval among four groups. (Figure 3A–D). Furthermore, the rate of AF induction in the CLP group was markedly 
higher than in the Sham group (Figure 3G). Similarly, the LPS group demonstrated a significantly elevated AF induction 
rate compared to both the Sham group (Figure 3G) and the CT group (Figure 3G). Notably, the AF induction rate in the 
LPS group also surpassed that of the CLP group (Figure 3G).

Impaired Electrical Impulse Conduction in the LPS and CLP Groups
The CT and Sham group images exhibit consistent electrical impulse conduction directions, as indicated by the arrows, 
along with orderly equipotential line distribution and uniform conduction patterns. Conversely, the CLP and LPS group 
images reveal disordered conduction directions, irregular equipotential line distribution, and apparent impediments to 
electrical impulse propagation (Figure 4A). The conduction velocity in the lipopolysaccharide (LPS) group was 
significantly reduced compared to the CT group (Figure 4B). Similarly, the cecum ligation and puncture (CLP) group 
exhibited a markedly decreased conduction velocity relative to the sham-operated (Sham) group (Figure 4B). However, 
no significant difference in conduction velocity was observed between the CLP and LPS groups (Figure 4C).

Enhanced Inflammatory Response and Atrial Fibrosis in the LPS Group Relative to the 
CLP Group
Hematoxylin and eosin (H&E) staining revealed an absence of inflammatory cell infiltration in the CT and Sham groups, while 
significant infiltration was observed in both the CLP and LPS groups. Quantitative analysis showed a statistically significant 
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greater extent of inflammatory cell infiltration in the LPS group compared to the CLP group (Figure 5A and B). Masson’s 
trichrome staining indicated pronounced atrial myofibrosis in the CLP and LPS groups relative to the CT and Sham groups, 
with the degree of fibrosis being significantly higher in the LPS group (Figure 5A and C). Immunohistochemical analysis 
demonstrated that the LPS group exhibited the most abundant NLRP3 inflammasomes within the cytoplasm of atrial 
myocytes, as indicated by the stained area in the NLRP3 immunohistochemistry images (Figure 5A and D). Furthermore, 
a positive correlation was identified between the presence of NLRP3 inflammasomes, myocardial fibrosis, inflammatory cell 
infiltration, and the incidence of new-onset AF in sepsis. During an inflammatory response, an increase in NLRP3 

Figure 2 Impact of LPS on Cardiac Morphology and Function. (A) Coordination of ventricular wall motion in rats of each group; (B) Enlarged area of the left atrium; (C) 
Reduced values of EF values; (D) E/A peak percentage; (E) in order, represent the area of the left atrium of CT, Sham, CLP, and LPS groups observed in long-axis views of the 
left ventricle; (F) Single-peak image of the E/A peak of AF observed with M-mode ultrasound and normal image of the E/A peak; *p<0.05,**p<0.01,***p<0.001, labeled as ns 
when p>0.05. Data are expressed as mean ± SEM. n=6/group.

https://doi.org/10.2147/JIR.S485142                                                                                                                                                                                                                                    

DovePress                                                                                                                                                 

Journal of Inflammation Research 2024:17 9108

Ling et al                                                                                                                                                              Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


inflammasomes in cardiomyocytes is observed, along with a concomitant rise in caspase-1, a component of the NLRP3 
inflammasomes.14 This elevation promotes the activation of IL-1β precursors, leading to increased levels of these cytokines 
and associated myocardial fibrosis (Figure 5A and E).

Elevated NLRP3 Inflammasome and S1P/S1P2 Signaling in the LPS Group Relative to 
the CLP Group
The pathogenesis of new-onset AF in sepsis has remained elusive. Western blot (WB) assays targeting the NLRP3 
inflammasome and the upstream S1P/S1PR2 signaling axis revealed significant upregulation of NLRP3, ASC, and the 
active form of caspase-1 (caspase1-p20) in both CLP and LPS groups, with a more marked increase in the LPS group 
(Figure 6A–E). These findings imply a potential positive correlation between NLRP3 inflammasome activity and the risk 
of new-onset AF in sepsis. Furthermore, reduced sphingosine-1-phosphate concentrations in the CLP and LPS groups 
signified augmented inflammation. Concomitantly, heightened expression of its receptor, S1P2, implies that the potentia-
tion of the inflammatory response through the S1P/S1P2 signaling pathway might escalate the risk of sepsis-induced AF 
(Figure 6F and G).

Figure 3 Impact of LPS on ERP in right and left Atria and the Incidence of AF Induction. (A–D) the electrocardiographic performance of rats after electrical stimulation; 
(E and F) the effective atrial refractory period of the left and right atria; (G) the rate of AF induced in each group of rats; *p<0.05,**p<0.01, labeled as ns when p>0.05. Data 
are expressed as mean ± SEM. n=6/group.

Journal of Inflammation Research 2024:17                                                                                          https://doi.org/10.2147/JIR.S485142                                                                                                                                                                                                                       

DovePress                                                                                                                       
9109

Dovepress                                                                                                                                                              Ling et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Discussions
The CLP model is widely regarded as one of the most representative animal models of human sepsis due to its ability to 
induce multiple organ dysfunction syndrome (MODS) and replicate clinical sepsis by facilitating the entry of intestinal 
bacteria and toxins into the peritoneal cavity via mechanical perforation,15–17 eliciting a comprehensive immune 
response. Nevertheless, the CLP procedure is complex, necessitates a high level of technical expertise, demands rigorous 
postoperative care, and yields results with limited reproducibility.18,19 In contrast, the LPS model is straightforward to 
implement, offers high reproducibility, allows for the modulation of the inflammatory response through dosage adjust-
ments, and results in severe pathological changes.20 It is therefore more suitable for modeling endotoxin-induced acute 
inflammatory responses and for observing and evaluating the efficacy of anti-inflammatory drugs.21

Research on new-onset AF in sepsis and the predisposition to AF during sepsis is limited. Our study demonstrated 
that sepsis models induced by intraperitoneal injection of 10 mg/kg LPS exhibited a heightened incidence of new-onset 
AF and an increased vulnerability to AF. Despite the advantages and disadvantages associated with both CLP and 
intraperitoneal LPS methods, our findings indicated that the LPS-induced sepsis model had a higher frequency of 
spontaneous AF and greater susceptibility to the condition. The consistency of these results across multiple independent 
experiments was notable, with the occurrence of new-onset AF, inflammatory responses, electrophysiological abnorm-
alities, significant reductions in the effective refractory periods of left and right atrial fibers, and pronounced atrial 
fibrosis. Statistical analysis confirmed the significance of these differences. Literature review suggests that intraperitoneal 
injection LPS is more likely to cause spontaneous and inducible AF events.22 This may be attributed to the LPS-induced 
inflammatory response, which promotes inflammation and structural remodeling of cardiac tissues, including atrial 

Figure 4 Influence of LPS on Conduction Velocity and Its Variability in Cardiac Tissue. (A) Microarray electrode thermograms of electrical conduction in rats from each 
group, arrows represent the direction of conduction, different colors represent the moment of impulse arrival, and contour lines represent the location of electrical impulse 
conduction at the same moment; (B) the left atrial conduction velocity measured in each group; (C) the heterogeneity of the left atrial conduction velocities of the groups 
(as reflected by calculating the variance). *p<0.05,**p<0.01,****p<0.0001, labeled as ns when p>0.05. Data are expressed as mean ± SEM. n=6/group.
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fibrosis and cardiomyocyte apoptosis.23,24 Such alterations enhance the electrical heterogeneity of the atria, predisposing 
them to abnormal electrical activity and subsequent AF. Inflammatory mediators may also directly influence cardiac 
electrophysiological properties, increasing AF risk by affecting ion channel function, extending action potential duration, 
and shortening the effective refractory period.25 This model facilitates the investigation of inflammatory mediators in 
cardiac electrophysiological abnormalities, elucidates the specific mechanisms by which sepsis induces cardiac compli-
cations, and enables the assessment of new drugs and therapeutic strategies for sepsis-induced AF. Moreover, the model 

Figure 5 Impact of LPS on Pathological Alterations in Atrial Myocytes. (A) The HE staining results, Masson’s trichrome staining, NLRP3 inflammatory vesicles 
immunohistochemistry results, and IL-1β immunohistochemistry results of rat atria in each group observed under the microscope. (B) the statistical graph of the degree 
of inflammatory cell infiltration; (C) the statistical graph of the degree of atrial myofibrillar fibrosis, (D) the statistical graph of the counts of positive cells with cytoplasmic 
containing NLRP3 inflammatory vesicles, (E) the statistical graph of the counts of positive cells with cytoplasmic containing IL-1β,*p<0.05,**p<0.01, labeled as ns when 
p>0.05. Data are expressed as mean ± SEM. n=3/group. 
Abbreviation: IL-1β, Interleukin-1 beta.
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Figure 6 Quantitative Analysis of Inflammatory and Signaling Protein Expression Relative to GAPDH in Atrial Myocytes. Differential analysis in protein expression levels 
between four groups. (A) Immunoblotting for the detection of protein bands in developed results (B) ratio of NLRP3 protein expression level to GAPDH protein 
expression level; (C) ratio of ASC protein expression level to GAPDH protein expression level; (D) ratio of Pro-Caspase1 protein expression level to GAPDH protein 
expression level; (E) ratio of Caspase1-p20 protein expression level to GAPDH protein expression level; (F) ratio of S1P2 protein expression level to GAPDH protein 
expression level; (G) ratio of S1P protein expression level to GAPDH protein expression level;*p<0.05,**p<0.01, ***p<0.001, ****p<0.0001, labeled as ns when p>0.05. Data 
are expressed as mean ± SEM. n=3/group.
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may assist in identifying biomarkers for sepsis-related cardiac injury and new-onset AF, offering potential benefits for 
diagnosis and personalized treatment approaches.

Electrocardiography is the method of choice for diagnosing AF, revealing both electrocardiographic alterations and 
associated changes in cardiac structure and hemodynamics, which are detectable via echocardiography.26 Left atrial diameter 
serves as a critical metric for evaluating left atrial structure. Enlargement of the left atrium contributes to extended electrical 
conduction pathways and augmented electrical heterogeneity, thereby facilitating re-entry loop formation and predisposing to 
AF.27 Experimental models have demonstrated that left atrial enlargement is more pronounced in the LPS group than in the CLP 
group. During AF, peak A of the mitral inflow spectrum are absent,28 resulting in a singular peak Although the E/A peak ratio in 
the CLP and LPS groups exhibited alterations, it did not reach the diagnostic threshold for abnormality (E/A peak ratio < 1). The 
E/A ratio measured in this study, may be attributed to LV stiffness and elevated left atrial pressure, resulting in a “pseudo-normal” 
filling pattern. Rats with atrial fibrillation may develop myocardial fibrosis, leading to structural remodelling of the heart, which 
results in left ventricular stiffness and left atrial pressure. The meaning of E/ A is an index for assessing ventricular diastolic 
function.29,30 Where E represents the filling peak of the left ventricle that fills rapidly during early diastole and the A peak is the 
filling peak of the left ventricle that fills during late diastole, so that under normal conditions E/A>1. Normally, blood flow 
through the AV valve into the left ventricle should be predominantly in early diastole. AF is characterized by atrial pump failure, 
rapid and irregular ventricular rates, leading to ventricular underfilling and systolic dysfunction.31 This dysfunction manifests as 
ventricular wall motion discrepancies on echocardiography,31 which were notably evident in the LPS group. LVEF is a primary 
indicator of LV systolic function. In sepsis, a decline in LVEF may result from systemic inflammation and myocardial depression, 
indirectly heightening the risk of elevated LV pressures and AF development. The significant impairment in LV pump function 
among subjects with sepsis can be explained by several sepsis-induced mechanisms, including systemic inflammation, oxidative 
stress, mitochondrial dysfunction, calcium handling abnormalities, and the release of cardiodepressant factors, all of which can 
contribute to cardiac dysfunction. sepsis as a comprehensive cardiac impairing agent, which may incite AF by ventricular 
diastolic dysfunction.32,33 Echocardiography enables the early detection of cardiac structural and functional changes, facilitating 
the prompt identification of septic patients at elevated risk for AF.34 Early diagnosis allows for timely interventions to mitigate the 
incidence of AF and its associated complications.

Shortening of the effective refractory period (ERP) reduces the repolarization duration in atrial myocardium, enhances 
repolarization disparity, and fosters the emergence of multiple repolarization wavefronts.35 This disparity amplifies electrical 
heterogeneity among atrial muscle fibers, facilitating localized ectopic excitation that can initiate and perpetuate AF.36 

A shortened ERP permits quicker restoration of excitability in the atrial myocardium, heightening the probability of reentrant 
circuits. Such circuits are a key mechanism in AF pathogenesis, where rapid recovery and re-excitation of atrial muscle lead to 
persistent electrical activity loops, contributing to AF onset and persistence.37 The systemic inflammatory response induced by 
sepsis triggers the release of numerous inflammatory mediators (eg, TNF-α, IL-6, IL-1β), which downregulate sodium (INa

2+) 
and calcium (ICa

2+) channel expression,38,39 impeding depolarization. Concurrently, the expression of specific potassium 
channels is upregulated, hastening repolarization.40 Oxidative stress from sepsis impairs ion channel proteins41 altering their 
function and diminishing depolarization.42 Inflammation and oxidative stress together render the electrophysiological 
attributes of atrial myocytes heterogeneous, which escalates the propensity for reentrant circuit formation and predisposes 
to AF.43 Studies indicate that heightened inflammatory mediator levels correlate with compromised sodium and calcium 
channel functionality, leading to reduced action potential duration and ERP, thus elevating AF risk.

The NLRP3 inflammasome is a multi-component protein complex that is pivotal in mediating inflammation and immune 
responses.44 Sepsis, a severe infectious condition often accompanied by AF, may be influenced by various factors, including 
the activation of the NLRP3 inflammasome.45 This activation precipitates the secretion of proinflammatory cytokines such as 
IL-1β and IL-18, which can inflict cardiomyocyte damage and electrophysiological disturbances, consequently elevating the 
risk of AF.46 Moreover, the activation of NLRP3 inflammasomes may indirectly contribute to the pathogenesis of AF by 
instigating oxidative stress and compromising cardiomyocyte functionality.47 Thus, the activation of NLRP3 inflammasomes 
during sepsis is a significant contributing factor to the heightened risk of AF through the promotion of inflammatory mediator 
release and other pathophysiological processes.48 Sphingosine 1-phosphate (S1P) is a bioactive lipid that interacts with its 
receptors, such as S1P1 and S1P2.49 The S1P/S1P receptor signaling pathway, particularly through S1P2, has been implicated 
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in the regulation of inflammasome formation and activation.50 S1P2 receptors may facilitate the assembly of NLRP3 
inflammasomes and the subsequent discharge of inflammatory mediators.49

The systemic inflammatory response elicited by sepsis can result in heightened oxidative stress and an 
abundance of reactive oxygen species (ROS).51 These ROS not only inflict direct damage on cardiomyocytes 
but also amplify inflammation and cellular injury by activating the NLRP3 inflammasome.51 Persistent inflamma-
tion can induce myocardial fibrosis, a structural alteration that disrupts electrical conduction and predisposes 
individuals to AF.52 Inflammatory mediators, such as IL-1β, can perturb calcium homeostasis in cardiomyocytes 
by interfering with calcium channels and regulatory proteins,53 leading to abnormal excitability and automaticity 
that increase the propensity for AF. Therapeutic interventions targeting pro-inflammatory cytokines, like IL-1β 
inhibitors, may mitigate myocardial inflammation and diminish the risk of AF.54 Additionally, antioxidant treat-
ments could alleviate sepsis-induced oxidative stress, thus safeguarding cardiomyocytes and lowering the occur-
rence of AF. A multifaceted treatment approach that integrates anti-inflammatory, antioxidant, and myocardial 
protective strategies may prove more efficacious in the prevention and management of sepsis-associated AF.

Limitations
The pathogenesis of new-onset AF in sepsis remains elusive. It is established that the NLRP3 inflammasome can 
facilitate the development of AF, and the S1P/S1P2 signaling pathway is known to exacerbate LPS-induced sepsis, 
leading to the activation of the NLRP3 inflammasome.55 However, the potential role of the S1P/S1P2 axis in 
modulating the NLRP3 inflammasome and its subsequent promotion of AF via mitochondrial ROS release has not 
been fully elucidated. Future research could involve quantifying mitochondrial ROS, inhibiting the S1P/S1P2 
pathway with JTE013,56 targeting the NLRP3 inflammasome with MCC950,57 and assessing ion channel activity 
and current changes in atrial myocyte membranes through optical labeling. These approaches may shed light on 
the specific mechanisms underlying the onset of AF in sepsis.

The assays employed in this study did not provide the comprehensive analysis required for flow cytometry to 
precisely determine which specific type of inflammatory cell proliferation is most closely linked to the emergence of 
new-onset AF in sepsis, which is critical for assessing the efficacy of sepsis modeling. Furthermore, the study did not 
include the application of NLRP3 inflammasome inhibitors or S1P/S1P2 inflammasome inhibitors to ascertain their 
association with new-onset AF in sepsis.

Conclusion
In our study, we established that an intraperitoneal injection of LPS at a dosage of 10 mg/kg successfully induced 
a model of new-onset AF in a septic context, characterized by a high incidence of AF and a low mortality rate. This 
model exhibited electrophysiological alterations and cardiac structural-functional changes that align with the typical 
presentation of AF. Furthermore, we observed upregulation of NLRP3 inflammasomes and the S1P/S1P2 signaling 
pathway in the LPS-treated group.
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AF, atrial fibrillation; LPS, lipopolysaccharide; CLP, cecum ligation and puncture method; CT, control; IL-18, 
Interleukin-18; ERP, effective refractory period; AERP, effective atrial refractory period; LV, left ventricular; LVEF, 
Left ventricular ejection fraction; E/A peaks, early mitral peak velocity to atrial peak velocity ratio; CV, conduction 
velocities; HE, Hematoxylin and Eosin stain; ASC, apoptosis-associated speck-like protein containing a CARD; NLRP3, 
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