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Background
Pyroptotic signaling involving nuclear factor-kappa B (NF-κB) and NOD-like receptor family pyrin domain–containing 3 (NLRP3) has been implicated in chronic heart failure (CHF). Xin-Fu-Kang (XFK) is a nine-herb formula used clinically for CHF with “qi deficiency and blood stasis.” Although cardioprotective effects have been reported, it remains unclear whether XFK modulates myocardial pyroptotic signaling via miR-223–dependent regulation of NF-κB.
Methods
A CHF model was established by permanent left anterior descending coronary artery (LADCA) ligation in rats, and an in vitro oxygen–glucose deprivation/reoxygenation (OGD/R) injury model was generated in H9c2 cardiomyocytes. Cardiac structure and function were assessed by transthoracic echocardiography and histology. Myocardial inflammation and pyroptotic signaling were quantified by ELISA for interleukin-1 beta (IL-1β) and interleukin-18 (IL-18), and by immunoblotting for NLRP3, pro-caspase-1/caspase-1 ratio, Apoptosis-associated speck-like protein containing a CARD (ASC), cleaved gasdermin D N-terminal fragment (GSDMD-N), and NF-κB p65 phosphorylation. Nuclear–cytoplasmic fractionation and immunofluorescence tracked p65 translocation. Causality was probed by miR-223 gain- and loss-of-function, with functional rescue using a miR-223 inhibitor. RT-qPCR was used to measure the mRNA levels of NF-κB p65 and miR-223.
Results
LADCA produced marked systolic dysfunction with chamber dilation, increased myocardial IL-1β and IL-18, increased NLRP3, ASC, GSDMD-N, and p65 phosphorylation, and decreased the pro-caspase-1/caspase-1 ratio. XFK improved cardiac function and structural integrity, attenuated fibrosis and cardiomyocyte apoptosis, reduced inflammatory cytokines, and diminished NLRP3 and ASC abundance. In OGD/R-injured H9c2 cells, XFK preserved viability, limited lactate dehydrogenase release, decreased NLRP3, ASC, GSDMD-N, and IL-1β, increased the pro-caspase-1/caspase-1 ratio, and restrained NF-κB activation by reducing p65 phosphorylation and nuclear translocation. Mechanistically, XFK upregulated miR-223, and miR-223 overexpression reproduced the suppression of pyroptosis-related readouts linked to NF-κB/NLRP3 signaling. Inhibition of miR-223 attenuated the protective effects of XFK, supporting the interpretation that XFK-mediated modulation of NF-κB-related inflammatory signaling is at least partly dependent on miR-223.
Conclusion
NF-κB–linked NLRP3 pyroptotic signaling represents a prominent feature in the CHF model examined. These findings suggest that XFK exerts protective effects in CHF via miR-223–dependent modulation of NF-κB/NLRP3 pyroptotic signaling, supporting its potential adjunctive strategy to mitigate inflammation-driven cardiac dysfunction.
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1 INTRODUCTION
Chronic heart failure (CHF) remains a major global health burden, characterized by progressive cardiac dysfunction resulting from detrimental structural and functional changes (Roger, 2021). Pathological processes including persistent inflammation and cardiomyocyte death are critical drivers of cardiac remodeling and CHF progression (Aimo et al., 2020). Among cell death pathways, pyroptosis—a highly inflammatory form of programmed cell death mediated by inflammasomes, caspases, and the pore-forming protein gasdermin D (GSDMD)—has emerged as a significant contributor to myocardial injury and dysfunction in CHF by amplifying inflammation through the release of cytokines like IL-1β and IL-18 (Chai et al., 2022; Zhang Z. et al., 2024).
The nuclear factor-kappa B (NF-κB) signaling pathway is a central regulator of cardiac inflammation and plays a key role in promoting the activation of inflammasomes, such as NOD-like receptor family pyrin domain–containing 3 (NLRP3), thereby linking inflammation to pyroptosis (Zhang Z. et al., 2024; Xu et al., 2025; Xiong et al., 2024). MicroRNAs (miRNAs) act as crucial regulators of gene expression, and microRNA-223 (miR-223) has been specifically implicated in modulating inflammatory responses, partly through its ability to target components of the NF-κB pathway and NLRP3 inflammasome signaling (Haneklaus et al., 2013; Yan et al., 2019; Pan et al., 2022). Given the involvement of miR-223 in cardiovascular inflammation and NF-κB’s role in pyroptosis, the miR-223/NF-κB axis has been proposed as a potential therapeutic target for modulating myocardial pyroptosis in CHF.
Traditional Chinese Medicine (TCM) defines “blood stasis” as a pattern characterized by impaired blood circulation and pathological accumulation, often involving microvascular dysfunction and hypercoagulability, which worsen tissue injury in cardiovascular diseases (Yu and Wang, 2014; Junxiu et al., 2017; Xin et al., 2021). The phenomena resulting from pyroptosis-driven inflammation in CHF—specifically, amplified myocardial injury (Shi et al., 2021), ventricular dysfunction (Piams et al., 2023; Qin et al., 2024), and the associated microcirculatory disturbances (Sun et al., 2021; Feng et al., 2021)—share significant conceptual parallels with the manifestations encompassed by the term “blood stasis.” The TCM understanding of “blood stasis” can serve as an explanatory lens to appreciate the detrimental impact of pyroptosis-related inflammatory events on the progression of CHF. Building upon this TCM understanding of pathological patterns like blood stasis, therapeutic strategies in TCM have traditionally aimed to address these hemodynamic and microcirculatory imbalances.
Xin-Fu-Kang (XFK) oral liquid is a nine-herb prescription created by senior TCM physicians to treat CHF presenting with “blood stasis and qi deficiency” (Zhang et al., 2025). Preclinical studies in CHF models demonstrate that XFK enhances ventricular performance and mitigates pathological remodeling, supporting cardioprotective potential. Previous mechanistic work showed that XFK regulates mitophagy and energy metabolism in models of post-ischemic injury via the PI3K/AKT pathway (Zhang et al., 2025; Qiu et al., 2018), and that its components can ameliorate inflammation, oxidative stress, and calcium dyshomeostasis in CHF. While these findings highlight XFK’s benefits, which are potentially linked to mitochondrial function (Zhang et al., 2025), its specific impact on myocardial pyroptosis—another critical inflammatory process in CHF—remains unexplored. Furthermore, whether the miR-223/NF-κB axis is involved in the effects of XFK on pyroptosis has not been investigated.
Therefore, we hypothesized that XFK may improve CHF by mitigating myocardial pyroptosis through miR-223–associated modulation of NF-κB/NLRP3-related inflammatory signaling. The present study aimed to evaluate the effects of XFK on cardiac function and myocardial pyroptosis in a rat model of CHF and to examine whether miR-223–linked regulation of the NF-κB/NLRP3 pathway contributes to these effects.
2 METHODS
2.1 Preparation of XFK
XFK is a polyherbal preparation composed of Astragalus mongholicus Bunge [Fabaceae; Astragali radix; 30 g; Huangqi], Salvia miltiorrhiza Bunge [Lamiaceae; Salviae miltiorrhizae radix et rhizoma; 30 g; Danshen], Angelica sinensis (Oliv.) Diels [Apiaceae; Angelicae sinensis radix; 25 g; Danggui], Ligusticum chuanxiong Hort. [Apiaceae; Chuanxiong rhizoma; 25 g; Chuanxiong], Citrus × aurantium L. [Rutaceae; Aurantii fructus immaturus; 25 g; Zhishi], Ganoderma sichuanense J.D.Zhao & X.Q.Zhang [Ganodermataceae; Ganoderma; 25 g; Lingzhi], Panax ginseng C.A.Mey. [Araliaceae; Ginseng radix et rhizoma; 10 g; Renshen], Epimedium brevicornu Maxim. [Berberidaceae; Epimedii folium; 20 g; Yinyanghuo], and Aconitum carmichaelii Debeaux [Ranunculaceae; Aconiti lateralis radix praeparata; 10 g; Fuzi]. Scientific names with authorities and families were validated against Plants of the World Online and the Medicinal Plant Names Services, and pharmacopeial drug names follow the Chinese Pharmacopoeia.
All raw herbal materials used in XFK were sourced from the Pharmacy Department of Guang’anmen Hospital as a single manufacturing batch and authenticated by two pharmacognosists following the Chinese Pharmacopoeia, with voucher specimens retained. XFK was prepared as follows: the nine herbal components were decocted twice in water for 60 min each; the combined filtrates were cooled to 40 °C; ethanol (95%) was added slowly to a final concentration of 70% (v/v); the mixture was left to stand for 24 h; the supernatant was collected, and the liquid was concentrated under reduced pressure to yield a final extract at 3.2 g/mL crude-herb equivalents, in line with our previous protocol (Zhang et al., 2025). To convert crude-herb equivalents to a dry-extract basis, triplicate aliquots of the same batch stock were dried under reduced pressure at 60 °C to constant weight to determine total solids, giving an extraction yield of 25.0% (w/w; n = 3), corresponding to a drug–extract ratio (DER) of approximately 4:1. Accordingly, the dry-extract concentration of the stock was 0.8 g/mL (3.2 × 0.25). The stock was stored at 4 °C protected from light and freshly diluted with purified water to the target concentration on dosing days.
The phytochemical profile of XFK has been established previously using a UHPLC–Q-Exactive HF-X platform, including dual-polarity fingerprints (ESI+ and ESI–), data-dependent MS/MS acquisition, base-peak chromatograms, and the annotation of serum-absorbed prototype constituents (n = 120) with their chemical-class distribution (Zhang et al., 2025). The current study used the same pharmacy source and manufacturing protocol.
2.2 Drugs and reagents
The herbal medicines were purchased from Kangmei Pharmaceutical Co., Ltd: Huangqi (230200951); Danshen (221103151); Danggui (230304261); Chuanxiong (230701711); Zhishi (232004761); Lingzhi (230400631); Renshen (231102); Yinyanghuo (221104161); Fuzi (23010222). Other drugs and reagents included: Captopril (#H32023731, China); fetal bovine serum (#10099141, Gibco, United States); streptomycin (#T1320, Solarbio, China); penicillin (#P1400, Solarbio, China); Dulbecco’s Modified Eagle Medium (#D6570, Solarbio, China); Trypsin-EDTA (0.25%) (#T1300, Solarbio, China); Phosphate-Buffered Saline (PBS, #P1010, Solarbio, China); 4% Paraformaldehyde (#P1110, Solarbio, China); TdT-mediated dUTP Nick-End Labeling (TUNEL) Assay Kit (#C1086, Beyotime, China); CCK-8 Kit (#C0038, Beyotime, China); Lactate Dehydrogenase Cytotoxicity Assay Kit (#C0017, Beyotime, China); Annexin V-FITC/PI Apoptosis Detection Kit (#C1062M, Beyotime, China); RIPA Lysis Buffer (#R0010, Solarbio, China); PMSF (#P0100, Solarbio, China); Phosphatase Inhibitor Cocktail (#P1260, Solarbio, China); BCA Protein Assay Kit (#PC0020, Solarbio, China); TRIzol Reagent (#9109, Takara, Japan); PrimeScript™ RT Master Mix for mRNA (#RR036A, Takara, Japan); miRNA First-Strand cDNA Synthesis Kit (#MR101-01, Vazyme, China); SYBR Green qPCR Master Mix (#Q711-02, Vazyme, China); Lipofectamine 3000 Transfection Reagent (#L3000015, Thermo Fisher Scientific, United States); Nuclear and Cytoplasmic Protein Extraction Kit (#P0027, Beyotime, China); Bovine Serum Albumin (BSA, #A8020, Solarbio, China); Triton X-100 (#T8200, Solarbio, China); DAPI Staining Solution (#C1002, Beyotime, China); Rat IL-1β ELISA Kit (#RK00006, ABclonal, China); Rat IL-18 ELISA Kit (#PI555, Beyotime, China); ECL Chemiluminescence Detection Kit (#PE0010, Solarbio, China).
2.3 Animals and ethics statement
Male Sprague–Dawley rats (6 weeks old; 180–200 g) were purchased from Beijing Hua Fu Kang Bioscience Co., Ltd. After acclimation, animals were maintained in a temperature-controlled room (22 °C ± 2 °C) on a 12:12-h light–dark cycle, with unrestricted access to standard chow and water throughout the study. All procedures and husbandry were conducted in accordance with the Ethical Regulations for the Care and Use of Laboratory Animals of Guang’anmen Hospital and were approved by its Institutional Animal Care and Use Committee (IACUC, approval No. IACUC-GAMH-2021-020).
2.4 Animal model and interventions
One hundred and twenty male Sprague–Dawley rats were used. Acute myocardial infarction was produced by permanent ligation of the left anterior descending coronary artery (LADCA) as described previously (Pfeffer et al., 1979). Under sodium pentobarbital anesthesia, animals were endotracheally intubated and mechanically ventilated. A left thoracotomy was performed through the fourth intercostal space, the heart was exteriorized, and the LADCA was tied with 5–0 silk approximately 2 mm distal to the tip of the left atrial appendage. Sham animals underwent the same procedure except that the suture was placed but not tightened. Body temperature was maintained on a heating pad until recovery.
Of the 120 rats that underwent surgery, 94 survived the immediate perioperative period, defined a priori as the first 24 h after LADCA ligation or sham manipulation, yielding a postoperative survival of 78.3%. At 24 h after the operation, 90 survivors were randomly allocated to experimental cohorts, consisting of the sham group and the LADCA ligation subgroups, which comprised the model group, the captopril group, the low-dose XFK group, the medium-dose XFK group and the high-dose XFK group. Four additional survivors were not allocated and were not included in the analyses. There were no deaths during the subsequent 8-week dosing and follow-up period. Serum biochemical analyses showed no statistically significant differences in ALT, AST, or CREA levels among the sham group, the model group, and the dosing group (Supplementary Figure S1).
Dose selection was anchored to the clinical adult regimen and determined by body-surface-area (BSA) normalization. The clinical adult dose of XFK is 10 mL (1.6 g raw herbs/mL) three times daily (total 48 g/day for a 60 kg human). Using BSA conversion (Km_human = 37, Km_rat = 6; factor ≈6.2) (Pfeffer et al., 1985), the rat equivalent daily dose is 4.93 g/kg. For operational consistency with legacy batches and to achieve clean gavage volumes and dose spacing, we used 4.8 g/kg/day (−2.6%) as the reference (“1×”). Based on the 3.2 g/mL stock, the gavage volumes were approximately 1.5 mL/kg for the 1× level and 3.0 mL/kg for the 2× level, within standard feasibility for rats. With the batch-specific extraction yield of 25%, 4.8 g/kg/day (raw herbs equivalent) corresponds to 1.20 g/kg/day on a dry-extract basis; the low/medium/high levels thus equated to 0.60, 1.20, and 2.40 g/kg/day of dry extract, respectively. XFK or vehicle (purified water) was administered by oral gavage once daily for 8 weeks. Captopril was given at 10 mg/kg/day (p.o.), and vehicle was purified water.
2.5 Myocardial histology examination
Hearts were arrested in diastole with ice-cold KCl, rinsed, and fixed in 4% paraformaldehyde. Paraffin sections (6 µm) were prepared. Hematoxylin–eosin (HE) was used for general morphology; Masson’s trichrome for collagen; TUNEL for DNA fragmentation. Histological procedures were performed according to standard protocols as previously described (Chai et al., 2023). All quantitative analyses of the stained images were performed using ImageJ software.
2.6 Echocardiography
After 8 weeks of treatment, transthoracic echocardiography (Vevo 3100, VisualSonics) was performed under 1.5%–2.0% isoflurane. M-mode images at the papillary muscle level were used to measure left ventricular internal dimension at end-diastole (LVIDd) and left ventricular internal dimension at end-systole (LVIDs); ejection fraction (EF), fractional shortening (FS), and cardiac output (CO) were derived from three consecutive cycles and averaged.
2.7 Cell culture
H9c2 rat cardiomyoblasts (Cell Resource Center, PUMC, Beijing) were cultured in DMEM +10% FBS +1% penicillin/streptomycin at 37 °C in 5% CO2. XFK-medicated serum was prepared as follows. Forty male Sprague–Dawley rats (8 weeks, 280–300 g) were randomized to an XFK group and a vehicle group (n = 20 per group). The XFK group received XFK by oral gavage at the rat-equivalent dose, twice daily for 7 days; controls received water, volume-matched. Ninety minutes after the final dose, blood was collected from the abdominal aorta, allowed to clot at RT for 2 h, and centrifuged at 3,000 rpm for 10 min. Serum was heat-inactivated at 56 °C for 30 min, 0.22-µm filtered, aliquoted, and stored at −80 °C. Sera from each group were pooled and, immediately before use, diluted with DMEM/F12 to the indicated volume fraction for cell experiments. In vitro oxygen–glucose deprivation/reoxygenation (OGD/R) was used as the injury model: glucose-free DMEM under 95% N2/5% CO2 for 6 h, followed by reperfusion with high-glucose DMEM under normoxia for 24 h. For pharmacologic intervention, XFK was added 24 h before OGD and maintained during reperfusion. Controls remained in normoxic, glucose-containing medium.
2.8 Cell viability and apoptosis assays
Cell viability was assessed using a CCK-8 Kit according to the manufacturer’s instructions. H9c2 cells were seeded in 96-well plates at a density of 5 × 103 cells/well. Following the designated treatments as described in the experimental model, 10 µL of CCK-8 solution was added to each well, and the plates were incubated for an additional 2 h at 37 °C. Cytotoxicity was evaluated by measuring the activity of lactate dehydrogenase (LDH) released into the culture medium from damaged cells, using an LDH Cytotoxicity Assay Kit. The rate of apoptosis was quantified by flow cytometry using an Annexin V-FITC/PI Apoptosis Detection Kit. After treatment, both adherent and floating cells were harvested and collected by centrifugation. The cells were washed twice with cold PBS and then resuspended in 1× binding buffer. Subsequently, cells were stained with 5 µL of Annexin V-FITC and 10 µL of Propidium Iodide (PI) for 15 min at RT in the dark.
2.9 Western blot
Total protein from ventricular tissue and H9c2 cells was extracted in RIPA buffer with PMSF and phosphatase inhibitors. Nuclear/cytoplasmic fractions were prepared using a commercial kit. Protein concentration was determined by BCA assay. Equal protein (30–50 µg/lane) was separated by SDS-PAGE and transferred to PVDF membranes. Membranes were blocked (5% nonfat milk or 5% BSA in TBST, 1.5 h, RT) and incubated with primary antibodies overnight (4 °C): NLRP3 (#ab214185, Abcam, United Kingdom); IL-1β (#16806-1-AP, Proteintech, United States); GSDMD (#ab209845, Abcam, United Kingdom); pro-caspase-1 (#ab179515, Abcam, United Kingdom); p65 (#10745-1-AP, Proteintech, United States); P-p65 (Ser536) (#3033, Cell Signaling Technology, United States); GAPDH (#60004-1-Ig, Proteintech, United States). HRP-conjugated secondary antibodies were applied for 1 h at RT; signals were developed by ECL and quantified by densitometry. For subcellular p65, β-actin and histone H3 were used as cytoplasmic and nuclear loading controls, respectively.
2.10 ELISA
Ventricular tissue was weighed and homogenized in ice-cold PBS. After centrifugation, supernatants were assayed for IL-1β and IL-18 using commercial ELISA kits, and absorbance was read at 450 nm.
2.11 RT-qPCR
Total RNA was isolated (TRIzol). To quantify NF-κB-related transcription level, RELA (p65) mRNA was measured using PrimeScript™ RT Master Mix and SYBR Green-based qPCR, whereas miR-223 was measured using a dedicated miRNA first-strand cDNA kit. qPCR was performed on a CFX96 real-time PCR system (Bio-Rad). Relative expression was calculated as 2^–ΔΔCt, with GAPDH used for mRNA normalization and U6 used for miRNA normalization (Supplementary Table S1).
2.12 Cell transfection
To investigate the functional role of miR-223, H9c2 cells were transfected with a miR-223 mimic (for overexpression), a miR-223 inhibitor, or their respective negative controls (NC). All small RNA oligonucleotides were synthesized by GenePharma (Shanghai, China). The transfections were performed using Lipofectamine 3000 Transfection Reagent according to the manufacturer’s protocol. Cells were seeded to reach 60%–70% confluency on the day of transfection. The small RNAs were transfected at a final concentration of 50 nM. Twenty-four hours after transfection, the cells were subjected to subsequent experiments, such as OGD/R injury and XFK treatment.
2.13 Immunofluorescence staining
To visualize the subcellular localization of NF-κB p65, H9c2 cells grown on glass coverslips were processed for immunofluorescence staining. Following the designated treatments, cells were fixed with 4% paraformaldehyde for 15 min and then permeabilized with 0.2% Triton X-100 for 10 min. After blocking with 5% BSA for 1 h at RT, the cells were incubated overnight at 4 °C with the primary antibody against p65. The next day, after washing with PBS, the cells were incubated with a FITC-conjugated goat anti-rabbit secondary antibody for 1 h in the dark. Finally, nuclei were counterstained with DAPI for 5 min. The coverslips were mounted onto slides, and images were captured using a laser scanning confocal microscope.
2.14 Statistical analysis
All quantitative data were expressed as the mean ± standard deviation (SD). Comparisons between two groups were analyzed using a two-tailed Student’s t-test. For comparisons among three or more groups, one-way analysis of variance (ANOVA) was performed, followed by Tukey’s multiple comparisons post hoc test. A P-value of less than 0.05 was considered statistically significant. All experiments were conducted with at least three independent biological replicates.
3 RESULTS
3.1 Effect of XFK on cardiac function
Echocardiography (Figures 1A,B) demonstrated severe ventricular dilatation and systolic failure 8 weeks after LADCA ligation. LVIDd and LVIDs were markedly enlarged, whereas EF, FS and CO were markedly reduced (P < 0.05). Daily oral XFK produced a clear dose-dependent manner, even the low-dose XFK group significantly narrowed LVIDs and improved EF, FS (P < 0.05). Notably, XFK reduced LVIDs but did not significantly change LVIDd, which is consistent with limited reversibility of diastolic chamber size at this post-infarction time point. CO did not display a strictly monotonic dose-dependent manner, likely reflecting its dependence on stroke volume and heart rate, as well as greater variability under isoflurane loading conditions.
[image: Graphs and images display various heart measurements and tissue analyses across different treatments: Sham, Model, L-XFK, M-XFK, H-XFK, and Captopril. Panel A shows bar graphs comparing metrics such as LVIDd, LVIDs, EF, FS, and CO. Panel B presents ultrasound images of heart sections. Panel C includes histological images, with H&E, Masson, and TUNEL staining illustrating heart tissue differences. Panel D features bar graphs of fibrosis rate and positive cell percentage from Masson and TUNEL staining, highlighting statistical significance between treatments.]FIGURE 1 | XFK alleviates ventricular dysfunction, fibrosis, and cardiomyocyte death in rats with CHF. (A) Representative M-mode echocardiograms (upper traces) and pooled quantitative indices of LVIDd and LVIDs, EF, FS, and CO, which were obtained 8 weeks after surgery. (B) Representative echocardiographic images. (C) HE staining shows preserved myofibre architecture in sham hearts, extensive fibre rupture and inflammatory infiltration in the model group (scale bar = 200 µm). Masson’s trichrome staining reveals marked interstitial and replacement fibrosis (blue) in the model myocardium that is progressively curtailed by XFK treatment (scale bar = 200 µm). TUNEL identifies sparse DNA-fragmentation-positive nuclei in sham hearts, abundant positivity in the model group, and a graded reduction with increasing XFK doses (scale bar = 50 µm). (D) Morphometric analysis quantify collagen area fraction (Masson) and the proportion of TUNEL-positive nuclei, expressed as percentages of total tissue area or nuclei. Data are mean ± SD. ##P < 0.01 vs. Sham; *P < 0.05, **P < 0.01 vs. Model. L/M/H-XFK (low-, medium-, and high-dose XFK).Histological analysis supported the echocardiographic findings (Figures 1C,D). HE staining revealed that LADCA ligation caused extensive myofibre rupture and diffuse inflammatory infiltration. These pathological changes were progressively ameliorated by escalating doses of XFK and by captopril. Masson’s trichrome staining demonstrated a pronounced increase in interstitial and replacement fibrosis in the model group (P < 0.01), whereas XFK reduced collagen deposition in a clear dose-dependent manner (P < 0.01). TUNEL staining showed a significant rise in DNA-fragmented nuclei after LADCA ligation (P < 0.01), and XFK lowered the number of TUNEL-positive cells in a dose-dependent manner (P < 0.05). Together, these structural findings support the conclusion that XFK mitigates ventricular remodeling, limits fibrosis, and reduces cardiomyocyte loss in CHF.
3.2 Evaluation of cell viability and toxicity of XFK in H9c2 cardiomyocytes
CCK-8 assays performed at 24 h, 48 h, and 72 h showed that exposure of H9c2 cells to low-, medium-, and high-dose XFK-containing serum did not alter metabolic activity at any time point when compared with untreated controls, indicating an absence of inherent cytotoxicity (Figure 2A). In contrast, simulated OGD/R provoked a marked decline in cell viability (P < 0.01). Post-injury administration of XFK increased CCK-8 readings in a concentration-dependent manner, with all three concentrations partially reversing the reduction in CCK-8 absorbance relative to the OGD/R group (P < 0.01, Figure 2B). Consistent with these findings, LDH activity was markedly increased after OGD/R, whereas XFK treatment significantly reduced LDH activity in a concentration-dependent manner (P < 0.01, Figure 2C). Flow-cytometric Annexin V/propidium iodide staining further demonstrated that OGD/R markedly increased the proportion of Annexin V- and PI-positive cells, whereas escalating concentrations of XFK progressively reduced these populations, supporting its cytoprotective activity (Figure 2D). Collectively, these results indicate that XFK is non-toxic to cardiomyocytes under basal conditions and provides measurable protection against OGD/R-induced loss of viability and membrane integrity. Flow-cytometric quantification of Annexin V/PI staining corroborated the scatter plots, showing a marked rise in apoptotic rate after OGD/R injury that was progressively attenuated by low-, medium-, and high-dose XFK-containing serum (P < 0.01, Figure 2E).
[image: Bar graphs and flow cytometry plots illustrate the effects of different XFK treatments on H9c2 cells. Graph A shows CCK8 cell activity over time. Graph B compares CCK8 cell activity across treatments, while graph C shows LDH activity. Panel D features flow cytometry plots for different treatments, with panel E showing apoptosis rates. Treatments include OGD/R, L-XFK, M-XFK, and H-XFK, with significant differences marked by symbols.]FIGURE 2 | XFK is non-toxic to H9c2 cardiomyocytes and mitigates OGD/R-induced loss of viability, membrane damage, and apoptosis. (A) Time-course CCK-8 assay showing that XFK does not affect basal metabolic activity of H9c2 cells at 24 h, 48 h, and 72 h (B) CCK-8 assay 24 h after simulated OGD/R demonstrates a pronounced fall in cell viability that is concentration-dependent manner by XFK. (C) LDH release rises markedly after OGD/R and is significantly attenuated by escalating doses of XFK. (D) Representative Annexin V-FITC/PI flow-cytometric plots illustrating viable (lower-left), early-apoptotic (lower-right), late-apoptotic/necrotic (upper-right), and necrotic (upper-left) populations. (E) Quantification of total Annexin V-positive cells (apoptosis rate) confirms a sharp increase after OGD/R that is progressively attenuated by XFK. All data are expressed as mean ± SD, ##P < 0.01 vs. H9c2; *P < 0.05, **P < 0.01 vs. OGD/R. L/M/H-XFK (low-, medium-, and high-dose XFK serum).3.3 XFK attenuates inflammasome-driven inflammation and myocardial pyroptosis in rats with CHF
ELISA assays of pyroptosis-associated cytokines showed that CHF markedly increased cardiac tissue concentrations of IL-18 and mature IL-1β when compared with the sham group (P < 0.01, Figure 3A). Oral administration of XFK reduced both cytokines in a dose-dependent manner (P < 0.01).
[image: Section A displays bar graphs comparing IL-18 and IL-1β levels across different groups: Sham, Model, and varying doses of L-NXF, M-NXF, H-NXF, and Captopril.Section B contains Western blot images showing protein expression levels for NLRP3, Caspase-1, Pro-Caspase-1, GSDMD-N, GSDMD-F, Pro-IL-1β, ASC, and IL-1β, with GAPDH as a loading control. The lower graphs quantify protein expression.Section C shows Western blot bands for P65, P-P65, and GAPDH, with bar graphs quantifying protein expression. The groups analyzed are Sham, Model, L-NXF, M-NXF, H-NXF, and Captopril.]FIGURE 3 | XFK suppresses NLRP3/Caspase-1/GSDMD pyroptotic signaling, pro-inflammatory cytokine release, and NF-κB signaling in CHF rat cardiac tissue. (A) ELISA determination of myocardial IL-18 and IL-1β concentrations. LADCA ligation markedly elevated both cytokines, whereas XFK reduced them in a dose-dependent manner. (B) Representative immunoblots and corresponding densitometric analyses of NLRP3, pro-caspase-1/caspase-1 ratio, ASC, GSDMD-N, GSDMD-F, pro-IL-1β and IL-1β, with GAPDH as the loading control. CHF markedly upregulated inflammasome components and pyroptosis execution markers; XFK diminished their expression in a dose-dependent manner, with significant effects observed at high doses. (C) Immunoblots showing total p65 and phosphorylated p65 and the corresponding quantification. Phosphorylation of p65 was increased in CHF hearts and was selectively suppressed by XFK without altering total p65 abundance. All data are expressed as mean ± SD, ##P < 0.01 vs. Sham; *P < 0.05, **P < 0.01 vs. Model. L/M/H-XFK (low-, medium-, and high-dose XFK).Western blot analyses were performed on cardiac tissues collected from rats with CHF induced by LADCA ligation. As shown in Figure 3B, CHF induction significantly elevated the expression of pyroptosis-related proteins, including NLRP3, GSDMD-N, ASC, and IL-1β, and also decreased the pro-caspase-1/caspase-1 ratio compared with the sham group (P < 0.01). Treatment with XFK markedly attenuated the protein levels of NLRP3, ASC, GSDMD-N, and IL-1β, and restored the pro-caspase-1/caspase-1 ratio toward sham levels in a dose-dependent manner. These findings indicate that XFK attenuates inflammasome-driven inflammation and myocardial pyroptosis in rats with CHF.
To further investigate upstream signaling, NF-κB pathway activation was assessed. As shown in Figure 3C, phosphorylation of NF-κB p65 was significantly increased in the model group, indicating marked activation of the NF-κB pathway. XFK treatment effectively suppressed p65 phosphorylation without affecting total p65 expression, suggesting inhibition of pathway activation.
3.4 XFK attenuates inflammation-related pyroptosis in H9c2 cardiomyocytes following OGD/R injury
To verify the anti-pyroptotic effect of XFK at the cellular level, an in vitro OGD/R injury model was established using H9c2 cardiomyocytes.
Western blot analysis showed that cytoplasmic p65 levels were decreased and nuclear p65 levels were increased in the OGD/R group compared with the control H9c2 group (P < 0.01, Figures 4A,B). XFK treatment resulted in a concentration-dependent increase in cytoplasmic p65 and a concentration-dependent reduction in nuclear p65 levels. Immunofluorescence staining further demonstrated enhanced nuclear translocation of p65 in the OGD/R group, while XFK treatment decreased p65 nuclear translocation in a concentration-dependent manner (Figure 4C). Western blotting further showed that OGD/R markedly increased the expression levels of pyroptosis-related proteins, including NLRP3, ASC, GSDMD-N, and IL-1β, and decreased the pro-caspase-1/caspase-1 ratio (P < 0.01), while XFK attenuated these alterations in a concentration-dependent manner (Figures 4D,E).
[image: Graphs and images depict protein expression analysis in H9c2 cells under various treatments: OGD/R, L-XFK, M-XFK, and H-XFK. Panels show bar graphs of P65, NLRP3, Caspase-1, and GSDMD expression levels (A, D), and Western blot images (B, E) with protein bands for P65, NLRP3, Caspase-1, and others. Immunofluorescence images (C) display P65 localization using green staining, with DAPI-stained nuclei in blue. Statistical significance is indicated with asterisks and hash marks.]FIGURE 4 | XFK prevents NF-κB nuclear translocation and suppresses NLRP3-inflammasome–dependent pyroptosis in H9c2 cells subjected to in vitro OGD/R. (A) Densitometric analysis of Western blots showing reciprocal changes in cytoplasmic and nuclear p65 after OGD/R injury. XFK restores cytoplasmic p65 and lowers nuclear p65 in a concentration-dependent manner. (B) Representative immunoblots of p65 in cytoplasmic (β-actin loading control) and nuclear (histone H3 loading control) fractions. (C) Immunofluorescence images (p65, green; nuclei, DAPI blue) illustrating OGD/R-induced nuclear accumulation of p65 and its progressive reversal by XFK. (D,E) Western blot analyses of pyroptosis-related proteins (NLRP3, pro-caspase-1/caspase-1 ratio, ASC, GSDMD-F, GSDMD-N, IL-1β, pro-IL-1β) confirming marked upregulation after OGD/R and concentration-dependent downregulation by XFK. All data are expressed as mean ± SD, ##P < 0.01 vs. H9c2; *P < 0.05, **P < 0.01 vs. OGD/R. L/M/H-XFK (low-, medium-, and high-dose XFK serum).3.5 MiR-223 mediates the protective effect of XFK by inhibiting the NLRP3-related pyroptosis pathway
3.5.1 XFK upregulates miR-223 expression in a concentration-dependent manner
To explore the role of miR-223 in XFK-mediated protection against pyroptosis, we first examined miR-223 expression under the different treatment conditions used in the OGD/R model. As shown in Figure 5A, treatment with XFK significantly upregulated miR-223 levels in H9c2 cells compared with the OGD/R group, and the effect occurred in a concentration-dependent manner. Low, medium, and high concentrations of XFK produced increasing levels of miR-223 expression across the dosing gradient, with the high-concentration group showing the greatest upregulation (P < 0.01). These results indicate that XFK increases miR-223 expression following OGD/R injury.
[image: A panel of scientific graphs and protein blot images showing various protein and mRNA expression levels. Section A displays a bar graph for miR-23a levels under different conditions. Section B includes Western blots and bar graphs for proteins like NLRP3, Caspase-1, and ASC, followed by their respective quantitative analyses. Section C shows a bar graph for relative TNF-α p65 mRNA levels. Section D includes a bar graph for miR-22-3p levels. The graphs use color coding for different experimental groups with significance indicators.]FIGURE 5 | MiR-223 mediates the protective effect of XFK by inhibiting the NLRP3 inflammasome-mediated pyroptosis pathway. (A) Relative expression of miR-223 in H9c2 cells subjected to OGD/R injury and treated with different concentrations of XFK. XFK significantly upregulated miR-223 expression in a concentration-dependent manner compared with the OGD/R group. (B) Western blot analysis of pyroptosis-related proteins (NLRP3, pro-caspase-1/caspase-1 ratio, ASC, GSDMD-F, GSDMD-N, IL-1β, pro-IL-1β) across different genetic and pharmacologic interventions. (C) qPCR analysis of NF-κB p65 mRNA levels in the same groups as (B). miR-223 overexpression and XFK treatment significantly suppressed NF-κB p65 mRNA levels induced by OGD/R injury, while miR-223 inhibition reversed the inhibitory effect of XFK. (D) qPCR analysis of miR-223 expression following NF-κB pathway inhibition or activation. NF-κB manipulation did not significantly affect miR-223 levels. Data are presented as mean ± SD. In (A), ##P < 0.01 vs. H9c2 group; *P < 0.05, **P < 0.01 vs. OGD/R group. In (B,C), #P < 0.05, ##P < 0.01 vs. Group a; *P < 0.05, **P < 0.01 vs. Group b; ^ P < 0.05, ^^ P < 0.01 vs. Group c. Mimic/Inhib, miR-223 mimic/inhibitor; M-NC/I-NC, negative controls. L/M/H-XFK (low-, medium-, and high-dose XFK serum).3.5.2 MiR-223 modulates the expression of pyroptosis-related proteins
To further investigate the functional role of miR-223, rescue experiments were performed (Figure 5B).
Compared with the baseline control (Group a), the expression levels of pyroptosis-related proteins NLRP3, ASC, GSDMD-N, and IL-1β were significantly increased, whereas the pro-caspase-1/caspase-1 ratio was significantly decreased in Group b (a vs. b, P < 0.01), indicating the successful establishment of the pyroptotic injury model. Treatment with XFK under the same conditions (Group c) markedly suppressed the expression of these pyroptosis-associated proteins and increased the pro-caspase-1/caspase-1 ratio relative to Group b (c vs. b, P < 0.01), suggesting that XFK alleviates OGD/R-induced pyroptosis. Under non-stressed conditions, miR-223 overexpression (Group d) did not significantly alter pyroptosis marker expression compared with Group a (d vs. a, P > 0.05), indicating that miR-223 exerts minimal regulatory effects on these markers under basal conditions. However, in OGD/R-injured cells, miR-223 overexpression (Group e) significantly reduced the expression of NLRP3, ASC, GSDMD-N, and IL-1β, and increased the pro-caspase-1/caspase-1 ratio compared with Group b (e vs. b, P < 0.01), suggesting that miR-223 exerts a protective effect against pyroptosis under stress conditions. Moreover, miR-223 inhibition in the presence of XFK (Group f) attenuated the protective effects of XFK, leading to significantly higher levels of NLRP3, ASC, GSDMD-N, and IL-1β, together with an decreased pro-caspase-1/caspase-1 ratio, compared with Group c (f vs. c, P < 0.01), supporting the conclusion that the anti-pyroptotic action of XFK is at least partly dependent on miR-223.
3.5.3 MiR-223-dependent regulation of NF-κB p65 mRNA levels under XFK intervention
To determine whether miR-223 mediates the inhibitory effect of XFK on NF-κB signaling, we measured NF-κB p65 mRNA levels in H9c2 cells across six experimental groups using RT-qPCR (Figure 5C).
Compared with Group a, NF-κB p65 mRNA levels were significantly upregulated in Group b (a vs. b, P < 0.01), consistent with increased NF-κB p65 transcription in response to OGD/R injury. Treatment with XFK (Group c) resulted in a marked reduction in NF-κB p65 mRNA levels relative to Group b (c vs. b, P < 0.01), suggesting that XFK suppresses NF-κB p65 mRNA expression induced by OGD/R. Under non-stressed conditions, miR-223 overexpression (Group d) did not significantly affect NF-κB p65 mRNA expression compared with Group a (d vs. a, P > 0.05), indicating limited influence on basal NF-κB p65 transcription. However, in OGD/R-injured cells, miR-223 overexpression (Group e) significantly suppressed NF-κB p65 mRNA expression compared with Group b (e vs. b, P < 0.01), suggesting that miR-223 negatively regulates NF-κB p65 transcription under stress conditions. In contrast, miR-223 inhibition under XFK treatment (Group f) attenuated the inhibitory effect of XFK on NF-κB p65 mRNA expression and resulted in higher NF-κB p65 mRNA levels compared with Group c (f vs. c, P < 0.01), supporting a miR-223-dependent mechanism underlying the anti-inflammatory action of XFK.
3.5.4 NF-κB signaling does not regulate miR-223 expression
To verify the regulatory relationship between NF-κB and miR-223, NF-κB inhibition and activation experiments were conducted (Figure 5D). Compared with the OGD/R group, neither NF-κB inhibition nor NF-κB activation produced any significant change in miR-223 expression (P > 0.05). This finding indicate that NF-κB does not function as an upstream regulator of miR-223 under the present experimental conditions, thereby supporting the interpretation that miR-223 influences NF-κB signaling without reciprocal regulation.
4 DISCUSSION
XFK administration increased cardiac functional indices and attenuated adverse remodeling in a rat model of CHF. Mechanistically, XFK increased miR-223 expression, leading to suppression of NF-κB activation. This reduced downstream NLRP3 inflammasome signaling, attenuated GSDMD-mediated pyroptosis, and lowered pro-inflammatory cytokine release (Figure 6).
[image: Diagram illustrating the mechanism of XFK ameliorating cardiac dysfunction. XFK leads to cellular changes including increased miR-223 and decreased p-NF-κB p65, NLRP3, active-Caspase-1, GSDMD, and IL-1β, resulting in reduced pore formation. This influences heart health, as shown by an arrow pointing to a graphic of a human chest with a heart.]FIGURE 6 | The miR-223-dependent regulatory mechanism by which XFK mitigates NF-κB/NLRP3-associated pyroptosis and improves cardiac function. XFK treatment increases miR-223 expression, which is associated with reduced phosphorylation of NF-κB p65 and downregulation of NLRP3 inflammasome-related signaling. The consequent decrease in caspase-1 activation and GSDMD cleavage limits pore formation and IL-1β maturation, leading to attenuated inflammatory responses and protection against cardiac dysfunction.Evidence implicates pyroptosis as a driver of cardiac injury and dysfunction (Toldo and Abbate, 2024; Lan et al., 2025; Duan et al., 2024). This inflammatory death program, mediated by the NLRP3/caspase-1/GSDMD axis, promotes release of IL-1β and IL-18, sustaining inflammation and cardiomyocyte loss associated with adverse ventricular remodeling and progression toward CHF (Chen et al., 2022; Zeng et al., 2020; Zhang L. et al., 2024). In the LADCA-induced CHF model, NLRP3, ASC, GSDMD-N, IL-1β and IL-18 were increased, and the pro-caspase-1/caspase-1 ratio was decreased. XFK reduced each of these molecular indices across tested doses, consistent with suppression of pyroptosis-related signaling.
Evidence indicates that the miR-223–NF-κB axis is involved in upstream regulation of pyroptosis. NF-κB regulates transcription of pro-inflammatory mediators, including NLRP3 and pro-IL-1β, and miR-223 has been reported to constrain NF-κB signaling (Houshmandfar et al., 2021; Zhang et al., 2021). In the present study, XFK increased miR-223 expression. Gain- and loss-of-function experiments showed that miR-223 overexpression reduced NF-κB p65 activation, lowered the levels of NLRP3, ASC, GSDMD-N, and IL-1β, and increased the pro-caspase-1/caspase-1 ratio, whereas miR-223 inhibition attenuated the suppressive effects of XFK on these pyroptosis-related markers. Direct modulation of NF-κB activity did not alter miR-223 expression. Taken together, these findings support a model in which XFK elevates miR-223, leading to reduced NF-κB p65 activity and attenuation of downstream NLRP3 inflammasome signaling.
XFK exerted dose-dependent effects across multiple endpoints, including the suppression of p65 phosphorylation, downregulation of inflammasome proteins, reduction of cytokine output, and inhibition of cell death markers in vitro. This bioactivity is likely attributable to the synergistic action of its nine herbal constituents. Many of the major herbs in the XFK formula contain bioactive compounds with anti-inflammatory properties. For example, astragaloside IV from A. membranaceus (Huangqi) (Song et al., 2018; Wang et al., 2020; Su et al., 2023), tanshinone IIA from S. miltiorrhiza (Danshen) (Chai et al., 2023; Song et al., 2021; Xu et al., 2024), and ginsenosides from P. ginseng (Renshen) (Yanna et al., 2022; Jang et al., 2023; Li et al., 2025) have been reported to inhibit NF-κB signaling and reduce inflammatory damage in various cardiovascular disease models. Our findings indicate that the combined activity of these and other constituents within XFK may converges on the miR-223/NF-κB axis to suppress myocardial pyroptosis.
In TCM, the syndrome of “blood stasis” describes a state of impaired circulation, microvascular dysfunction, and pathological retention of blood components that contribute to tissue injury (Wu et al., 2023; Guo et al., 2020; Huang et al., 2023). There is a conceptual parallel between this description and certain aspects of modern understanding of pyroptosis-driven pathology. The exaggerated inflammatory response, endothelial dysfunction, and microcirculatory disturbances associated with pyroptosis-mediated cytokine release and cell death (Cui et al., 2023; Yang et al., 2024; Kel et al., 2025) may represent modern immunopathological correlates of “blood stasis.” From this perspective, XFK, which is prescribed for CHF with “blood stasis,” can be interpreted as a therapy with mechanistic plausibility. By modulating pyroptosis-related inflammatory processes, XFK functions in a manner analogous to a “blood-activating” agent, improving microcirculation and mitigating tissue injury in a way that aligns with its traditional therapeutic principles. XFK holds therapeutic potential as an adjunct to standard CHF regimens. This study suggests XFK may be particularly relevant for the subset of CHF patients characterized by a high-inflammation phenotype, although such implications require clinical investigation before therapeutic applicability can be established.
Previous work from our group and others has shown that XFK confers cardioprotection by improving mitochondrial function and regulating mitophagy through the PI3K/AKT signaling pathway (Zhang et al., 2025; Qiu et al., 2018). The suppression of pyroptosis identified in this study does not contradict these findings but instead provides a complementary mechanistic dimension. Mitochondria are critical sites for inflammasome activation, as mitochondrial dysfunction and the release of mitochondrial reactive oxygen species can promote activation of the NLRP3 pathway. Therefore, by improving mitochondrial function while also modulating the miR-223/NF-κB/NLRP3 axis, XFK may employ an integrated, multi-target strategy for cardioprotection.
5 CONCLUSION
This study suggests that XFK oral liquid may mitigate pathological processes associated with CHF by modulating the miR-223/NF-κB/NLRP3 signaling axis. In association with increased miR-223 expression, XFK resulted in reduced NF-κB activity. It also lowered molecular indices indicative of diminished GSDMD-dependent pyroptosis signaling. These molecular changes were accompanied by improvements in remodeling parameters in the rat CHF model. Taken together, these observations support the potential of XFK as a multi-component adjunct in the context of CHF-related pathology, although further validation in clinical studies is required.
6 RESEARCH LIMITATIONS
This study followed a hypothesis-driven, candidate-based design rather than an unbiased transcriptomic screen. We pre-specified miR-223 based on reproducible evidence that it functions as an anti-inflammatory regulator in cardiovascular and innate immune contexts and has been reported to constrain NF-κB signaling and limit NLRP3-related inflammasome activity. Our experiments were therefore structured to test an a priori the working hypothesis that XFK mitigates pyroptosis in CHF by upregulating miR-223 and inhibiting NF-κB/NLRP3 related signaling, using gain- and loss-of-function and rescue approaches. We acknowledge that this candidate strategy does not exclude other miRNAs or pathways relevant to pyroptosis. Future work will include unbiased miRNA profiling and direct target validation to complement the present findings.
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