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Background
Chronic heart failure (CHF) represents a significant global public health concern, warranting further investigation and intervention. Wenyang Zhenshuai Granules (WZG) is an in-hospital preparation of the First Affiliated Hospital of Hunan University of Chinese Medicine, which has been approved by the Hunan Provincial Drug Administration (Approval No.: Z20190105000) for the treatment of CHF. The objective of this study was to examine the impact of WZG on cardiomyocyte apoptosis in CHF through the regulation of the p38 mitogen-activated protein kinase (MAPK) signaling pathway by exosomal microRNA-155.
Methods
Doxorubicin (DOX) was employed to construct a model of cardiomyocyte injury associated with CHF. The H9c2 cells were divided into four groups: the normal control group (NC), the DOX group (DOX), the DOX + drug-containing serum group (DOX+WZG), and the DOX + enalapril (ENP) group (DOX+ENP). The morphology of the cardiomyocytes was observed at 15, 30, and 45 h into the experiment using an inverted microscope. The viability of cells and the number of apoptotic cells were determined through the use of a CCK-8 assay and flow cytometry, respectively. Subsequently, exosomes were extracted and subjected to morphological characterization and identification. The expression of exosomal miR-155, the p38 MAPK signaling pathway, and apoptotic proteins were examined.
Results
The results demonstrated that WZG could enhance the morphology of H9c2 cells, diminish the apoptosis rate of cells, and augment the viability of cells. Western blot and RT-qPCR assays provided further confirmation that WZG could promote the secretion of exosomes from cardiomyocytes, increase the content of miR-155 in exosomes, and inhibit the activation of the p38 MAPK signaling pathway.
Conclusion
WZG inhibits p38 MAPK protein phosphorylation via exosomal miR-155, thereby exerting anti-apoptotic effects on cardiomyocytes in CHF.
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1 INTRODUCTION
Chronic heart failure (CHF) is a complex group of syndromes in which ventricular filling or ejection capacity is impaired, and is clinically characterized by dyspnea, reduced exercise tolerance, and edema (Roger, 2021). The prevalence of CHF has reached a level of global public health concern, with the condition imposing a significant medical burden on society. Statistical data from the American Heart Association indicate that there are currently 6 million patients with CHF, representing approximately 1.8% of the total U.S. population (Virani et al., 2021). Based on domestic epidemiological surveys, the prevalence of CHF has been estimated at 0.9%, with an estimated 8.9 million patients (Metra et al., 2023). It is projected that by 2030, the number of individuals with CHF in China will reach 23.3 million (The, 2023). Despite the efficacy of traditional and novel drug therapy in improving the prognosis of patients with CHF, adverse drug reactions and poor patient compliance remain significant challenges.
Exosomes are microvesicles with diameters of 40–100 nm derived from endocytosis and are widely distributed in biological fluids including blood, urine, bile, saliva, etc. (Kalluri and LeBleu, 2020) Exosomes serve as crucial mediators of intercellular communication. An expanding body of evidence from scientific research indicated that exosomes play a pivotal role in the pathogenesis of numerous cardiovascular diseases (CVDs) by transporting microRNA (Han et al., 2022; Saliminejad et al., 2019). In recent years, exosomal microRNA has emerged as a significant area of investigation in the pathogenesis of CHF, with considerable potential for the development of novel diagnostic and therapeutic tools (Meiri et al., 2020).
Among various microRNAs implicated in cardiovascular diseases, miR-155 has gained particular attention due to its critical role in the regulation of cardiomyocyte apoptosis. This is accomplished by binding to the non-coding region at the 3′ end of target mRNAs, which results in mRNA degradation or protein synthesis inhibition (Guo et al., 2023; Liu et al., 2024). It has been evidenced that miR-155 expression levels are frequently elevated in patients with CVDs. The downregulation of endogenous miR-155 expression has been shown to protect the heart from pathological myocardial hypertrophy (Eshraghi et al., 2024; Seok et al., 2014). Furthermore, it has been established that exosomes derived from M1 macrophages can inhibit cardiomyocyte proliferation by delivering miR-155 (He et al., 2024). The cardioprotective mechanism of exosomal miR-155 has recently emerged as a prominent area of investigation within the field of CVDs.
p38 mitogen-activated protein kinase (MAPK) is a pathway protease that has been associated with a number of biological processes, including apoptosis and inflammatory responses (Sanz-Ezquerro and Cuenda, 2021). p38 MAPK is markedly expressed in the human heart and has been elucidated as a pivotal factor in the development of CHF (Romero-Becerra et al., 2020). It has been established that the activation of p38 MAPK can result in the expression of genes associated with myocardial hypertrophy or apoptosis, thereby precipitating myocardial injury (Shati, 2020). Notably, recent findings suggest that exosomal miR-155 may influence inflammation and apoptosis through modulation of the p38 MAPK pathway (Yu et al., 2020). Specifically, miR-155 has been shown to directly target MAPK14 (encoding p38α), thereby suppressing its protein expression and inhibiting downstream signaling (Jia et al., 2020). In addition, miR-155-5p indirectly regulates p38 MAPK activation by targeting MSK1, which modulates the expression of DUSP1, a known inhibitor of p38 phosphorylation (Xu et al., 2023). These findings suggest both direct and indirect mechanisms through which miR-155 may influence the p38 MAPK pathway.
Given its role in regulating apoptosis and its enrichment in exosomes, miR-155 is increasingly recognized as a critical mediator in CHF pathophysiology via modulation of the p38 MAPK pathway. Our previous study demonstrated that Wenyang Zhenshuai Granules (WZG), a traditional Chinese medicine (TCM) formula, attenuated myocardial injury in rats with cardiorenal syndrome (CRS) by upregulating exosomal miR-155 and inhibiting p38 MAPK phosphorylation (O et al., 2020). In light of our previous findings and the extant published literature, we hypothesized that WZG may exert cardioprotective effects by modulating exosomal miR-155 and its downstream target, the p38 MAPK pathway.
The formulation of WZG consists of seven Chinese herbs, namely, Aconitum carmichaelii Debeaux, Panax ginseng C.A.Mey., Zingiber officinale Roscoe, Poria cocos (Schw.)Wolf, Schisandra chinensis (Turcz.) Baill., Ophiopogon japonicus (Thunb.) Ker Gawl., and Glycyrrhiza uralensis Fisch. ex DC. Clinical trials have provided evidence that WZG is an efficient TCM compound formula for the treatment of CHF. The formula has been demonstrated to enhance cardiac function, diminish serum NT-proBNP levels, and impede ventricular remodeling (VR) in patients with CHF (Lin et al., 2019). Prior work has indicated that WZG protects against doxorubicin (DOX)-induced cardiomyocyte injury via the LncRNA BIC/miR-155 axis and inhibition of MAPK signaling (Xu et al., 2020). Nevertheless, the precise mechanism by which WZG exerts its influence on cardiomyocyte apoptosis by regulating the p38 MAPK signaling pathway via exosomal miR-155 remains to be fully elucidated.
In this study, we employed DOX to develop an in vitro cardiomyocyte injury model, investigate the protective impact of WZG on cardiomyocytes, and examine the molecular mechanism through which WZG regulates the phosphorylation of p38 MAPK via exosomal miR-155. These findings provide experimental evidence to support the potential therapeutic utility of WZG in the treatment of CHF.
2 METHODS AND MATERIALS
2.1 Drugs and reagents
WZG was obtained from the First Affiliated Hospital of Hunan University of Chinese Medicine (Changsha, China). DOX hydrochloride (H44024359) was purchased from Shenzhen Main Luck Pharmaceuticals Inc. (Guangdong, China). Enalapril tablets (H32026567) were sourced from Yangzijiang Pharmaceutical Group Co., Ltd. (Jiangsu, China). Trizol reagent (15596026) was acquired from Thermo Fisher Scientific (Waltham, MA, USA). The mRNA reverse transcription kit (CW2569), miRNA reverse transcription kit (CW2141), UltraSYBR Mixture (CW2601), and DM2000 Plus DNA Marker (CW0632) were provided by Beijing Cowin Biotech Co., Ltd. (Beijing, China). The Annexin V-APC/PI apoptosis detection kit (KGA1030) was obtained from Jiangsu Keygen Biotech Corp., Ltd. (Jiangsu, China). The cell counting kit-8 (CCK-8) (NU679) was purchased from Dojindo (Kumamoto, Japan). The bicinchoninic acid (BCA) protein assay kit (P0012) was obtained from Beytotime Biotechnology (Shanghai, China). Antibodies against p38 MAPK (AWA48968), p-p38 MAPK (AWA48966), CD9 (AWA44344), CD63 (AWA43088), Goat anti-Mouse IgG (H+L) (AWS0001), and Goat anti-Rabbit IgG (H+L) (AWS0002) were acquired from Changsha Abiowell Biotechnology Co., Ltd. (Changsha, China). Antibodies against Caspase-3 (19677-1-AP) and β-actin (66008-1-Ig) were purchased from Proteintech Group (Rosemont, IL, USA). Antibodies against Bcl-2 (ab196495) and Bax (ab32503) were provided by Abcam (Cambridge, MA, USA).
2.2 Preparation of WZG
The medicinal plants used in the composition of WZG (Table 1) were all procured from the First Affiliated Hospital of Hunan University of Chinese Medicine (Changsha, China). Each herb was rigorously authenticated by pharmacognosy expert Yang Lei. All plant materials were verified using the Medicinal Plant Names Services (MPNS) (http://mpns.kew.org/mpns-portal/) and Plants of the World Online (POWO) (http://www.plantsoftheworldonline.org). The herbs are washed, air-dried, and then weighed. Panax ginseng C.A.Mey. is boiled in water twice. The initial boiling is conducted for a duration of 2 h, while the subsequent boiling is carried out for a period of 1.5 h. The decoctions are subsequently combined, filtered, and the filtrate is set aside. The remaining six herbs are boiled in water on two separate occasions, with each boiling lasting for a period of 2 h. The decoctions are subsequently combined and filtered. The filtered liquid is combined with the Panax ginseng C.A.Mey. decoction, concentrated to a relative density of 1.20–1.25 at a temperature of 60 °C, and made into a thick paste. Subsequent to this step, the mixture undergoes a process of granulation, drying, and finally packaging.
TABLE 1 | Composition of Wenyang Zhenshuai Granules.	Materials	TCM materials name	Latin name	Part used	Location
	Aconiti lateralis radix praeparata	Heishunpian	Aconitum carmichaelii Debeaux	Lateral root	Sichuan
	Ginseng radix et rhizoma rubra	Hongshen	Panax ginseng C.A.Mey.	Root and rhizome	Heilongjiang
	Zingiberis rhizoma	Ganjiang	Zingiber officinale Roscoe	Rhizome	Sichuan
	Poria	Fuling	Poria cocos (Schw.)Wolf	Dry sclerotia	Yunnan
	Schisandrae chinensis fructus	Wuweizi	Schisandra chinensis (Turcz.) Baill.	Dry fruit	Liaoning
	Ophiopogonis radix	Maidong	Ophiopogon japonicus (Thunb.) Ker Gawl.	Tuberous root	Sichuan
	Glycyrrhizae radix et rhizoma	Gancao	Glycyrrhiza uralensis Fisch. ex DC.	Root and rhizome	Inner Mongolia


2.3 Extraction of metabolites from WZG
The WZG sample powder was weighed in a quantity of 50 mg using an analytical balance (BSA124S-CW, Sartorius, Germany). Following grinding, extraction, and homogenization, the WZG samples were placed in a refrigerator set to −40 °C for 30 min. The samples were then centrifuged at 12,000 rpm for 15 min at 4 °C, and the supernatant was extracted. Thereafter, the aforementioned steps were repeated. The supernatant was filtered using a microporous membrane with a pore size of 0.22 μm, and the filtered sample was employed in the subsequent assay.
2.4 UHPLC-OE-MS analysis
Ultra-high performance liquid chromatography-orbitrap exploris-mass spectrometry (UHPLC-OE-MS) analysis was conducted using a Vanquish UHPLC system from Thermo Fisher Scientific. The target compounds were chromatographically separated on a Phenomenex Kinetex C18 (2.1 mm × 100 mm, 2.6 μm) liquid chromatography column. The liquid chromatography phase A was an aqueous phase containing 0.01% acetic acid, while phase B was an isopropanol:acetonitrile (1:1, v/v) solution. The gradient elution conditions are detailed in the Table 2. The column temperature was set at 25 °C. The auto-sampler temperature was maintained at 4 °C, and the injection volume was 2 μL.
TABLE 2 | Gradient elution process of UHPLC-OE-MS.	No	Time	Flow (mL/min)	%B
	1	0.00	Run
	2	0.00	0.300	1.0
	3	1.00	0.300	1.0
	4	8.00	0.300	99.0
	5	9.00	0.300	99.0
	6	9.10	0.300	1.0
	7	12.00	0.300	1.0
	8	12.00	Stop Run


2.5 Cell culture
The H9c2 cell line (AW-CNR083) was obtained from Changsha Abiowell Biotechnology Co., Ltd. (Changsha, China). H9c2 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (AW-MC006, Abiowell, China), supplemented with 10% fetal bovine serum (FBS) (10099141, Gibco, USA), 100 U/mL penicillin-streptomycin (AWH0529a, Abiowell, China), and 1.5 g/L NaHCO3. Once the cardiomyocytes had reached 80%–90% fusion, 0.25% trypsin was added, and the cells were passaged. The selected H9c2 cells, which were in the logarithmic growth phase, were placed in a 5% CO2 incubator at 37 °C for the subsequent experiments.
2.6 Preparation of drug-containing serum
WZG was initially prepared as a 6 mL solution in distilled water and subsequently administered to SPF-grade Sprague-Dawley (SD) male rats (aged 6–8 weeks, weighed 200–250 g) (Approval No.: SCXK (Xiang) 2019-0004) via gavage (1.44 g/kg/d) as previously described (Cai et al., 2019). The solution was administered via gavage at a dosage of 3 mL twice daily for a period of seven consecutive days. Two hours after the final dose, blood was collected from the abdominal aorta under anesthesia. The serum was obtained by centrifugation at 3,000 rpm for 10 min, heat-inactivated at 56 °C for 30 min to remove complement and bacteria, and then filtered through a 0.22 μm microporous membrane. The serum was aliquoted and stored at −20 °C. For in vitro studies, the drug-containing serum was added to the cell culture medium at a final concentration of 10% (v/v). A corresponding control group was treated with 10% blank serum from untreated rats.
2.7 Modeling of cardiomyocyte injury
DOX was utilized in the construction of an in vitro model for the examination of cardiomyocyte injury. A solution of 50 mM was prepared by dissolving 25 mg of DOX powder in dimethyl sulfoxide (DMSO) under sonication at 60 °C. The mother liquor was diluted 50-fold and formulated to a medium concentration of 1 mM. Subsequently, the diluted DOX master mix was combined with the cell culture medium, resulting in a final concentration of 2.67 μmol/L. The cardiomyocytes were cultured for 45 h in accordance with the methodology previously described (He et al., 2012).
2.8 Grouping and treatment
Cardiomyocytes were seeded in six-well plates, resulting in a total of four plates. Enalapril (ENP), a widely used ACE inhibitor in the clinical management of CHF, was used as a positive control to evaluate and compare the cardioprotective effect of WZG. The cells were separated into four distinct groups: the normal control group (NC), the DOX group (DOX), the DOX + drug-containing serum group (DOX+WZG), and the DOX + enalapril group (DOX+ENP).
2.9 Morphological observation
At 15, 30, and 45 h into the experiment, the morphological alterations of cardiomyocytes in each group were examined using an inverted biomicroscope (DSZ2000X, Beijing Zhongxian Hengye Instrument Co., Ltd., China).
2.10 CCK-8 assay
The viability of cardiomyocytes in each experimental group was determined using the CCK-8 method. The cardiomyocytes were initially collected, digested, and counted, and then inoculated in 48-well plates at a density of 1 × 104 cells/well, with 300 μL per well. For each experimental group, three replicate wells were established. Subsequently, 30 μL of the CCK-8 solution was added to each well. The incubation was continued at 37 °C with 5% CO2 for a period of four hours. Afterwards, the optical density (OD) value at 450 nm was analyzed using a multifunctional enzyme marker (MB-530, Shenzhen Huisong Technology Development Co., Ltd., China).
2.11 Flow cytometry
The detection of apoptosis was conducted using flow cytometry in each group. The cardiomyocytes were initially washed twice with phosphate-buffered saline (PBS) and subsequently subjected to centrifugation at 2000 rpm for a period of 5 minutes on each occasion, after which they were collected. To achieve an adequate suspension of the cells, a volume of 500 µL of binding buffer was added. Subsequently, 5 µL of Annexin V-APC and 5 µL of propidium iodide solution were added and thoroughly mixed. The reaction was conducted at room temperature in the absence of light for a period of 10 min. Afterwards, the apoptosis rate was determined by flow cytometry (A00-1-1102, Beckman, USA). The flow cytometry data were analyzed using CytExpert software (Beckman Coulter). Cell debris was excluded based on forward scatter (FSC) and side scatter (SSC) profiles. Single cells were selected using FSC-A vs. FSC-H gating. Apoptotic cells were identified based on Annexin V-APC and PI staining patterns: Annexin V+/PI− cells were classified as early apoptotic, Annexin V+/PI+as late apoptotic or necrotic, Annexin V−/PI+ as necrotic, and Annexin V−/PI− as viable. Compensation was performed using single-stained controls.
2.12 Extraction of exosomes
The cell supernatant was collected and subjected to centrifugation at 1500 rpm for a period of 5 minutes. Thereafter, the floating cells were removed. Subsequently, the supernatant was subjected to centrifugation at 3,000 rpm for 15 min, after which the cell debris was removed. Afterwards, the supernatant was filtered through a 0.22 um filter membrane. The cell supernatant was subjected to ultrafiltration using an ultrafiltration tube (UFC910096-1pk, Millipore, USA) and subsequently centrifuged at 3,000 rpm for 10 min. Finally, the supernatant of the enriched cells was harvested and subjected to centrifugation at 100,000 × g for a period of 2 hours. The precipitate obtained following the removal of the supernatant was identified as exosomes.
2.13 Transmission electron microscopy (TEM)
A volume of 15 μL of exosome suspension was transferred to a 200-mesh copper grid, and the filtrate was allowed to stand for a period of 2 minutes before being blotted dry. A solution of uranyl acetate at a concentration of 2% was applied for a period of 15 s. Subsequently, the copper grid was permitted to dry naturally at room temperature and was then mounted on a transmission electron microscope (JEM-2100, JEOL, Japan) operating at 100 kV. The morphological characteristics of exosomes were observed under a TEM.
2.14 Nanoparticle tracking analysis (NTA)
The analysis of the particle size distribution and concentration of isolated EVs was conducted using a NanoSight NS300 nanoparticle tracking analyzer (Malvern Instruments, UK) with software version NTA 3.4 Build 3.4.4. Prior to analysis, exosome samples were moderately diluted with particle-free PBS to approximately 20–50 particles per frame to avoid statistical bias caused by excessive particle aggregation or dilution. During the analysis, a red laser was utilized as the light source. The camera level was set to 14, the detection threshold to 5, and the frame rate to 25 frames per second. Three to five random video segments (60–90 s each) were captured per sample, with temperature automatically recorded by the instrument (approximately 24 °C–25 °C). The analysis of all videos is conducted using identical parameters to obtain the mean particle size (Mean), median size (D50), mode particle size (Mode), standard deviation (SD), and particle concentration (particles/mL).
2.15 Western blot
Western blot was employed to ascertain the expression levels of CD9 and CD63 in exosomes, as well as the expression levels of p38 MAPK, p-p38 MAPK, Caspase-3, Bcl-2, and Bax in cardiomyocytes. Total cellular proteins were extracted with 200 µL of RIPA lysis buffer, and the protein concentration was subsequently determined in accordance with the instructions provided with the BCA protein assay kit. The requisite quantity of protein samples was separated by SDS-PAGE electrophoresis, and the membrane was transferred at a constant voltage of 80 V and incubated in closed mode for 90 min. The primary antibodies were diluted at a ratio of 1: 1000, and the β-actin antibody was diluted at a ratio of 1: 5000. The membrane was incubated with the primary antibody at 4 °C overnight. The horseradish peroxidase-labeled secondary antibodies were diluted at a ratio of 1: 5000, and the membrane was incubated with the secondary antibodies for 90 min at room temperature. The electrochemiluminescence (ECL) reagent was utilized for color development and exposure. Subsequently, the gray scale values of the protein bands were analyzed using the ImageJ software (version 1.53).
2.16 Real time-quantitative polymerase chain reaction (RT-qPCR)
Total RNA was extracted using the Trizol method, and the RNA concentration was determined by UV spectrophotometry. The cDNA was synthesized in adherence to the instructions prescribed by the HiFiScript cDNA Synthesis kit, and the resulting cDNA was employed as a template for amplification using the UltraSYBR Mixture Synthesis kit, as per the instructions provided. The gene sequences of miR-155, p38 MAPK, Bcl-2, and Bax were obtained from the National Center for Biotechnology Information (NCBI) database. Primers were designed using the Primer5 software and subsequently synthesized by Beijing Tsingke Biotech Co., Ltd (Table 3). The analysis was conducted in accordance with the instructions provided in the PCR reaction kit. The expression levels of miR-155 in exosomes and the mRNA levels of miR-155, p38 MAPK, Bcl-2, and Bax in cardiomyocytes were determined via the 2−ΔΔCt method. 5S was utilized as the internal reference for miR-155, whereas the remaining mRNA internal reference was GAPDH. Quantitative PCR amplification was conducted under the following conditions: an initial denaturation at 95 °C for 10 min, followed by 40 cycles of denaturation at 95 °C for 15 s and annealing at 60 °C for 30 s.
TABLE 3 | Primer design for RT-qPCR.	Gene	Forward primer	Reverse primer
	miR-155	5′-TTA​ATG​CTA​ATT​GTG​ATA​GGG​GT-3′	3′-GCT​GTC​AAC​GAT​ACG​CTA​CGT​A-5′
	p38 MAPK	5′-AGC​TTA​CCG​ATG​ACC​ACG​TT-3′	3′-CAC​GTA​GCC​GGT​CAT​TTC​GTC-5′
	Bcl-2	5′-CTG​GTG​GAC​AAC​ATC​GCT​CT-3′	3′-ATA​GTT​CCA​CAA​AGG​CAT​CCC​A-5′
	Bax	5′-TTG​CTA​CAG​GGT​TTC​ATC​CAG​G-3′	3′-GCT​CCA​AGG​TCA​GCT​CAG​GT-5′
	5S	5′-GCC​TAC​AGC​CAT​ACC​ACC​CGG​AA-3′	3′-CCT​ACA​GCA​CCC​GGT​ATC​CCA-5′
	GAPDH	5′-ACA​GCA​ACA​GGG​TGG​TGG​AC-3′	3′-TTT​GAG​GGT​GCA​GCG​AAC​TT-5′


2.17 Statistical analysis
The data were analyzed using GraphPad Prism (version 9.4.1) software, and the results are expressed as mean ± standard deviation (SD). A one-way analysis of variance (ANOVA) was employed to ascertain whether a significant discrepancy existed between the groups. A p-value of less than 0.05 indicated the presence of statistically significant differences.
3 RESULTS
3.1 Chemical composition of WZG
UHPLC-OE-MS analysis revealed that WZG encompass 1,147 distinct chemical components, which could be classified into 178 distinct categories. Among the 1,147 components identified via UHPLC-OE-MS, ginsenosides Rg1, Rb1, and Re were selected as the primary bioactive components of WZG based on their relative abundance, reported pharmacological activity in the literature, and network pharmacology analysis. These compounds have been reported to play important roles in cardiovascular protection by regulating oxidative stress, mitochondrial function, apoptosis, and inflammation-related pathways such as the PI3K/AKT, p53, and MAPK pathways (Yao et al., 2021). The twenty most abundant substances were selected for TIC icon peak examples based on their scoring values. Figure 1 illustrates the UHPLC-OE-MS profile of WZG in negative/positive ion mode. The 40 peaks identified in the plot were predominantly composed of compounds belonging to the categories of cyclic polyketides, flavonoids, saccharides, fatty acids and conjugates, isoflavonoids, lignans, terpenoids, and small peptides (Table 4).
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	12	Schisandrin B	C23H28O6	401.1957	[M+H]+	481.5	0.4
	13	[8]-Shogaol	C19H28O3	305.211	[M+H]+	480.7	0.6
	14	Semilicoisoflavone B	C20H16O6	353.1018	[M+H]+	410.5	0.6
	35	(24S,25R)-12,25-dihydroxy-18,19,20-trimethoxy-11,12,24,25-tetramethyl-4,6,9,14-tetraoxapentacyclo[13.7.3.03,7.08,22.016,21]pentacosa-1,3(7),8(22),16,18,20-hexaen-13-one	C28H34O10	531.2219	[M+H]+	394.8	1.1
	15	Medicarpin	C16H14O4	271.0962	[M+H]+	389.4	1.1
	16	Nobiletin	C21H22O8	403.1384	[M+H]+	377.8	1.0
	17	Hexahydrocurcumin	C21H26O6	375.1801	[M+H]+	332.3	0.4
	18	N-trans-Feruloyltyramine	C18H19NO4	314.1385	[M+H]+	323.9	0.7
	19	Ononin	C22H22O9	431.1333	[M+H]+	318.5	0.9
	20	Isoliquiritin apioside	C26H30O13	551.1755	[M+H]+	316	0.8
	22	Tryptophan	C11H12N2O2	205.0973	[M+H]+	206.5	0.5
	40	DL-Tryptophan	C11H12N2O2	205.0973	[M+H]+	206.5	0.5
	1	2-methyl-3-[(2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydropyran-2-yl]oxy-pyran-4-one	C12H16O8	289.0918	[M+H]+	147.4	0.0
	3	3-methyl-2,3,6,7,8,8a-hexahydropyrrolo[1,2-a]pyrazine-1,4-dione	C8H12N2O2	169.0971	[M+H]+	134.8	0.7
	31	5-Hydroxymethylfurfural	C6H6O3	127.039	[M+H]+	102	0.3
	23	Kojic acid	C6H6O4	143.0339	[M+H]+	97.9	0.3
	4	Matrine	C15H24N2O	249.1962	[M+H]+	96.5	0.3
	24	Anabasine	C10H14N2	163.123	[M+H]+	96.5	0.1
	6	Adenine	C5H5N5	136.0618	[M+H]+	77.1	0.2
	25	Leucine	C6H13NO2	132.1019	[M+H]+	71.5	0.3
	26	Norleucine	C6H13NO2	132.1019	[M+H]+	71.5	0.3
	32	Proline	C5H9NO2	116.0705	[M+H]+	45.2	1.0
	33	D-Proline	C5H9NO2	116.0705	[M+H]+	45.2	1.0
	5	Trigonelline	C7H7NO2	138.0549	[M+H]+	44.9	0.7
	27	Trehalose	C12H22O11	365.1053	[M+Na]+	43.8	0.6
	28	Melibiose	C12H22O11	365.1053	[M+Na]+	43.8	0.6
	7	Galactose	C6H12O6	203.0525	[M+Na]+	43.1	0.9
	36	Tagatose	C6H12O6	203.0525	[M+Na]+	43.1	0.9
	37	Fructose	C6H12O6	203.0525	[M+Na]+	43.1	0.9
	38	Allose	C6H12O6	203.0525	[M+Na]+	43.1	0.9
	8	Oleic acid	C18H34O2	281.2483	[M-H]-	571.3	1.1
	39	trans-Vaccenic acid	C18H34O2	281.2483	[M-H]-	571.3	1.1
	9	cis-9-Palmitoleic acid	C16H30O2	253.2171	[M-H]-	547.9	0.9
	10	Myristic acid	C14H28O2	227.2014	[M-H]-	544.4	0.9
	11	Stearidonic acid	C18H28O2	275.2014	[M-H]-	516	0.8
	2	Choerospondin	C21H22O10	433.1139	[M-H]-	310	0.1
	29	Suberic acid	C8H14O4	173.0818	[M-H]-	295.9	0.7
	34	Vanillin	C8H8O3	151.04	[M-H]-	277.8	0.5
	21	Vicenin-1	C26H28O14	563.1406	[M-H]-	272.9	0.0
	30	Caffeic acid	C9H8O4	179.0348	[M-H]-	266.2	0.6


3.2 WZG improves the morphology of cardiomyocytes in CHF
To investigate the impact of WZG on the structural characteristics of cardiomyocytes in CHF, we conducted a detailed examination of the cellular morphology in each experimental group at 15, 30, and 45 h into the study period (Figure 2). The cells in the NC group exhibited optimal growth status, with clear borders, regular arrangement, and a long shuttle-shaped morphology. Moreover, the cell density demonstrated a significant increase with the prolongation of the incubation period. In contrast to the NC group, the DOX group exhibited a notable decline in cellular growth status. The cell borders were indistinct, the arrangement was disorganized, and evidence of myofiber dissolution and cytoplasmic vacuolar degeneration was apparent. As the duration of the intervention involving the WZG-containing drug serum was prolonged, the cell morphology of the DOX + WZG group exhibited a progressive return to a normal state. The edges of the cells became increasingly clear, the cytosol gradually filled, the cell arrangement became increasingly regular in comparison to the initial state. The aforementioned results demonstrate that WZG is capable of reversing the morphological alterations of cardiomyocytes in a CHF model induced by DOX.
[image: Microscopic images of cultured cells labeled A to L. Each image shows varying cell morphologies and densities, depicting changes in cell structure and growth patterns. The cells are spread across the frames, indicating different stages or conditions.]FIGURE 2 | Morphological images of cardiomyocytes from each group at 15, 30, and 45 h of the experiment (×100). (A–C) the normal control group; (D–F) the doxorubicin group; (G–I) the doxorubicin + drug-containing serum group; (J–L) the doxorubicin + enalapril group.3.3 WZG increases cardiomyocyte viability and decrease apoptosis rate
To determine the impact of WZG on cardiomyocyte viability in a model of DOX-induced CHF, we utilized the CCK-8 assay to assess the proliferative activity of cells at 15, 30, and 45 h post-treatment (Figure 3A). In comparison to the NC group, the DOX group exhibited a significant decline in cell viability. In contrast to the DOX group, the cardiomyocyte viability in the DOX + WZG group was markedly elevated, exhibiting a positive correlation with the intervention time. To further substantiate the impact of WZG on cell apoptosis, the number of apoptotic cells was quantified through flow cytometry at the 45th hour of the experiment (Figure 3B). Following the administration of WZG-containing serum, a notable reduction in the apoptosis rate was observed in the DOX + WZG group. These findings indicate that WZG can markedly enhance the viability of H9c2 cells and potently suppressed DOX-induced cell apoptosis.
[image: Panel A shows a bar chart of cell viability percentages comparing treatments: NC, DOX, DOX+WZG, and DOX+ENP at 15, 30, and 45 hours, with significant differences indicated by asterisks. Panel B presents scatter plots for apoptosis rates under the same treatments, alongside a bar graph showing DOX with the highest apoptosis rate, highlighted by significant differences.]FIGURE 3 | Determination of cardiomyocyte viability and apoptosis rate. (A) Cell viability of cardiomyocytes in each group at 15, 30, and 45 h of the experiment; (B) Apoptosis rate of cardiomyocytes in each group detected by flow cytometry. NC: the normal control group; DOX: the doxorubicin group; DOX + WZG: the doxorubicin + drug-containing serum group; DOX + ENP: the doxorubicin + enalapril group. **P < 0.01, ***P < 0.001, ****P < 0.0001.3.4 WZG promotes exosomal microRNA-155 secretion from cardiomyocytes
To examine the influence of WZG on the secretion of exosomal miR-155 from cardiomyocytes, we initially extracted exosomes derived from H9c2 cells from serum cultures and observed the morphology and size of the exosomes under a TEM (Figure 4A). Examination under the microscope revealed that the morphological features of exosomes exhibited a typical round or oval vesicular structure with an intact double-layered envelope structure containing low-electron-density granular material. NTA revealed that exosomes in the DOX + WZG group exhibited an average particle size of 161.8 nm, a D50 of 139.0 nm, and a particle concentration of 3.69 × 1011 particles/mL, which was higher than that in the DOX model group (average particle size 153.6 nm, D50 134.7 nm, concentration 3.39 × 1011 particles/mL). Compared to the normal group (mean particle size 159.1 nm, D50 138.6 nm, concentration 3.14 × 1011 particles/mL) and the enalapril group (mean particle size 164.7 nm, D50 136.9 nm, concentration 3.45 × 1011 particles/mL), the DOX + WZG group exhibited significantly increased exosome concentration while maintaining particle size within the normal exosome range (Figure 5). These results suggest that WZG treatment promotes the secretion of exosomes from cardiomyocytes. Subsequently, the expression of exosome marker proteins, namely CD9 and CD63, was analyzed via Western blot. The results demonstrated that the protein expression levels of CD9 and CD63 were markedly elevated in the DOX + WZG group relative to the DOX group (Figures 4B,D). Additionally, the RT-qPCR method was utilized to further ascertain the content of miR-155 in exosomes (Figure 4C). The results revealed a notable elevation in the expression of miR-155 in exosomes within the DOX + WZG group. The aforementioned results indicate that WZG may facilitate the secretion of exosomes from cardiomyocytes and enhance the concentration of miR-155 within these exosomes.
[image: Panel A shows electron microscopy images of particles for conditions NC, DOX, DOX+WZG, and DOX+ENP. Panel B displays Western blot results for proteins CD9 and CD63 across the same conditions. Panel C provides a bar graph of miR-155 expression with statistical significance noted by asterisks. Panel D presents a bar graph comparing protein expression of CD9 and CD63, indicating significant differences with asterisks.]FIGURE 4 | Identification of exosomes and expression levels of miR-155 in exosomes. (A) Morphological characterization of exosomes (×50); (B) Protein strip charts for CD9 and CD63; (C) Expression levels of miR-155 in exosomes; (D) Expression of exosome marker proteins CD9 and CD63 detected by Western blot. NC: the normal control group; DOX: the doxorubicin group; DOX + WZG: the doxorubicin + drug-containing serum group; DOX + ENP: the doxorubicin + enalapril group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.[image: Western blot and bar graphs illustrating protein expression levels. Panel A shows bands for proteins such as p38 MAPK, Caspase-3, and β-actin under four conditions: NC, DOX, DOX+WZG, DOX+ENP. Panels B and C contain bar graphs depicting quantified protein expressions and RNA levels, respectively, with statistical significance indicated by asterisks.]FIGURE 5 | Results of nanoparticle tracking analysis for exosomes. (A) the normal control group; (B) the DOX group; (C) the DOX + drug-containing serum group; (D) the DOX + enalapril group.3.5 WZG inhibits cardiomyocyte apoptosis by regulating p38 MAPK protein phosphorylation via exosomal miR-155
To clarify the underlying regulatory mechanism of WZG on the p38 MAPK pathway and cell apoptosis, Western blot was employed to assess the expression of p38 MAPK, p-p38 MAPK, Caspase-3, Bcl-2, and Bax in cardiomyocytes. Additionally, the expression of miR-155, p38 MAPK mRNA, Bcl-2 mRNA, and Bax mRNA in cells were investigated through RT-qPCR (Figures 6A,B). In the DOX + WZG group, there was a notable reduction in the expression levels of p-p38 MAPK, Caspase-3, and Bax proteins, while the expression level of Bcl-2 exhibited a significant increase. The RT-qPCR results were in accordance with those obtained from the Western blot analysis (Figure 6C). The administration of WZG was observed to inhibit p38 MAPK protein phosphorylation, thereby modulating the expression of apoptotic proteins. Moreover, the elevated expression of miR-155 was demonstrated to promote cardiomyocyte survival and was found to be closely associated with p38 MAPK protein phosphorylation. It is hypothesized that WZG may inhibit p38 MAPK phosphorylation by upregulating the expression of exosomal miR-155, thereby exerting an anti-apoptotic effect on cardiomyocytes.
[image: Four graphs labeled A, B, C, and D depict particle concentration in relation to size. Graph A peaks at 132 nm and 97 nm. Graph B shows peaks at 136 nm and 96 nm. Graph C peaks at 126 nm and 235 nm. Graph D's prominent peaks are at 113 nm and 139 nm. Each graph displays similar patterns with peaks decreasing as size increases from approximately 100 nm to 1000 nm.]FIGURE 6 | Results of Western blot and PT-qPCR assays. (A) Protein strip charts for p38 MAPK, p-p38 MAPK, Caspase-3, Bcl-2, and Bax; (B) Expressions ofp38 MAPK, p-p38 MAPK, Caspase-3, Bcl-2 and Bax detected by Western blot; (C) Expression of miR-155, p38 MAPK mRNA, Bcl-2 mRNA and Bax mRNA detected by RT-qPCR. NC: the normal control group; DOX: the doxorubicin group; DOX + WZG: the doxorubicin + drug-containing serum group; DOX +ENP: the doxorubicin + enalapril group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.4 DISCUSSION
CHF represents the terminal stage of progression in the development of a range of CVDs. Despite the continuous updating of modern medical diagnosis and treatment strategies, the mortality and rehospitalization rates of patients with CHF remain high. In recent years, TCM has been demonstrated to possess notable clinical characteristics and therapeutic advantages in the treatment of CHF. WZG is a TCM compound formula that has been demonstrated to be efficacious in the treatment of CHF. Recent studies suggest that these benefits may be linked to its regulation of apoptosis and related molecular pathways. The present study demonstrates that WZG can inhibit apoptosis in CHF by promoting the secretion of exosomes from cardiomyocytes, increasing the content of exosomal miR-155, and inhibiting the p38 MAPK signaling pathway.
Exosomes are instrumental in the intercellular transfer of signaling molecules, including nucleic acids, proteins, and lipids, which are essential for intercellular interactions (Gurung et al., 2021). MicroRNAs constitute a principal component of exosomes (Cunha et al., 2024). Upon release into the extracellular space, exosomes can transfer miRNAs to neighboring or distant cells, thereby exerting significant pathophysiological effects and participating in a multitude of biological processes (Du et al., 2021). At present, exosomal miRNA-mediated intercellular communication plays a significant role in the pathogenesis of CHF, particularly in the inhibition of cardiomyocyte hypertrophy, attenuation of myocardial fibrosis (MF), and regulation of myocardial angiogenesis (Li K. et al., 2023; Xue et al., 2020; Zheng et al., 2020). Moreover, peripheral circulating exosomes, exosomes derived from mesenchymal stem cells, and exosomes derived from cardiomyocytes represent a promising avenue for clinical therapeutic strategies in the treatment of CHF (Xiao et al., 2022; Yan et al., 2022; Yuan et al., 2023).
The differential expression of miR-155 has been evidenced to be related to the pathogenesis of CVDs. miR-155 affects pathological processes such as the inflammatory response, fibrosis, and apoptosis in the heart by binding to target mRNAs and regulating target genes related to cardiovascular function. Our previous study demonstrated that the overexpression of miR-155 inhibited cell apoptosis and ameliorated cardiac functional impairment in mice with CHF by regulating hypoxia-inducible factor 1 alpha (HIF-1α) (Luo et al., 2023). Additionally, miR-155 has been recognized as a principal mediator of myocardial inflammation, with its expression markedly elevated in inflammatory responses associated with CHF (Oh et al., 2022; Ge et al., 2021). Moreover, miR-155 has been observed to exert regulatory effects on MF. The knockdown of the miR-155 gene has been demonstrated to inhibit the proliferation of cardiac fibroblasts, reduce infarct size, and decrease collagen deposition, thereby attenuating VR in CHF (He et al., 2016). Meanwhile, the downregulation of miR-155 expression has been proven to exert a protective effect against apoptosis in H9c2 cells. Inhibition of miR-155 expression has been shown to attenuate cardiac dysfunction and apoptosis induced by lipopolysaccharide (LPS) or ischemia/reperfusion (I/R) in previous studies (Wang et al., 2016; Hu et al., 2023).
The p38 MAPK pathway plays a critical role in cellular stress responses and inflammation and is closely associated with cardiomyocyte apoptosis. Moreover, it is implicated in a multitude of physiopathological processes, including cardiac and vascular smooth muscle cell proliferation, endothelial cell injury, myocardial hypertrophy, and extracellular matrix synthesis and degradation (Martínez-Limón et al., 2020; Marber et al., 2011; Martin et al., 2015). Additionally, p38 MAPK functions as a stress signaling pathway that regulates apoptosis in cardiomyocytes. Selective inhibition of p38 MAPK has been demonstrated to ameliorate cell apoptosis associated with CHF, myocardial I/R, and myocardial infarction (MI) (Li et al., 2006; Ma et al., 1999; Wang et al., 1998). The role of the p38 MAPK signaling pathway and miRNAs in the context of CVDs has recently emerged as a topic of considerable interest among researchers both domestically and internationally. It has been evidenced that the upregulation of miR-19 enhances cardiac function and mitigates MF by suppressing the MAPK signaling pathway (Song et al., 2023). Similarly, miR-1283 and miR-20a have been elucidated to mitigate hypoxia/reoxygenation-induced cardiomyocyte injury by inhibiting p38 MAPK (Liu et al., 2021; Gong and Zhang, 2019). These findings support our hypothesis that exosomal miR-155 may exert cardioprotective effects by suppressing p38 MAPK activation.
In this study, WZG was found to promote exosome secretion and increase the loading of miR-155 into exosomes. The precise mechanisms underlying exosome biogenesis and secretion remain to be elucidated. However, recent studies have identified the involvement of Rab GTPases, neutral sphingomyelinase 2 (nSMase2), and ESCRT machinery in the regulation of these processes (Colombo et al., 2014; Trajkovic et al., 2008). The potential influence of WZG on these processes warrants further investigation. Moreover, studies have demonstrated that the selective loading of microRNAs into exosome particles is contingent on the presence of RNA-binding proteins, including hnRNPA2B1, SYNCRIP, and AGO2. These proteins have been demonstrated to recognize specific sequence motifs present on the miRNAs, thereby facilitating their incorporation into exosome particles (Villarroya-Beltri et al., 2013; Santangelo et al., 2016; Guduric-Fuchs et al., 2012). Therefore, it is plausible that WZG enhances miR-155 content by modulating these RNA-sorting proteins or by increasing miR-155. Further studies are warranted to investigate these potential mechanisms.
In this study, we employed DOX to establish an in vitro model of cardiomyocyte injury. DOX-induced cardiomyocyte injury is a widely used model for studying the mechanisms of cardiac dysfunction. This model primarily reflects a drug-induced form of cardiomyopathy rather than the full range of causes of CHF, such as ischemic, hypertensive, or valvular heart disease. In the context of our research, the emphasis on the miR-155/p38 MAPK signaling axis and its role in apoptosis establishes a controllable and reproducible platform for the dissection of these molecular mechanisms using the DOX model. However, this model may not fully recapitulate all the etiological and hemodynamic features of human CHF. Consequently, subsequent studies using pressure overload, ischemia-induced, or volume overload CHF models will be necessary to validate our findings.
Among the 1,147 compounds identified by UHPLC-OE-MS, ginsenosides Rg1, Rb1, and Re are the components of particular interest. Previous studies have shown that ginsenoside Rg1 can prevent and treat CHF by downregulating ERK1/2 protein phosphorylation or inhibiting heme synthesis to increase succinyl CoA, thereby promoting mitochondrial homeostasis (Peng et al., 2024; Chen et al., 2025). Ginsenoside Rb1 has been observed to exert a positive effect on HF by modulating the FADD and PPARα pathways (Li C. et al., 2023). Furthermore, ginsenoside Re has been documented to mitigate myocardial injury by regulating the miR-489/MyD88/NF-κB axis (Sun et al., 2023). In addition to ginsenosides, several bioactive compounds identified by UHPLC-OE-MS analysis may also contribute to the therapeutic effects of WZG in CHF. As stated in the extant literature, Schisandrin B has been shown to alleviate angiotensin II-induced cardiac inflammatory remodeling by inhibiting the recruitment of MyD88 to TLR in mouse cardiomyocytes (Xu et al., 2024). Nobiletin has demonstrated potential for treating HF by preventing the development of doxorubicin-induced HF through the inhibition of apoptosis (Sunagawa et al., 2017; Sunagawa et al., 2025). A multitude of studies have demonstrated that [8]-Shogaol exerts effective anti-inflammatory and anti-apoptotic effects by inhibiting NF-κB and MAPK signaling pathways (Jo et al., 2022). Collectively, these findings suggest that WZG’s therapeutic effects in CHF may stem from the synergistic actions of multiple bioactive components.
Compared with enalapril, WZG demonstrated a more pronounced cardioprotective effect by not only improving cell viability and reducing apoptosis but also more effectively modulating key signaling pathways, such as p38 MAPK phosphorylation and the expression of apoptotic proteins. Although enalapril demonstrated a modest increase in exosomal miR-155, the effect was considerably more pronounced in the WZG group. These results suggest that the enhanced efficacy of WZG may be partially attributed to its augmented capacity to promote exosome-mediated delivery of miR-155, thereby highlighting a mechanistic advantage that complements conventional RAAS inhibition.
In this study, we employed DOX to develop an in vitro model of cardiomyocyte injury with the objective of elucidating the potential mechanism of action of WZG in inhibiting cell apoptosis through the exosomal miR-155/p38MAPK signaling pathway. The results demonstrated that WZG significantly improved cardiomyocyte morphology, enhanced cell viability, and reduced apoptosis, consistent with the findings of the research group’s previous studies. Mechanistically, WZG promoted the secretion of exosome from cardiomyocytes and markedly increased the expression of microRNA-155 within these exosome. This microRNA, which has been demonstrated to regulate apoptosis-related genes, can be internalized by neighboring cells via exosomal transport (You et al., 2025). Elevated levels of exosomal miR-155 have been demonstrated to inhibit the phosphorylation of p38 MAPK, downregulate pro-apoptotic proteins such as Bax, and upregulate anti-apoptotic proteins like Bcl-2 (Ou et al., 2019). Therefore, our findings suggest that WZG exerts anti-apoptotic effects on cardiomyocytes in part by increasing exosomal miR-155 expression and suppressing the p38 MAPK signaling pathway.
Despite the promising results, this study has several limitations. First, the relatively high dose of WZG (1.44 g/kg/day) was derived from traditional body surface area (BSA) conversion, a method increasingly scrutinized for potentially producing supra-therapeutic exposures, especially for multi-component herbal preparations (Reagan-Shaw et al., 2008; Heinrich et al., 2020). Although significant biological effects were observed, these may partially result from non-specific activity. Future studies should aim to define the minimal effective dose and conduct pharmacokinetic profiling to determine a clinically meaningful dosage range. Secondly, the study employed a single dose level, which restricts the interpretation of dose-response relationships. The initial design was conceived with the objective of assessing biological activity. However, subsequent studies should encompass multiple dose levels and pharmacokinetic parameters. Thirdly, although UHPLC-OE-MS and validated HPLC methods were employed to characterize major ginsenosides (Yang et al., 2017), current guidelines recommend at least three orthogonal analytical approaches. Consequently, expanded phytochemical profiling is planned in accordance with the ConPhyMP framework. In addition, in vivo animal experiments will be conducted to further verify the cardioprotective effect of WZG and to elucidate the role of exosomal miR-155 in the context of CHF. Finally, while WZG promoted the release of miR-155-enriched exosome that may be internalized by cardiomyocytes to inhibit p38 MAPK phosphorylation and apoptosis, direct evidence for exosome uptake and intracellular activity remains lacking. Subsequent studies that utilize exosome-tracking and miR-155-targeted interventions are required to validate this mechanism.
5 CONCLUSION
In brief, the findings of this study demonstrate that WZG exerts an interventional effect on cell apoptosis in CHF. The underlying mechanism may be attributed to the increased secretion of miR-155 in exosomes and the subsequent inhibition of p38 MAPK protein phosphorylation. Our findings not only provide evidence for the clinical treatment of CHF with WZG, but also offer new insights into the role of exosomal miR-155 in the regulation of cardiomyocyte apoptosis.
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