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Abstract
BACKGROUND
Heart failure (HF) is a global health problem characterized by impaired heart function. Cardiac remodeling and cell death contribute to the development of HF. Although treatments such as digoxin and angiotensin receptor blocker drugs have been used, their effectiveness in reducing mortality is uncertain. Researchers are exploring the use of adipose-derived mesenchymal stem cell (ADMSC) exosomes (Exos) as a potential therapy for HF. These vesicles, secreted by cells, may aid in tissue repair and regulation of inflammation and immune responses. However, further investigation is needed to understand the specific role of these vesicles in HF treatment.

AIM
To investigate the mechanism of extracellular vesicles produced by ADMSC s in the treatment of HF.

METHODS
Exogenous surface markers of ADMSCs were found, and ADMSCs were cultured.

RESULTS
[bookmark: _Hlk144808746][bookmark: _Hlk144808125]The identification of surface markers showed that the surface markers CD44 and CD29 of adipose-derived stem cells (ADSCs) were well expressed, while the surface markers CD45 and CD34 of ADSCs were negative, so the cultured cells were considered ADSCs. Western blotting detected the Exo surface marker protein, which expressed CD63 protein but did not express calnexin protein, indicating that ADSC-derived Exos were successfully extracted.

CONCLUSION
The secretion of MSCs from adipose tissue can increase ATP levels, block cardiomyocyte apoptosis, and enhance the heart function of animals susceptible to HF. The inhibition of Bax, caspase-3 and p53 protein expression may be related to this process.
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Core Tip: Our study highlights the potential of mesenchymal stem cell exosomes (Exos) from adipose tissue as a promising therapy for heart failure (HF). Administration of adipose-derived mesenchymal stem cell Exos improved cardiac function, evidenced by increased ATP content and enhanced parameters like ejection fraction, fractional shortening, and stroke volume. Furthermore, adipose-derived stem cells (ADSCs)-Exo reduced serum levels of b-type natriuretic peptide and atrial natriuretic peptide, associated with HF progression, and exhibited anti-apoptotic effects by regulating pro- and anti-apoptotic proteins in cardiac tissue. These findings suggest that ADSCs-Exo could prevent cardiomyocyte death and inhibit HF progression.

INTRODUCTION
[bookmark: _Hlk144808646][bookmark: _Hlk144740462]Heart failure (HF), which is mainly caused by impaired ventricular diastolic or systolic function, is characterized by arterial ischemia or venous congestion. As the final stage of many diseases, HF is a significant public health issue that needs to be addressed globally[1,2]. Numerous studies have found that HF develops and is directly correlated with cardiac remodeling, while cardiomyocyte apoptosis is an important factor leading to myocardial remodeling[3,4]. Although the clinical treatment of HF has been effective in recent years, the prognosis for patients is generally dismal, and hospitalization and fatality rates are still high. We review recent progress in the diagnosis and treatment of chronic HF. Digoxin has been used clinically for more than 200 years and is an essential drug in the treatment of chronic HF. However, the results of the DIG study confirmed that digoxin did not reduce or increase mortality compared with that of the placebo but was superior to placebo in reducing hospitalization rates for HF. In recent years, with the accumulation of ELITEII, OPTIMAAL and VALIANT studies, especially the results of recent CHARM trials, the role of angiotensin receptor blocker drugs in the treatment of HF has been improved. In particular, there is clear evidence that candesartan and valsartan reduce mortality and disability. The recently published HEAAL study showed that losartan 150 mg daily (high-dose group) was more effective than losartan 50 mg daily (low-dose group) in the treatment of HF. Therefore, it is difficult to explore the pathogenesis of HF and find an effective treatment for HF. Mesenchymal stem cells (MSCs) comprise cells with a wide range of differentiation potential and include MSCs from adipose tissue, umbilical cord, bone marrow, and other sources[5]. Because adipose tissue is more abundant than other MSCs and benefits from simple access and consumption, it has been widely studied by an increasing number of scholars[6,7]. However, adipose-derived MSCs (ADMSCs) have relatively high requirements during storage and transportation, which causes the survival rate of these cells during transplantation to significantly decline. Therefore, the clinical use of adipose-derived stem cells (ADSCs) has certain limitations. Exosomes (Exos) are lipid bilayer vesicles secreted by cells with a diameter of 30-200 nm. In addition to being secreted into cells, these Exos can also be stored for a long time in any environment at 4 °C and easily transported. The discovery of Exos provides a new direction for the clinical use of ADSCs[8,9]. All cells secrete Exos in both normal and pathological states. Exos are mainly involved in intercellular communication and regulate a series of physiological processes in target cells. Exos from different cell types have different functions. Some studies have found that ADSC Exos have the functions of tissue repair and regeneration, inflammation inhibition and immune regulation. However, the effect of ADSC Exos on HF has not been confirmed. The goal of this research is to investigate how ADMSC Exos work to treat HF.

MATERIALS AND METHODS
Animal experiment
[bookmark: _Hlk106196928]The license number for Jinan Pengyue Experimental Animal Breeding Co., LTD sale’s of the rats used in this investigation was SCXK (Lu) 2019-0003. There were 30 rats with a body weight of 180-220 g Wistar and 20 C57 mice, all of which were male specific pathogen-free (SPF) grade. All the experimental animals were kept in the SPF animal room, drinking water freely and providing animal feed according to the standard. The room temperature was controlled at 20 °C to 26 °C, and the humidity was controlled at 50%-60%, ensuring that the indoor environment was controlled at 12 h/12 h alternating day and night.

Reagents and instruments
Mouse adipose stem cell complete medium (Suzhou Saiye Biotechnology Co., LTD.); antibodies against Bcl-2, Bax, and caspase-3 (Cell Signaling Technology, United States); hematoxylin staining and eosin staining (Beijing Yili Fine Chemicals Co., LTD.); ELISA kit (Wuhan Fien Biotechnology Co., LTD.); polyvinylidene fluoride (PVDF) transfer membrane (Millipore, United States); goat anti-rabbit IgG antibody that was HRP-labeled (Shanghai Biyuntian Biotechnology Co., LTD.); IE33 heart color exclusive Opo ultrasound instrument (Philips, Netherlands); RM2245 microtome and DW4-B biological microscope (Leica, Germany).

Extraction and culture of ADSCs
Ten C57 mice were sacrificed in a sterile environment, and the subcutaneous adipose tissue of the mice was taken and cut into pieces until the tissue was erosive and placed in a centrifuge tube. Then, 0.5% collagenase type I was added to the centrifuge tube, and the centrifuge tube was digested for 45 min in the dark. After that, an equal volume of α-MEM medium was added to the centrifuge tube to terminate digestion. The mixture in the centrifuge tube was filtered through a 200-mesh sterile steel sieve, and the filter was collected and centrifuged at 15000 r/min for 5 min. The supernatant was thrown away, and an equal volume of red blood cell lysate was added to the centrifuge tube to lyse the cells. After 5 min, the cells were centrifuged again, and then α-MEM complete medium was added to the centrifuge tube to obtain the cell suspension, which was completely spread in the culture dish. After 24 h, the cells began to grow adherent, and all the nonadherent cells were removed. Under a microscope, the cell morphology was observed, and the cell surface expression markers CD29, CD44, CD34 and CD45 were detected by a cell loss analyzer.

Extraction and identification of Exos derived from ADSCs
Fourth-generation ADSCs with a fusion degree of 80% were used, and serum-free MEM was used instead of complete medium. Cell supernatant was collected after 48 h of culture. The cells received the same amount of Exo extraction reagent and were cultured overnight at 4 °C. Then, the cells were placed into a centrifuge tube and centrifuged at 15000 r/min for 30 min to separate the Exos. The morphology of the Exos was identified by transmission electron microscopy, and the protein expression related to the Exos was determined by western blotting.

Grouping and model preparation
[bookmark: _Hlk144809379]Thirty Wistar rats received 7 d of adapted feeding. Using a random number system, the rats were divided into groups that were not given any instructions. (Control group), HF rat model group (HF group), and HF rat model treated with ADSC-derived Exo intervention group (ADSCS-Exo group). Each group included ten rats. Except for the control group, the other rats were intraperitoneally injected with 0.8 mg/kg doxorubicin solution at a dose of 3 mg/kg in the first three weeks and 2 mg/kg in the second 3 wk. For six weeks, the control group of rats received weekly intraperitoneal injections of the same volume of NaCl solution. After the intervention, the cardiac function indices of the rats in each group were measured. The establishment of the rat model of HF was demonstrated by a left ejection fraction (LVEF) of 45%. Rats in the ADSC-Exo group were injected with 100 μL of ADSC-derived Exos suspension at a concentration of 0.2 mg/mL through the tail vein, and identical doses of phosphate buffered saline (PBS) solution were injected into the tail veins of the rats in the control and HF groups. Rats in each group were injected once every 2 d for two consecutive times.

Determination of cardiac function indices
[bookmark: _Hlk144740293][bookmark: _Hlk144809394]After the drug intervention, the rats in each group were fasted for 12 h and allowed to drink water freely. The rats were fixed in the supine position after receiving an intraperitoneal injection of 20% urethane to induce anesthesia. By using color Doppler echocardiography, cardiac function markers, such as left ventricular ejection fraction, were found. Three consecutive cardiac cycles were used to test each group’s LVEF, left ventricular fractional shortening (LVFS), and stroke volume (SV), with the average value being used.

Serum b-type natriuretic peptide and atrial natriuretic peptide levels were measured
[bookmark: _Hlk144740786][bookmark: _Hlk144740747]The abdominal aortas of rats in each group were sampled for 5 mL of blood. After standing for 2 h at 3000 rpm and 4 °C, the blood samples were centrifuged for 10 min. According to the directions on the ELISA kit, serum b-type natriuretic peptide (BNP) was found. According to the directions on the ELISA kit, BNP and atrial natriuretic peptide (ANP) serum levels were discovered.

[bookmark: _Hlk144808190]The pathological changes in myocardial histopathology were detected by hematoxylin and eosin staining
The rats in each group were killed by cutting the neck and chest to remove the blood stains on the surface of the heart disease. After placing the heart in ice, all tissues except the left ventricular myocardial tissue were removed. Dry filter paper was used to cut part of the left ventricular apex group. After dehydration, the heart was fixed in 4% paraformaldehyde solution, made transparent, and embedded in paraffin sections with a thickness of 4 μm. Hematoxylin and eosin (HE) staining, neutral resin and biopsy tissue were used to observe each group of sections under the microscope to find any abnormal myocardial changes.

Flow cytometry was used to detect cardiomyocyte apoptosis
By using a mechanical process, a single-cell suspension was created. Put AGAR in 200 stainless steel net, cut up the myocardial tissue in 2 net, rub while washed with PBS solution, after being fully knead, collected in AGAR suspension again through 300 mesh sieve, collected after cell suspension in centrifuge tube, in a speed of 2000 r centrifugal 5 min per minute, suck out and discard the supernatant, collected after the cells. The cells were resuspended with PBS solution at 4 °C, then placed in the centrifuge tube again under the same conditions as above, washed and adjusted the cell density to 1 × 105/ mL. The cells were resuspended in 300 μL binding buffer, and after that, the cells were gently mixed with 5 L of Annexin V-FITC. The cells were cultured at room temperature for fifteen minutes, and then 5 μL PI and 200 μL binding buffer were added. To determine which group of cardiomyocytes had undergone apoptosis, the centrifuge tube was placed into a flow cytometer.

Comparison of ATP content in myocardial tissue of rats in each group
One hundred milligrams of rat myocardial tissue was taken, 500 μL of perchloric acid was added, and at room temperature for fifteen minutes, 200 μL of supernatant was taken, and 120 μL of 1 mol/L sodium hydroxide (NaOH) was added. Following a 5-min, 5000 r/min, 4 °C centrifugation, ATP content in rat myocardial tissue was detected by high performance liquid chromatography.

Western blotting was used to detect the protein expression of Bcl-2, Bax, caspase-3 and p53 in myocardial tissue
Fifty milligrams of myocardial tissue from each rat was lysed on ice until tissue homogenization was performed by centrifugation. The DAB technique was used to determine the protein content in the supernatant. The concentrations of the concentration and separation gel were 5% and 8%, respectively. The sample protein was added to the gel well, and the membrane was transferred after electrophoresis for 10 min. After 2 h of incubation, 5% blocking solution was added to the sample, after which it was activated and transported to the PVDF membrane, and the PVDF membrane was blocked for one hour. Overnight, the primary Bcl-2, Bax, caspase-3, and p53 antibodies were added. HRP-labeled secondary antibodies were added and incubated for another 2 h. The PVDF membrane was detected by ECL and imaged.

Statistical methods
SPSS 26.0 software was utilized for the statistical evaluation. The mean and standard deviation of the data were written as (mean ± SD). One-way analysis of variance was used to compare the groups. The LSD-t test was used for homogeneity of variance, and the nonhomogeneity of variance was corrected using the t test. At P < 0.05, statistics were deemed significant.

RESULTS
Morphological changes of ADSCs
ADSCs began to grow adherent after 24 h of primary culture, and the cell fusion rate was 80% at 5-7 d. The size of cells in the first generation was inconsistent, and the morphology was mostly spindle, round and polygon. At the fourth passage, the morphology of ADSCs gradually changed to a long spindle shape, which was similar to that of fibroblasts and arranged in a spiral shape, and the nuclei became significantly larger (Figure 1).

Identification of ADSC surface markers
The ADSC surface markers CD44 and CD29 were positively expressed, and the expression rates were 99.4% and 94.8%, respectively. The ADSC surface markers CD45 and CD34 were negative, with expression rates of 0.026% and 0.213%, respectively. Thus, the cultured cells were ADSCs (Figure 2).

Morphology and protein identification of ADSC-derived Exos
The Exos were spotted using transmission electron microscopy to have a round shape and an unbroken cell membrane (Figure 3A). Western blot detection of Exo surface marker protein showed that CD63 protein was expressed, but Calnexin protein was not expressed, indicating that ADSC-derived Exos were successfully extracted (Figure 3B).

Comparison of cardiac function in each group
Rats in the HF group had considerably lower LVEF, LVFS, and SV values than those in the control group (P < 0.05). The LVEF, LVFS, and SV of rats in the ADSCS-EXO group were significantly greater than those in the HF group (P < 0.05) (Table 1).

Comparison of BNP and ANP levels in the serum of rats in each group
BNP levels in serum were significantly higher in the HF group of rats and ANP compared to those in the control group (P < 0.05). Rats in the ADSCS-Exo group had significantly lower serum levels of BNP and ANP than the HF group (P < 0.05) (Table 2).

Comparison of myocardial histopathological changes in each group
The control group cardiomyocytes had a distinct, orderly, and closely packed structure. There was no degeneration or necrosis of the cells and no edema or congestion in the interstitium. The configuration of the cardiomyocytes in the HF group was noticeably different from that of the control group, with obvious swelling, cell degeneration or even necrosis, myocardial fiber breakage, and obvious interstitial edema. In contrast to the HF group, the myocardial tissue of the ADSCS-Exo group was greatly enhanced, with loose arrangement of cardiomyocytes, reduced swelling and necrotic cells (Figure 4).

Comparison of cardiomyocyte apoptosis rate in each group
The rate of cardiomyocyte apoptosis in the HF group was much greater than that in the control group (P < 0.05). The cardiomyocyte apoptosis rate of the ADSC-Exo group was much lower than that of the HF group (P < 0.05) (Figure 5).

Comparison of ATP content in myocardial tissue of rats in each group
Rats in the HF group had considerably lower myocardial ATP content than those in the control group (P < 0.05). Rats in the ADSCS-Exo group had considerably more ATP in their cardiac tissue than the HF group (P < 0.05) (Figure 6).

Comparison of protein expression of Bcl-2, Bax, caspase-3 and p53 in myocardial tissue of rats in each group
Bcl-2 protein expression was considerably decreased relative to the control group in the HF group, and the HF group’s Bax, caspase-3, and expression levels of the p53 protein were much greater than those of the control group. p53, caspase-3, and Bax protein levels were all substantially lower in the HF group than in the control group, while Bcl-2 protein expression was substantially greater in the ADSC-Exo group than in the HF group (P < 0.05) (Figure 7).

DISCUSSION
Current research suggests that HF is a chronic, naturally progressing condition[10]. HF is a disease with a pathogenesis induced by aberrant neuroendocrine system activation, which results in ventricular remodeling and cardiomyocyte death. When cardiomyocyte apoptosis occurs, the myocardium will not only maintain myocardial function due to a large amount of cell loss but also lead to myocardial failure and gradual deterioration when the number of cardiomyocytes is lost, thus forming a vicious cycle of pathological processes[11]. Therefore, by enhancing pump performance, prevention of cardiomyocyte apoptosis can successfully lower the incidence of myocardial remodeling and ease the onset and development of HF. Doxorubicin is a common anthracycline in clinical practice. Doxorubicin has been used to treat a variety of tumors, but its use is limited due to its dose-dependent and delayed cardiotoxicity[12]. Doxorubicin can often cause irreversible damage to the heart, including HF[13]. Doxorubicin was injected intraperitoneally to create a rat HF model for this investigation. LVEF < 45% was detected by cardiac color Doppler ultrasound, demonstrating the establishment of the rat model of cardiac failure. Current research on the molecular mechanism by which doxorubicin causes myocardial damage shows that doxorubicin can interact with DNA and inhibit protein synthesis-induced myocardial cell apoptosis, but there is currently no effective treatment for HF caused by adriamycin; thus, exploring new drugs for HF is a hotspot in current clinical studies[14].
ADSCs can grow rapidly in culture medium without excessive nutrient requirements, have strong proliferation and passage ability and are relatively stable in the genetic process, with multiple differentiation potential. Currently, it has been clinically found that ADSCs can purify ADSC-derived Exos in the supernatant of ADSC culture in either hypoxic or normoxic environments, and the diameter of the Exos is significantly larger than that of previously reported Exos[15]. Numerous studies have found that Exos derived from ADSCs can promote vascular regeneration, wound healing, scar repair, and nerve regeneration and regulate immunity, the inflammatory response and tumor growth[16]. Some scholars have found that through the study of a myocardial ischemia model[17], ASC-derived Exos can inhibit cardiomyocyte apoptosis and alleviate myocardial structural remodeling. In this study, the surface markers of ADSC-Exos were identified, and Exos may be effectively extracted from adipose-derived mesenchymal cells and adipose tissue. After injecting ADSC-Exos into HF rats, it was found that the LVEF, LVFS and SV of rat heart function indices were significantly increased, suggesting that ADSC-Exos could alleviate cardiac function in rats with HF. Sun et al[18] discovered that Exos from MSCs generated from adipose tissue may treat old HF rats, and the mechanism may be due to miR-423-mediated control of 5p in the PI3K/Akt signaling pathway.
ANP is mainly synthesized by the atrium, where it is stored and secreted. ANP levels are frequently elevated in a number of illnesses, including HF, coronary heart disease, and chronic pulmonary obstruction, and elevated concentrations suggest poor prognosis. The findings of this investigation demonstrated that rats in the HF group had considerably higher serum levels of BNP and ANP, and serum BNP and ANP concentrations of rats after ADSCS-Exo intervention were significantly decreased, suggesting that by reducing the serum concentrations of BNP and ANP in HF-prone rats, ADSCS-Exo can enhance cardiac function. Chen and Li[19] showed that rats with HF have significantly higher serum levels of ANP and BNP, which can improve the cardiac function of patients by reducing the levels of ANP and BNP. The heart needs energy metabolism to sustain its typical physiological processes and energy needs because the most direct source of energy for cellular functions is ATP. Some researchers have found that compared that of normal people, ATP in HF patients is significantly reduced by 30%-40%[20]. The findings of this investigation demonstrated that ADSC-Exos can enhance the amount of ATP in HF rat cardiac tissue, demonstrating that when HF occurs, ADSC-Exos can increase the amount of ATP in myocardial tissue and then maintain the energy required for normal myocardial activity by improving the dysfunction of mitochondrial energy metabolism. These results were consistent with the above studies.
The transition from compensatory to decompensatory HF is marked by cardiomyocyte apoptosis, which can be controlled by numerous genes associated with apoptosis, including the pro- and apoptotic protein Bcl-2. Bcl-2 protein family members that have received much research are Bcl-2 and Bax. The Bcl-2 to Bax ratio is highly associated with cell survival or death. By preserving mitochondrial integrity, cytochrome C cannot be released when Bcl-2 is present. By decreasing mitochondrial membrane potential, Bax can cause the release of cytochrome C and certain apoptotic precursors into the cytoplasm, and cytochrome C can form apoptotic bodies by activating APAF-1 and caspase-9. Cytochrome C can induce apoptosis by activating caspase-3 and caspase-7. P53 is a pro-apoptotic transcription factor that can mediate the induction of cardiomyocyte apoptosis and accelerate the progression of HF. When HF occurs, DNA is damaged in cardiomyocytes, and p53 protein is activated, which can accelerate the development of HF by inducing cardiomyocyte apoptosis by upregulating the competitive binding of Bax protein to Bcl-2 and lowering the Bcl-2 to Bax ratio by downregulating the expression of Bcl-2. The results of this study showed that ADSC-Exos could inhibit the expression of Bax, caspase-3 and p53 proteins in cardiac tissue and thereby improve cardiac function by inhibiting cardiomyocyte apoptosis. Sun et al[21] demonstrated that ADSC-Exo treatment can boost the production of the protein Bcl-2 while decreasing the presence of Bax and caspase-3 in cardiomyocytes and upregulate the ratio of Bcl-2/Bax to inhibit cardiomyocyte apoptosis, enhancing heart function in rats suffering from cardiomyocyte apoptosis.

CONCLUSION
In conclusion, our findings suggest that MSC Exos derived from adipose tissue have the potential to improve heart health in rats with HF. This finding is supported by the observed increase in ATP content and improvement in cardiac function parameters, such as LVEF, LVFS, and SV. In addition, the administration of ADSC-Exos was associated with a significant reduction in serum BNP and ANP levels, indicating a potential cardioprotective effect. Furthermore, ADSC-Exo treatment suppressed the expression of proteins involved in apoptosis, including Bax, caspase-3, and p53, while promoting the expression of the anti-apoptotic protein Bcl-2 in cardiac tissue.
These findings imply that ADSC-Exos may prevent cardiomyocyte death and inhibit the progression of HF. The ability of ADSC-Exos to modulate key factors involved in cell survival and apoptosis suggests their potential therapeutic application for treating HF. However, further research is needed to fully understand the underlying mechanisms and to optimize the dosage and administration protocol. Nevertheless, this study provides valuable insights into the potential use of ADSC-Exos as a novel therapeutic strategy for HF.

ARTICLE HIGHLIGHTS
Research background
[bookmark: _Hlk144740035]This paper discusses the significant public health issue of heart failure (HF) and the limited efficacy of current treatment options. It explores the use of digoxin and angiotensin receptor blockers in HF treatment, with conflicting results regarding mortality reduction. The paper introduces mesenchymal stem cells (MSCs), specifically adipose-derived MSCs (ADMSCs), as a potential solution. However, storage and transportation requirements limit their clinical use. Exosomes (Exos), lipid bilayer vesicles secreted by cells, are proposed as an alternative. These Exos can be stored and transported easily and have shown potential in tissue repair, inflammation inhibition, and immune regulation. The aim of the research is to investigate the use of ADMSC Exos for treating HF.

Research motivation
The research motivation of the paper is to address the global public health issue of HF and the limitations of current treatment options. The authors aim to explore the potential of ADMSC Exos as a novel therapy for HF. By investigating the effects of these Exos on heart function, the researchers seek to provide insights into new diagnostic and treatment strategies for chronic HF.

Research objectives
The research objectives of the paper are to review the current state of diagnosis and treatment for chronic HF, explore the potential use of ADMSC Exos as a therapy, investigate the limitations of ADMSCs for clinical use, examine the functions of MSC Exos, and evaluate their effectiveness in treating HF. The ultimate goal is to contribute to the development of more effective diagnostic and treatment strategies for HF.

Research methods
The exogenous surface markers of adipose derived MSCs were found and adipose derived MSCs were cultured.

Research results
The identification of surface markers showed that the surface markers CD44 and CD29 of adipose-derived stem cells (ADSCs) were well expressed, while the surface markers CD45 and CD34 of ADSCs were negative, so the cultured cells were ADSCs. Western blotting detected the Exo surface marker protein, which expressed CD63 protein but did not express calnexin protein, indicating that ADSCs derived Exos were successfully extracted.

Research conclusions
The secretion of MSCs from adipose tissue can increase ATP level, block cardiomyocyte apoptosis, and enhance the heart function of animals susceptible to HF. The inhibition of Bax, caspase-3 and p53 protein expression may be related to this process.

Research perspectives
Current research suggests that HF is a chronic condition caused by neuroendocrine system activation, leading to ventricular remodeling and cardiomyocyte death. Preventing cardiomyocyte apoptosis is crucial in managing HF. Doxorubicin, a chemotherapy drug, can cause heart damage. ADSC Exos have shown potential in promoting heart regeneration and immune regulation. They can inhibit cardiomyocyte apoptosis, alleviate structural remodeling, and improve cardiac function. ADSC Exos may achieve these effects through the PI3K/Akt signaling pathway. Elevated levels of atrial natriuretic peptide (ANP) are associated with HF, and ADSC Exos can reduce ANP and b-type natriuretic peptide concentrations, improving cardiac function. ADSC Exos can also increase ATP content in cardiac tissue to maintain normal myocardial activity. They inhibit the expression of apoptotic proteins while promoting anti-apoptotic protein expression, thus improving cardiac function. Overall, ADSC Exos have therapeutic potential for HF, but further research is needed.
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Figure Legends
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Figure 1 Morphology of adipose-derived stem cells at passage 4 (× 100).
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Figure 2 Detection of cell surface markers by flow cytometry. A: Positive expression of CD44; B: Positive expression of CD44; C: Negative expression of CD45; D: Negative expression of CD34.
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Figure 3 Morphology and protein identification of adipose-derived stem cell-derived exosomes. A: Adipose-derived stem cell (ADSC)-derived exosome morphology seen using transmission electron microscopy (× 15000); B: Surface detection of ADSC-derived exosomes by western blotting. ADSC: Adipose-derived stem cell.
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Figure 4 Hematoxylin and eosin staining of rat myocardial tissue. A: Myocardial tissue of rats in control group; B: Myocardial tissue of rats in heart failure group; C: Myocardial tissue of rats in adipose-derived stem cell-exosome group.
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Figure 5 Comparison of cardiomyocyte apoptosis rate in each group. A: Cardiomyocyte apoptosis rate in control group; B: Cardiomyocyte apoptosis rate in heart failure group; C: Cardiomyocyte apoptosis rate in adipose-derived stem cell-exosome group. Col: Control; HF: Heart failure; ADSCs-Exo: Adipose-derived stem cell-exosome.
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Figure 6 Comparison of ATP content in myocardial tissue of rats in each group. A: Apoptosis rate of cardiomyocytes in three groups of rats; B: ATP content in myocardial tissue of rats in three groups. aP < 0.05 compared with the control group; bP < 0.05 compared with the heart failure group. Col: Control; HF: Heart failure; ADSCs-Exo: Adipose-derived stem cell-exosome.
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Figure 7 Comparison of the protein expression levels of Bcl-2, Bax, caspase-3, and p53 in the myocardial tissue of rats in each group. A: Myocardial tissue protein electrophoresis detection; B: Protein expression levels of Bcl-2; C: Protein expression levels of Bax; D: Protein expression levels of caspase-3; E: Protein expression levels of p53. aP < 0.05 compared with the control group; bP < 0.05 compared with the heart failure group. Col: Control; HF: Heart failure; ADSCs-Exo: Adipose-derived stem cell-exosome.

[bookmark: _Hlk144814290][bookmark: _Hlk144814302]Table 1 Comparison of left ejection fraction, left ventricular fractional shortening and stroke volume in each group (mean ± SD, %)
	Group
	n
	LVEF
	LVFS
	SV

	Control group
	10
	83.26 ± 3.41
	50.01 ± 2.63
	0.27 ± 0.03

	HF group
	10
	40.16 ± 2.37a
	28.65 ± 1.84a
	0.13 ± 0.02a

	ADSCs - exobiology group
	10
	70.85 ± 2.86a,b
	40.27 ± 2.16a,b
	0.22 ± 0.03a,b

	F value
	
	580.8
	229.2
	68.64

	P value
	
	< 0.0001
	< 0.0001
	< 0.0001


aP < 0.05, compared to control group.
bP < 0.05, compared with heart failure group.
ADSC: Adipose-derived stem cells; HF: Heart failure; LVEF: Left ejection fraction; LVFS: Left ventricular fractional shortening; SV: Stroke volume.

[bookmark: _Hlk144814584][bookmark: _Hlk144814595]Table 2 Comparison b-type natriuretic peptide of and atrial natriuretic peptide contents in serum of rats in each group (mean ± SD, pg/mL)
	Group
	n
	BNP
	ANP

	Control group
	10
	153.62 ± 10.42
	123.46 ± 8.11

	HF group
	10
	518.37 ± 15.91a
	326.54 ± 11.42a

	ADSCs - exobiology group
	10
	225.43 ± 13.65a,b
	151.27 ± 9.34a,b

	F value
	
	2044
	1283

	P value
	
	< 0.0001
	< 0.0001


aP < 0.05, compared to control group.
bP < 0.05, compared with heart failure group.
ADSC: Adipose-derived stem cells; HF: Heart failure; BNP: B-type natriuretic peptide; ANP: Atrial natriuretic peptide.
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