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AP39 through AMPK-ULK1-FUNDC1 pathway regulates
mitophagy, inhibits pyroptosis, and improves
doxorubicin-induced myocardial fibrosis

Junxiong Zhao,1,5 Ting Yang,2,3,5 Jiali Yi,4,5 Hongmin Hu,1 Qi Lai,2,3 Liangui Nie,1 Maojun Liu,1 Chun Chu,3,*

and Jun Yang1,6,*
SUMMARY

Doxorubicin inducesmyocardial injury andfibrosis. Still, no effective interventions are available. AP39 is an
H2S donor that explicitly targetsmitochondria. This study investigatedwhether AP39 could improvedoxo-
rubicin-induced myocardial fibrosis. Doxorubicin induced significant myocardial fibrosis while suppressing
mitophagy-related proteins and elevating pyroptosis-related proteins. Conversely, AP39 reverses these
effects, enhancingmitophagy and inhibiting pyroptosis. In vitro experiments revealed that AP39 inhibited
H9c2 cardiomyocyte pyroptosis, improved doxorubicin-induced impairment of mitophagy, reduced ROS
levels, ameliorated themitochondrialmembranepotential, andupregulatedAMPK-ULK1-FUNDC1expres-
sion. In contrast, AMPK inhibitor (dorsomorphin) and ULK1 inhibitor (SBI-0206965) reversed AP39 antag-
onism of doxorubicin-induced FUNDC1-mediated impairment ofmitophagy and secondary cardiomyocyte
pyroptosis. These results suggest that mitochondria-targeted H2S can antagonize doxorubicin-induced
pyroptosis and impairedmitophagy in cardiomyocytes via AMPK-ULK1-FUNDC1 and amelioratedmyocar-
dial fibrosis and remodeling.

INTRODUCTION

Anthracycline antineoplastic drugs such as doxorubicin are first-line agents in oncology treatment. Still, the cardiotoxic effects and fibrosis of

this drug limit its clinical utility. Clinical studies have found that doxorubicin induces congestive heart failure and cardiomyopathy associated

with anthracycline doses.1 Cardiomyocytes are highly susceptible to the effects of anthracyclines, which induce oxidative stress and pro-

grammed cardiomyocyte death, leading to myocardial fibrosis and cardiac dysfunction in mice.2,3 Pyroptosis has recently been identified

as a critical cause of doxorubicin-induced cardiotoxic effects, and cardiomyocyte pyroptosis promotes the progression of myocardial fibrosis

and inflammatory responses.4 Cardiomyocyte pyroptosis is one of the most essential forms of cardiomyocyte injury, and suppressing cardi-

omyocyte pyroptosis has been shown to improve the cardiotoxic effects of doxorubicin.5 Cellular pyroptosis is a crucial target in doxorubicin-

induced cardiomyopathy, but the role of cardiomyocyte pyroptosis in doxorubicin-associated cardiomyopathy and myocardial fibrosis is still

not fully understood.

Mitophagy is a vital cellular activity and phenomenon for mitochondrial quality control, an important means of maintaining a certain num-

ber of healthy mitochondria in cardiomyocytes, and an important regulator of cardiomyocyte fate. Recent studies have found that defects in

mitophagy can be an important cause of myocardial fibrosis.6 In contrast, some studies have found that impairedmitophagy is also an impor-

tant contributor to doxorubicin-induced cardiac injury,7 with the majority of possible causes being related to the high production of reactive

oxygen species and the large accumulation of damaged mitochondria.8,9 Maintaining a moderate level of mitophagy is essential for main-

taining cellular homeostasis and antagonizing the generation of cellular pyroptosis and is a key component in improving the myocardial

fibrosis process.10 Recently, FUNDC1-mediated mitophagy has been found to improve cardiac functional impairment due to lipotoxic car-

diomyopathy by maintaining mitochondrial integrity.11,12 Additionally, FUNDC1-mediated mitophagy can effectively reduce the production

of reactive oxygen species (ROS) and inhibit myocardial fibrosis and cardiomyocyte hypertrophy.13,14 Nonetheless, the relationship between

FUNDC1-mediated mitophagy and doxorubicin-induced cardiomyopathy remains unclear.

H2S (Hydrogen sulfide) is a gas signaling molecule recently discovered and is vital in cardiovascular physiological regulation. Recently, the

myocardial tissue of rats with doxorubicin-induced cardiomyopathy with insufficient endogenous H2S production may lead to cardiomyocyte
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Figure 1. Effect of mitochondria-targeted H2S on H2S in DOX-treated myocardium

(A) Changes in the expression level of endogenous H2S-producing enzyme CSE in rat myocardial tissue and its corresponding semiquantitative analysis by

immunoblotting.

(B) Changes in the expression level of CSE in H9c2 cardiomyocytes and its corresponding semiquantitative analysis.

(C) Changes in H2S content detected in rat myocardial tissue (mmol/g).

(D) Changes in the mitochondrial H2S fluorescence signal detected by the mitochondrial H2S probe. Green fluorescence is the excited state mitochondrial H2S

signal, and red fluorescence is themitochondria. All experiments were independently replicated three times. Data were represented asmeanG SEM. **p < 0.01,

***p < 0.001, **** and p < 0.0001.
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dysfunction and cause or aggravate apoptosis.15 H2S has been found to potentially inhibit the progression of myocardial fibrosis in rats. How-

ever, the underlying mechanism needs to be further elucidated.16 Further studies have found that H2S regulates the SIRT6/AMPK pathway to

regulate autophagy in cardiomyocytes.17 A study found that H2S upregulates the AMPK/mTORpathway to activate autophagy with increased

phosphorylation of ULK1.18

Additionally, the AMPK/ULK1 pathway has been reported to potentially activate FUNDC1-mediated mitophagy.19 Nonetheless, the reg-

ulatory relationship of H2S with the AMPK-ULK1-FUNDC1 pathway is still unclear. AP39 is a targeted mitochondrial H2S donor and a novel

vehicle for specifically studying the effects of H2S on mitochondrial physiological activity. AP39 has been shown to reduce ROS production

without affectingmitochondrial respiratory complexes I and II and preventsmyocardial reperfusion injury.20 AP39 can also increasemitochon-

drial H2S levels, restoremitochondrial membrane potential, improvemitochondrial swelling anddamage causedby high glucose and lipids,21

modulate mitochondrial dynamics to promote mitochondrial fusion effects, and increase cellular bioenergetics and cell viability.22 However,

the impact of AP39 on antineoplastic drug-associated cardiomyopathy and its underlyingmechanisms remain unclear, and further studies are

needed to determine whether there is a regulatory relationship with the AMPK-ULK1-FUNDC1 pathway.

In this study, a ratmodel of doxorubicin-induced cardiomyopathywas established to performmolecular biological and pathological assays

on rat myocardium after intraperitoneal injection using AP39 and in vitro culture H9c2 cardiomyocytes for molecular biological assays after

corresponding drug intervention. This study revealed the effects of mitochondria-targeted H2S on mitophagy, the AMPK-ULK1-FUNDC1

pathway, and cardiomyocyte pyroptosis in doxorubicin-induced cardiomyopathy. This study provides new potential targets for antitumor

drug-associated cardiomyopathy and myocardial fibrosis prevention and contributes to regulating mitochondrial physiological functions

by H2S.

RESULTS

AP39 promotes mitochondrial H2S production in cardiomyocytes

The expression of CSE, a key enzyme for endogenous H2S production, was examined using western blot and myocardial H2S content de-

tected by a H2S assay kit to investigate the effect of AP39 in the production of H2S in rat cardiomyocytes. The expression of CSE (p =

0.0005) (Figure 1A) and myocardial H2S content (Figure 1C) was significantly decreased in the DOX group compared with the control group.

Additionally, CSE (p = 0.0003) was significantly upregulated in the DOX+AP39 group compared with the DOX group after the AP39 interven-

tion. At the same time, PAG blocked the upregulation of CSE (p < 0.0001) and myocardial H2S content by AP39. Still, the difference between

the control, AP39, and DMSO groups was insignificant.

A mitochondrial H2S fluorescence probe was used to detect changes in mitochondrial H2S production in H9c2 cardiomyocytes to further

investigate the effect of AP39 on mitochondrial H2S production in cardiomyocytes. The mitochondrial H2S fluorescence signal was signifi-

cantly weaker in the DOX group than in the control group, and the mitochondrial H2S fluorescence signal was significantly enhanced in

the DOX+AP39 group compared to the DOX group. In contrast, the DOX+AP39+PAG group showed a significant decrease in H2S fluores-

cence signal compared to the DOX+AP39 group (Figure 1D). The expression of CSE in H9c2 cardiomyocytes was also detected using western

blot. The CSE (p < 0.0001) protein expression was reduced in the DOX group compared to the control group. The CSE (p < 0.0001) protein

expression was significantly upregulated in the DOX+AP39 group compared to the DOX group. PAG reversed the aforementioned changes

in the DOX+AP39 group. In contrast, there was no significant statistical difference between the control, AP39, and DMSO groups. The afore-

mentioned in vivo and in vitro experiments showed that DOX decreasedmitochondrial H2S production in cardiomyocytes. At the same time,

AP39 increased mitochondrial H2S production and upregulated CSE expression in cardiomyocytes.

AP39 ameliorates doxorubicin-induced myocardial fibrosis

Collagen- and fibrosis-related protein or RNA expression was detected usingMasson staining, immunohistochemistry, real time quantitative

polymerase chain reaction (RT-qPCR), and western blot to investigate the effect of AP39 on doxorubicin-induced myocardial fibrosis in rats.

Compared to the control group, the DOX group showed disturbed myocardial fiber arrangement, structural disorders (Figure 2A), signifi-

cantly increased myocardial collagen volume fraction (p < 0.0001) (Figures 2C and 2D), and significantly increased collagen III immunohisto-

chemical-positive area (p < 0.0001) (Figures 2B–2E). In addition, it notably upregulated Col2a1mRNA expression (p < 0.0001) (Figure 2F) and

significantly upregulated collagen III (p < 0.0001), a-SMA (p = 0.0004), MMP8 (p < 0.0001), MMP13 (p < 0.0001), and TIMP1 (p = 0.0023) protein

expression (Figures 2G–2L).

In the DOX+AP39 group, compared to the DOX group, myocardial fiber structure was normal, myocardial fibers were more neatly

arranged, collagen volume fraction was reduced (p < 0.0001), and collagen III immunohistochemistry-positive area (p = 0.0097) was
iScience 27, 109321, April 19, 2024 3



Figure 2. Effect of targeted mitochondrial H2S on the structure and fibrosis of DOX-treated rat myocardial tissue

(A) HE staining of rat myocardial tissue, pink is the cytoplasm, blue part is the nucleus (Scale bar: 20 mm).

(B) Immunohistochemical staining results of collagen III of rat myocardial tissue, yellow part is collagen III positive (Scale bar: 20 mm).

(C) Masson staining of rat myocardial tissue, the blue part is collagen fiber (Scale bar: 20 mm).

(D) Calculated results of the collagen volume fraction of rat myocardial tissue in each group.

(E) Calculated results of collagen III immunohistochemistry of rat myocardial tissue in each group.

(F) Changes in the mRNA expression levels of Col2a1.

(G–L) Changes in collagen III, a-SMA, MMP13, MMP8, and TIMP1 protein expression levels in rat myocardial tissue and corresponding semiquantitative analysis

results. Data were represented as mean G SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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significantly reduced. In addition, the mRNA expression of Col2a1 (p < 0.0001) was greatly downregulated, and the expression of

collagen III (p = 0.0029), a-SMA (p = 0.0004), MMP8 (p < 0.0001), MMP13 (p < 0.0001), and TIMP1 (p = 0.0023) proteins was downregu-

lated. In contrast, the DOX+AP39+PAG group reversed these changes in the DOX+AP39 group. The aforementioned results suggest

that mitochondria-targeted H2S ameliorates doxorubicin-induced myocardial fibrosis and reduces collagen synthesis and extracellular

matrix deposition in rats.
4 iScience 27, 109321, April 19, 2024



Table 1. Ultrasound-related data for each group of rats

Group Number LVEDd (mm) LVESd (mm) LVFS (%)

Control 10 5.01 G 0.42 2.42 G 0.16 51.42 G 4.38

DOX 7 5.63 G 0.63* 3.27 G 0.61* 39.94 G 8.56*

DOX+AP39 8 4.96 G 0.27# 2.51 G 0.25# 50.69 G 2.96#

DOX+AP39+PAG 7 5.42 G 0.39 3.19 G 0.41$ 39.01 G 5.10$

AP39 10 4.95 G 0.31 2.56 G 0.15 48.24 G 2.02

DMSO 10 4.89 G 0.35 2.50 G 0.13 48.69 G 2.30

LVEDd, left ventricular end-diastolic dimension; LVESd, left ventricular end-systolic diameter; LVFS, left ventricular fractional shortening.

*p < 0.05 vs. Control; #p < 0.05 vs. DOX; $p<0.05 vs. DOX+AP39.
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AP39 improves cardiac function and myocardial remodeling in rats with doxorubicin-induced cardiomyopathy

The structure and cardiac function of the heart weremeasured using color Doppler ultrasound to investigate the effect of AP39 on the function

and structure of the heart in rats with doxorubicin-induced myocardial fibrosis. The heart weight (HW) and body weight (BW) of the rats were

weighed, and HW/BW values were calculated.

The results showed that the left ventricular end-systolic diameter (LVESd) (p < 0.0001), left ventricular end-diastolic diameter (LVEDd) (p =

0.0338), and HW/BW values (p < 0.0001) were significantly increased. Left ventricular fractional shortening (LVFS) (p < 0.0001) values were

significantly decreased in the DOX group compared to the control group. At the same time, LVESd (p = 0.0003), LVEDd (p = 0.0276) (Table 1;

Figure 3), and HW/BW (p = 0.0002) values (Table 2) were significantly decreased, and LVFS (p = 0.0004) values increased in the DOX+AP39

group compared to the DOX group after the AP39 intervention.

Rats in the DOX+AP39+PAG group showed an increase in LVESd (p = 0.0014) and HW/BW (p = 0.0009) values and a decrease in LVFS

(p < 0.0001) values compared to the DOX+AP39 group. The LVEDd (p = 0.3063) increased but was not statistically significant. At the same

time, the differences between the control, AP39, and DMSO groups were not statistically significant. The aforementioned results suggest

that doxorubicin may cause structural changes in the left ventricle and impair cardiac function. At the same time, AP39 may improve doxo-

rubicin-induced impairment of cardiac function and alleviate the development of cardiac remodeling. PAGmay interrupt the aforementioned

protective effect of AP39 and worsen cardiac function, resulting in myocardial remodeling.

AP39 reduces doxorubicin-induced cardiomyocyte pyroptosis

Western blot was used to detect changes in the expression of propyroptosis proteins in H9c2 cardiomyocytes and to investigate the effect of

AP39 on the pyroptosis of H9c2 cardiomyocytes after doxorubicin treatment. The expression of GSDMD-N (p < 0.0001), NLRP3 (p < 0.0001),

cleaved-caspase1/caspase1 (p < 0.0001), and IL-1b (p = 0.0006) proteins was significantly increased in the DOX group compared with the

control group (Figures 4D and 4I–4L). GSDMD-N (p < 0.0001), NLRP3 (p < 0.0001), cleaved-caspase1/caspase1 (p < 0.0001), and IL-1b

(p < 0.0001) protein expression was significantly downregulated in the DOX+AP39 group compared with the DOX group. The DOX+AP39+

PAG group reversed the aforementioned changes in the DOX+AP39 group, and the differences between the control, AP39, and DMSO

groups were not statistically significant.

Western blot and RT-qPCR were used to explore the changes in the expression of pyroptosis-related markers in rat myocardial tissues in

animal experiments and to investigate the effect of AP39 on the pyroptosis of doxorubicin-intervened rat cardiomyocytes. Comparedwith the

control group, the expression of NLRP3 (p = 0.0001), GSDMD-N (p = 0.0163), cleaved-caspase1/caspase1 (p = 0.0071), and IL-1b (p < 0.0001)

proteins was significantly upregulated (Figures 4C and 4E–4H). Additionally, the mRNA expression of GSDMD (p < 0.0001) and IL-1b

(p < 0.0001) was significantly increased (Figures 4K and 4L) in the DOX group. The expression of NLRP3 (p = 0.0001), GSDMD-N (p =

0.0062), cleaved-caspase1/caspase1 (p = 0.0003), and IL-1b (p = 0.0003) was significantly downregulated. The mRNA expression of GSDMD

(p < 0.0001) and IL-1b (p < 0.0001) was also significantly decreased (Figures 4A and 4B) in the DOX+AP39 group compared to the DOX group.

PAG reversed the aforementioned changes in the DOX+AP39 group, and the differences between the control group and the AP39 and

DMSO groups were not statistically significant. The aforementioned results suggest that cardiomyocyte pyroptosis was an important factor

in doxorubicin-induced myocardial fibrosis, and AP39 could inhibit the development of doxorubicin-induced myocyte pyroptosis.

AP39 ameliorates mitochondrial dysfunction by upregulating FUNDC1-mediatedmitophagy to inhibit doxorubicin-induced

cardiomyocyte pyroptosis

Changes in mitophagy levels in H9c2 cardiomyocytes were detected using western blot to investigate the effect of mitophagy in H9c2

cardiomyocytes of AP39. Compared with the control group, LC3II/I (p = 0.0002), FUNDC1 (p < 0.0001), and beclin1 (p < 0.0001) protein

expression was significantly downregulated, and P62 (p < 0.0001) was significantly upregulated in the DOX group (Figures 5A–5E). Compared

with the DOX group, LC3II/I (p < 0.0001), FUNDC1 (p = 0.0108), and beclin1 (p < 0.0001) protein expression was significantly upregulated, and

P62 (p < 0.0001) was significantly downregulated in the DOX+AP39 group. Compared with the DOX+AP39 group, FUNDC1-mediated

mitophagy-related protein expression levels were significantly downregulated in the DOX+AP39+PAG group, with no significant statistical

differences between the control, AP39, and DMSO groups.
iScience 27, 109321, April 19, 2024 5



Figure 3. Effect of mitochondria-targeted H2S on cardiac ultrasound in rats after DOX intervention

Groups: control, DOX, DOX+AP39, DOX+AP39+PAG, AP39, and DMSO.
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The effect of AP39 on mitochondrial membrane potential and oxidative stress levels in H9c2 cardiomyocytes was explored using the JC1

mitochondrial membrane potential probe and the ROS probe. Compared with the control group, the green fluorescent signal of JC-1

increased, the red fluorescent signal decreased (Figure 5F), and the green fluorescent signal of ROS increased significantly in H9c2 cardio-

myocytes in the DOX group (Figure 5F). Compared with the DOX group, the green fluorescence signal of JC-1 weakened, the red fluores-

cence signal increased, and the green fluorescence signal of ROS weakened in the DOX+AP39 group.

Transmission electron microscopy was used to observe microstructural changes in mitochondria and myocardial tissue to investigate the

effect of AP39 on mitophagy in rat myocardium after doxorubicin intervention. Western blot and RT-qPCR were used to detect changes in

mitophagy-relatedmarkers in rat cardiac tissue. Compared with the control group, the mitophagy phenomenon decreased significantly (Fig-

ure 6G). The expression of LC3II/I (p = 0.0040), beclin1 (p = 0.0024), and FUNDC1 (p < 0.0001) decreased, and that of P62 (p < 0.0001) protein

and P62mRNA (p < 0.0001) increased significantly in the DOX group (Figures 6A–6F). LC3II/I (p = 0.0056), beclin1 (p = 0.0025), and FUNDC1

(p = 0.0242) expression was significantly increased, and P62 (p = 0.0003) protein and P62 mRNA (p < 0.0001) expression was significantly

decreased in the DOX+AP39 group compared with the DOX group. Meanwhile, the mitophagy phenomenon was significantly increased,

but the changes in the DOX+AP39 group were reversed in the DOX+AP39+PAG group. There was no significant statistical difference be-

tween the control, AP39, and DMSO groups.

AP39 activates FUNDC1-mediated mitophagy via AMPK–ULK1 to ameliorate cardiomyocyte pyroptosis

The interaction among proteins was explored using STRING (https://cn.string-db.org/, Organisms:Homo sapiens) to investigate the effect of

AP39 on the regulation of the AMPK–ULK1 pathway and FUNDC1-mediated mitophagy and cardiomyocyte pyroptosis. According to the
6 iScience 27, 109321, April 19, 2024
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Table 2. Heart weight, body weight, and HW/BW value for each group of rats

Group Number BW (g) HW (mg) HW/BW

Control 10 254.70 G 16.15 688.00 G 45.14 2.71 G 0.29

DOX 7 227.90 G 9.81* 769.90 G 111.80 3.37 G 0.38*

DOX+AP39 8 244.50 G 14.70# 678.80 G 63.78 2.78 G 0.18#

DOX+AP39+PAG 7 222.70 G 1 0.92$ 736.90 G 67.62 3.31 G 0.22$

AP39 10 255.50 G 17.23 677.00 G 43.69 2.65 G 0.11

DMSO 10 250.10 G 20.50 651.90 G 48.79 2.61 G 0.17

BW, body weight; HW, heart weight; HW/BW, heart weight/body weight.

*p < 0.05 vs. Control; #p < 0.05 vs. DOX; $p<0.05 vs. DOX+AP39.
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STRING database, there may be an interaction between ULK1 and FUNDC1. There may also be direct interactions among AMPK, ULK1, and

FUNDC1 (Figure 7C). Therefore, a western blot was used to detect the protein expression of the AMPK-ULK1 pathway in animal experiments.

The expression of P-AMPK/AMPK (p < 0.0001) and P-ULK1/ULK1 (p = 0.0028) was reduced in themyocardial of theDOXgroup comparedwith

the control group (Figures 7A and 7D–7E). The expression of P-AMPK/AMPK (p < 0.0001) and P-ULK1/ULK1 (p = 0.0011) was significantly up-

regulated in the DOX+AP39 group compared with the DOX group. At the same time, PAG reversed the trend of AMPK–ULK1 pathway pro-

teins in the DOX+AP39 group.

Similar changes were found in the in vitro experiments. Compared with the control group, the P-AMPK/AMPK (p < 0.0001) and P-ULK1/

ULK1 (p = 0.0028) values of H9c2 cardiomyocytes in the DOX group were significantly decreased. In contrast, the P-AMPK/AMPK (p < 0.0001)

and P-ULK1/ULK1 (p = 0.0011) values in the DOX+AP39 group were significantly increased in the DOX+AP39 group. Meanwhile, PAG could

inhibit the aforementioned effects in the DOX+AP39 group. There was no statistically significant difference between the control, AP39, and

DMSO groups (Figures 7B and 7F–7G).

We further revealed the relationship between AP39 and the AMPK-ULK1 pathway and FUNDC1-mediated mitophagy and pyroptosis. The

AMPK inhibitor dorsomorphin and theULK1 inhibitor SBI-0206965were used in in vitro experiments to investigate whether AP39 could regulate

FUNDC1-mediatedmitophagy through theAMPK-ULK1pathwayand inhibit doxorubicin-inducedcardiomyocytepyroptosis. Theexpressionof

P-AMPK/AMPK (Dor: p < 0.0001; SBI-6965: p < 0.0001) and P-ULK1/ULK1 (Dor: p = 0.0007; SBI-6965: p = 0.0001) decreased significantly in the

DOX+AP39+Dor (Figures 8C and 8D) and DOX+AP39+SBI-6965 groups (Figures 9C and 9D) compared with the DOX+AP39 group. FUNDC1-

mediatedmitophagy was suppressed. LC3II/I (Dor: p < 0.0001; SBI-6965: p < 0.0001), FUNDC1 (Dor: p = 0.0003; SBI-6965: p = 0.0023), and be-

clin1 (Dor: p<0.0001;SBI-6965:p<0.0001)proteinswere significantlydownregulated (Figures 8Aand8E–8H; Figures 9Aand9E–9H). In contrast,

the expression of P62 (Dor: p = 0.0391; SBI-6965: p = 0.0126) protein was upregulated, and the expression of GSDMD-N (Dor: p < 0.0001; SBI-

6965: p = 0.0096), cleaved-caspase1/caspase1 (Dor: p < 0.0001; SBI-6965: p < 0.0001), IL-1b (Dor: p = 0.0037; SBI-6965: p < 0.0001), and NLRP3

(Dor: p < 0.0001; SBI-6965: p = 0.0004) was significantly upregulated (Figure 8B and 8I–8L; Figure 9B and 9I–9L). These results suggest thatmito-

chondria-targeted H2S can regulate the AMPK-ULK1 pathway and FUNDC1-mediated mitophagy to inhibit cardiomyocyte pyroptosis.
DISCUSSION

H2S is an important member of gaseous signaling molecules and has been found to have anti-myocardial fibrosis effects. Cardiotoxic effects

caused by doxorubicin limit the prognosis of cancer patients. Mitochondria are the energy metabolism center of cells, and damaged mito-

chondria are an essential contributor to the cardiotoxicity of doxorubicin. Further investigation of the effect of the gas signaling molecule

mitochondrial-targetedH2S on FUNDC1-mediatedmitophagy on cardiomyocyte pyroptosis is critical for understanding themolecularmech-

anisms of anthracycline-inducedmyocardial fibrosis and the cardiovascular physiological mechanisms of action of H2S. Doxorubicin andmito-

chondria-targeted H2S through ex vivo experiments in this study were administered to reveal the effects and molecular mechanisms of mito-

chondria-targeted H2S on doxorubicin-induced myocardial fibrosis. Mitochondria-targeted H2S reduced doxorubicin-induced collagen fiber

synthesis and inhibited the expression of pyroptosis synthesis proteins in rats and H9c2 cardiomyocytes. It was accompanied by the upregu-

lation of FUNDC1-associatedmitophagy proteins, improvedmitochondrial membrane potentials, and reduced ROS. This study will provide a

new therapeutic strategy for the clinical intervention of anthracycline cardiotoxicity and a new theoretical basis for regulating doxorubicin-

induced cardiomyopathy by mitochondria-targeted H2S.

Myocardial fibrosis is a critical end-stage pathological change in a wide range of cardiovascular events, often leading to irreversible heart

failure in the later stages of the disease and severely limiting the quality of life and long-term prognosis of patients.23 Doxorubicin improves

the 5-year survival rate of patients with malignant tumors. However, it is limited by its dose-dependent cardiotoxic effects, and myocardial

fibrosis is the main pathological feature of doxorubicin-induced cardiomyopathy.24 Therefore, suppressing the progression of fibrosis is

crucial to improving the prognosis of patients with cardiovascular disease and the cardiotoxic effects of anti-cancer drugs.25 Inhibition of

myocardial fibrosis improves doxorubicin-induced cardiac injury and dysfunction.26 In this study, doxorubicin significantly enhanced myocar-

dial fibrosis, and the expression of collagen III, a-SMA, MMP3, MMP8, and TIMP1 proteins was upregulated in myocardial tissue.

Combined with cardiac ultrasound data and HW/BW values, the DOX group degraded cardiac function and remodeling, while mitochon-

dria-targeted H2S significantly improved doxorubicin-induced fibrosis and cardiac function. Meanwhile, our previously published results
iScience 27, 109321, April 19, 2024 7



Figure 4. Effect of mitochondria-targeted H2S on doxorubicin-induced cardiomyocyte pyroptosis

(A) Relative mRNA expression of IL-1b.

(B) Relative mRNA expression of GSDMD.

(C, E–H) Effect of AP39 on NLRP3, Clv-caspase1, caspase1, IL-1b, and GSDMD-N protein expression in rat myocardial tissue after doxorubicin intervention, and

corresponding semiquantitative analysis.

(D, I–L) The effect of AP39 on NLRP3, Clv-caspase1, caspase1, IL-1b, and GSDMD-N protein expression in H9c2 cardiomyocytes after doxorubicin intervention.

The above results were replicated independently three times. Data were represented as mean G SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Figure 5. Effect of mitochondria-targeted H2S on FUNDC1-mediated mitophagy, mitochondrial membrane potential, and ROS

(A–E) Effect of AP39 on FUNDC1, P62, LC3II/I, and beclin1 protein expression in H9c2 cardiomyocytes after DOX intervention and corresponding

semiquantitative analysis.

(F) First to third line: Effect of AP39 with DOX intervention on H9c2 mitochondrial membrane potential. Red fluorescence indicates healthy mitochondrial

membrane potential, and green fluorescence indicates reduced/impaired mitochondrial membrane potential. Fourth line: Effect of AP39 on ROS production

in H9c2 cardiomyocytes after DOX intervention. Green fluorescence indicates ROS positivity. The above results were independently repeated three times.

Data were represented as mean G SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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showed that H2S inhibited doxorubicin-induced myocardial fibrosis and cardiomyocyte apoptosis,27 which is also consistent with the present

study. The results of the present study found that doxorubicin could lead to cardiomyocyte damage and cardiac fibrotic repair, leading to

cardiac remodeling and impaired cardiac function in rats, ultimately leading to a poor prognosis in patients treatedwith anthracycline chemo-

therapy. In contrast, mitochondria-targeted H2S could improve myocardial remodeling and myocardial fibrosis induced by doxorubicin and

reduce the cardiotoxic effects of doxorubicin. To some extent, mitochondria-targeted H2S could preserve damaged cardiac heart function,

and inhibiting pathological myocardial remodeling minimizes the incidence of myocardial fibrosis.

Cell pyroptosis can be induced by recruiting NLRP3 inflammatory vesicles and activating caspase1 to activate inflammatory factors, such as

IL-1b, after cell injury. After that, the cleavage of GSDMD proteins causes the formation of cell membrane pore channels. Recent studies have

found that cardiomyocyte pyroptosis is an essential contributor to the development of cardiomyopathy, and that NLRP3/caspase1-mediated

cardiomyocyte pyroptosis promotes the development of myocardial fibrosis.28 In doxorubicin-induced myocardial damage and myocardial

fibrosis, doxorubicin could induce pyroptosis and promote myocardial fibrosis and myocardial remodeling, leading to the deterioration of car-

diac function.29,30 In this study, doxorubicin caused a significant increase in the expression of NLRP3, GSDMD-N, cleaved-caspase1/caspase1,

and IL-1b. In vitro studies have also found that doxorubicin increased the expression of H9c2 cardiomyocyte pyroptosis-related proteins.

Doxorubicin was found to bind directly to GSDMD and to promote GSDMD-N-mediated cardiomyocyte pyroptosis. This process directly

affects damaged mitochondria and cardiomyocytes, possibly the primary mechanism of doxorubicin-induced cardiotoxicity and cardiomy-

opathy.31 The aforementioned findings suggest that doxorubicin inhibits and kills tumor cells while also causing a toxic response and toxic

effect on cardiomyocytes, and that inflammatory response-related cardiomyocyte pyroptosismay be an important factor in cardiotoxicity dur-

ing doxorubicin use. Cardiocyte pyroptosis may be an essential target for intervention in antitumor drug-associated cardiomyopathy.

Mitophagy is an essential cellular physiological activity in response to stress or injury by degrading damaged mitochondria to remove

excess metabolic waste and using the absorbed mitochondria as raw materials for cellular synthesis and metabolism. Defective mitophagy

has been shown to lead to the development of cardiomyopathy and myocardial fibrosis,12,32 and FUNDC1 is a vital regulator of mitophagy

andmitochondrial dynamics.33 Defectivemitophagy is also an important factor in the cardiotoxicity andmyocardial injury of doxorubicin, and

preserving impaired mitophagy alleviates doxorubicin-induced cardiac dysfunction.34,35 The imbalance of mitophagy will lead to mitochon-

drial damage or failure to remove toxins promptly, accumulation of harmful metabolites, increased production of reactive oxygen species,

and mitochondrial dysfunction, finally leading to cellular pyroptosis.36,37 However, the role of FUNDC1-mediated mitophagy and pyroptosis

in the development of cardiomyopathy has not been elucidated. This study found a decreased ratio of mitophagy markers, such as FUNDC1,

LC3II/I, and beclin1, due to the decrease of LC3II produced by ubiquitination of LC3I. Autophagy substrate P62 accumulation was found after

doxorubicin intervention.

To some extent, LC3II/I indicated the degree of LC3 activity. Doxorubicin induced a decrease in FUNDC1-mediated mitophagy. In addi-

tion, it also caused a reduction in mitochondrial membrane potential and an accumulation in oxidative stress, along with a significant increase

in the expression of pyroptosis formation proteins. In contrast, mitochondria-targeted H2S increased FUNDC1-mediated mitophagy, allevi-

ated the decrease in mitochondrial membrane potential, reduced oxidative stress, and decreased pyroptosis protein expression in cardio-

myocytes. These results suggest that impaired FUNDC1-mediated mitophagy is a vital mechanism for the cardiotoxic effects of doxorubicin.

These results also suggest that mitochondrial-targeted H2S can upregulate FUNDC1-mediated mitophagy, preserve mitochondrial function,

restore impaired mitochondrial membrane potential, reduce oxidative stress, and reduce cardiomyocyte pyroptosis.

The AMPK-ULK1 pathway is a crucial pathway for autophagy regulation. AMPK can directly activate ULK1, induce the formation of ATG

complexes and autophagosomes downstream of autophagy, regulate autophagy in response to energy changes and nutrient signaling,

and activate the AMPK-ULK1 signaling pathway-mediated autophagy, inhibiting the development of myocardial fibrosis.38,39 Chen et al.40

found that AMPK-ULK1-mediated protective autophagy reduced doxorubicin-induced myocardial injury and alleviated myocardial fibrosis

while reducing cardiomyocyte apoptosis. In this study, doxorubicin caused a decrease in AMPK and ULK1 protein phosphorylation in rat

myocardial tissue and H9c2 cardiomyocytes, accompanied by a reduction in FUNDC1-mediated mitophagy protein expression. However,

the role of the AMPK-ULK1 pathway and FUNDC1-mediatedmitophagy in doxorubicin-induced cardiomyopathy remains unclear. This study

identified a direct interaction between ULK1 and FUNDC1 in the STRING protein interaction database. The subsequent addition of AMPK, a

ULK1 inhibitor, to the study revealed that the corresponding downstream protein expression levels decreased with the inhibition of

AMPK-ULK1-FUNDC1 pathway protein expression. This was accompanied by a decrease in mitophagy protein expression levels and an in-

crease in pyroptosis protein expression.

Additionally, ULK1 was found to regulate mitochondrial function and inhibit cellular pyroptosis, and ULK1-ubiquitinated degradation, or

ULK1 deficiency, impaired mitochondrial ROS clarity and induced cellular inflammatory vesicle-dependent cellular pyroptosis.41 In contrast,

Cai et al.42 found that the AMPK-ULK1-FUNDC1 axis-mediated mitophagy preserved mitochondrial function and normalized mitochondrial

fusion and division, thereby reducing myocardial ischemia-reperfusion injury. All of these studies support the results of the present study and
10 iScience 27, 109321, April 19, 2024
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Figure 6. Effect of mitochondria-targeted H2S on mitophagy in rat myocardial tissue after DOX intervention

(A–E) Effect of AP39 on FUNDC1, P62, LC3II/I, and beclin1 protein expression in rat myocardial after DOX intervention and corresponding semiquantitative

analysis.

(F) Relative mRNA expression of P62. The above results were independently repeated three times.

(G) Transmission electron microscopy observation of microstructural changes in rat myocardial tissue. The ‘‘6’’ shows severely damaged mitochondria. The part

indicated by the black arrow is mitophagy (Scale bar: 2 mm, enlarge: 1 mm). Data were represented as mean G SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and

****p < 0.0001.
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further suggest that AMPK-ULK1-FUNDC1, a novel mitophagy regulatory pathway, may inhibit themyocardial pyroptosis process andmay be

a new target for antineoplastic drug-associated cardiomyopathy.

In recent years, H2S has been a newly discovered third gas-signaling molecule. Since CSE, a key enzyme for H2S production, is widely ex-

pressed in the heart, it may be an essential endogenous regulator of the cardiovascular system. In the present study, doxorubicin caused a

decrease in H2S content and impaired CSE production in rat myocardial tissues. Doxorubicin also reduced mitochondrial H2S levels and

endogenous H2S synthesis in H9c2 cardiomyocytes. In contrast, mitochondria-targeted H2S could somewhat alleviate the dysfunctional

CSE synthesis induced by doxorubicin and target the enhancement of mitochondrial H2S production in H9c2 cardiomyocytes. H2S can antag-

onize the production of collagen fibers and the extracellular matrix in myocardial tissue and suppress the development of myocardial

fibrosis.43 Our previously published study also showed that H2S could inhibit doxorubicin-induced myocardial fibrosis in rats, but the exact

mechanism is unclear.44 This study found that mitochondria-targeted H2S inhibited doxorubicin-induced myocardial fibrosis and reduced

collagen synthesis and extracellular matrix deposition, similar to our previous study.27

Further studies found thatmitochondria-targetedH2S reduced theoccurrenceof doxorubicin-inducedmyocardial cell pyroptosis, reduced

cell necrosis and myocardial injury, and improved cardiac function to some extent. Kar et al.45 also found that H2S inhibited the occurrence of

myocardial cell pyroptosis, improved cardiac function, and inhibitedmyocardial remodeling and cardiomyopathy.Mitochondria-targetedH2S
Figure 7. Effect of mitochondria-targeted hydrogen sulfide on the AMPK-ULK1-FUNDC1 pathway

(A, D, and E) Effect of AP39 on protein expression levels of AMPK, P-AMPK, ULK1, and P-ULK1 in rats myocardial, and the corresponding semiquantitative analysis

of P-ULK1/ULK1 and P-AMPK/AMPK.

(B, F, and G) Effect of AP39 on protein expression levels of AMPK, P-AMPK, ULK1, and P-ULK1 in the H9c2 cell line, and the corresponding semiquantitative

analysis of P-ULK1/ULK1 and P-AMPK/AMPK. C: Analysis of interactions among ULK1, FUNDC1, and AMPK in the STRING database. The above results were

replicated independently three times. Data were represented as mean G SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Figure 8. Effect of AMPK inhibitor (dorsomorphin) on AMPK-ULK1-FUNDC1 pathway-mediated mitophagy and pyroptosis in H9c2 cardiomyocytes

(A, E–H) Effect of AP39 and dorsomorphin on FUNDC1, P62, LC3II/I, beclin1 protein expression levels, and the corresponding semiquantitative analysis.

(B, I–L) Effect of AP39 and dorsomorphin on the expression levels of NLRP3, Clv-caspase1, caspase1, IL-1b, GSDMD-N, and the corresponding semiquantitative

analysis.

(C, D) Effect of AP39 and dorsomorphin on protein expression levels of AMPK, P-AMPK, ULK1, P-ULK1, and the corresponding semiquantitative analysis of

P-ULK1/ULK1 and P-AMPK/AMPK. The above results were replicated independently three times. Data were represented as mean G SEM. *p < 0.05,

**p < 0.01, ***p < 0.001, and ****p < 0.0001.
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upregulated AMPK1-ULK1-FUNDC1-mediated mitophagy and alleviated the reduction of mitochondrial membrane potential in H9c2

cardiomyocytes while reducing ROS generation, thus inhibiting the occurrence of cardiomyocyte pyroptosis. The modulation of the

AMPK1-ULK1-FUNDC1pathway bymitochondria-targetedH2S has not been reported in the present study after treatmentwith dorsomorphin

(AMPK inhibitor), SBI-0206965 (ULK1 inhibitor), alongwith the administrationofmitochondrial-targetedH2S. In contrast, thedownregulationof

the expression levels of signaling pathways downstreamof the AMPK-ULK1-FUNDC1pathway and decreased FUNDC1-mediatedmitophagy

levels were observed, while cell pyroptosis increased.

Additionally, PAG (an endogenous H2S-producing enzyme inhibitor) administration along with mitochondrial-targeted H2S inhibited

AMPK1-ULK1-FUNDC1 pathway-mediated mitophagy levels, leading to increased expression of pyroptosis in animal experiments and

increasing doxorubicin-induced myocardial fibrosis. H2S has been shown to promote mitophagy, reduce mitochondrial fragmentation
iScience 27, 109321, April 19, 2024 13



Figure 9. Effect of ULK1 inhibitor (SBI-0206965) on AMPK-ULK1-FUNDC1 pathway-mediated mitophagy and pyroptosis in H9c2 cardiomyocytes

(A, E–H) Effects of AP39 and SBI-0206965 on the expression levels of FUNDC1, P62, LC3II/I, beclin1 proteins, and the corresponding semiquantitative analysis.

(B, I–L) Effects of AP39 and SBI-0206965 on NLRP3, Clv-caspase1, caspase1, IL-1b, GSDMD-N protein expression levels, and the corresponding semiquantitative

analysis.

(C, D) Effect of AP39 and SBI-0206965 on AMPK, P-AMPK, ULK1, and P-ULK1 protein expression levels, and the corresponding semiquantitative analysis of

P-ULK1/ULK1 and P-AMPK/AMPK. The above results were replicated independently three times. Data were represented as mean G SEM. *p < 0.05,

**p < 0.01, ***p < 0.001, and ****p < 0.0001.
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and ROS generation, and enhance mitochondrial respiratory chain activity, thereby facilitating myocardial injury.46,47 Furthermore,

impaired H2S production leads to defective ULK1-dependent autophagy activation,48 all of which correspond to our findings. These

findings suggest that mitochondria-targeted H2S could regulate AMPK1-ULK1-FUNDC1 pathway-mediated mitophagy levels, alleviate

doxorubicin-induced dysfunctional mitochondrial membrane potential and ROS production, and inhibit cardiomyocyte pyroptosis.

Additionally, mitochondria-targeted H2S may be an essential target for mitochondria-targeted H2S to ameliorate doxorubicin-induced

myocardial fibrosis.
14 iScience 27, 109321, April 19, 2024
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Conclusion

Our results suggest that defective AMPK1-ULK1-FUNDC1 pathway-mediated mitophagy could lead to mitochondrial dysfunction and

cause cardiomyocyte pyroptosis. This process may be one of the essential mechanisms of doxorubicin-induced myocardial fibrosis and

cardiotoxic effects. Mitochondria-targeted H2S could increase mitochondrial H2S production, upregulate AMPK-ULK1-FUNDC1-medi-

ated mitophagy, inhibit cardiomyocyte pyroptosis and myocardial fibrosis, and improve mitochondrial and cardiac functions and

myocardial remodeling. This study will provide new targets and strategies for preventing and treating the cardiotoxicity of antineo-

plastic anthracycline drugs and further reveal the intrinsic mechanism of antagonism of myocardial fibrosis by targeted gas signaling

molecules.

Limitations of the study

However, this study still has many shortcomings. For instance, the small sample amount and experimental repetitions lack further exploration

of the process of mitochondrial-targeted H2S activation of FUNDC1-mediated mitophagy. In future works, we will increase the sample

amount and experimental repetitions to further explore such issues.
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Anti-CSE Proteintech Cat# 12217-1-AP, RRID:AB_2087497

Anti-a-SMA Proteintech Cat# 14395-1-AP, RRID:AB_2223009

Anti-CollagenIII Proteintech Cat# 22734-1-AP, RRID:AB_2879158

Anti-MMP8 Proteintech Cat# 17874-1-AP, RRID:AB_2144582

Anti-MMP13 Proteintech Cat# 18165-1-AP, RRID:AB_2144858

Anti-TIMP1 Proteintech Cat# 16644-1-AP, RRID:AB_2878292

Anti-Caspase1 Proteintech Cat# 22915-1-AP, RRID:AB_2876874

Anti-IL-1b Proteintech Cat# 16806-1-AP, RRID:AB_10646432

Anti-Beclin1 Proteintech Cat# 11306-1-AP, RRID:AB_2259061

Anti-LC3 Proteintech Cat# 18725-1-AP, RRID:AB_2137745

Anti-P62 Proteintech Cat# 18420-1-AP, RRID:AB_10694431

Anti-AMPK Proteintech Cat# 10929-2-AP, RRID:AB_2169568

Anti- ULK1 Proteintech Cat# 20986-1-AP, RRID:AB_2878783

Anti-p-AMPK Cell Signaling Technology Cat# 2535 (also 2535S, 2535L, 2535P),

RRID:AB_331250

Anti-GSDMD Cell Signaling Technology Cat# 39754, RRID:AB_2916333

Anti-NLRP3 Cell Signaling Technology Cat# 15101, RRID:AB_2722591

Anti- p-ULK1 Abcam Cat# ab133747, RRID:AB_3073515

Anti-FUNDC1 Thermo Scientific Cat# PA5-75706, RRID:AB_2719434

goat anti-mouse IgG-HRP Proteintech Cat# SA00001-1, RRID:AB_2722565

goat anti-rabbit IgG-HRP Proteintech Cat# SA00001-2, RRID:AB_2722564

Anti-GAPDH Proteintech Cat# 60004-1-Ig, RRID:AB_2107436

Chemicals, peptides, and recombinant proteins

Doxorubicin hydrochloride Med Chem Express Cat# HY-15142

AP39 Med Chem Express Cat# HY-126124

PAG Sigma-Aldrich Cat# P7888

Dorsomorphin Med Chem Express Cat# HY-13418A

SBI-0206965 Med Chem Express Cat# HY-16966

Critical commercial assays

H2S content kit Grace Biotechnology Cat# G0133W

JC-1 kit Beyotime Cat# C2003S

Total Reactive Oxygen Species (ROS) Assay Kit Beyotime Cat# S0033S

Mito-HS Assay Kit KEAN Biotechnology N/A

Deposited data

Original blot data Mendeley data https://doi.org/10.17632/kx2r4dms4j.1

Experimental models: Cell lines

H9c2 ATCC Cat# 60096, RRID:CVCL_0286

Experimental models: Organisms/strains

Sprague-Dawley rats Changsha Tianqin Biotechnology Co http://cstqsw.com/mobile/index.html
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Primer: GAPDH_F: ACAGCAACAGGGTGGTGGAC Sangon Biotech Co https://www.sangon.com/

Primer: GAPDH_ R: TTTGAGGGTGCAGCGAACTT Sangon Biotech Co https://www.sangon.com/

Primer: IL-1b_F: CAGCAGCATCTCGACAAGAG Sangon Biotech Co https://www.sangon.com/
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Primer: GSDMDb_F: TTAGTCTGCTTGCCGTACTCC Sangon Biotech Co https://www.sangon.com/

Primer: GSDMD_ R: GTCCTGTAAAATCCTCCCGATG Sangon Biotech Co https://www.sangon.com/

Primer: Col2a1_F: GGCCAGGATGCCCGAAAATTA Sangon Biotech Co https://www.sangon.com/

Primer: Col2a1_ R: ACCCCTCTCTCCCTTGTCAC Sangon Biotech Co https://www.sangon.com/

Software and algorithms

BIO-RAD XRS+ imaging system BIO-RAD Life Science N/A

ImageJ NIH https://imagej.net/ij/

GraphPad Prism V9.5.1 GraphPad software https://www.graphpad.com/
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the corresponding author, Prof. Dr.

Jun Yang(2018010473@usc.edu.cn).

Materials availability

This study did not generate new unique reagents.

Date and code availability

� The dataset is publicly available as of the date of publication.
� This study did not report the original code.

� Any additional information required to reanalyze the data reported in this study is available from the lead contact upon request

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal experiments

This experiment was approved by the University of South China Animal Ethics Committee (Granted ID: USC201910XS006) and conducted in

compliance with the Laboratory Animal Regulations and Laboratory Animal Welfare Regulations of China. Rats were housed in an SPF envi-

ronment at 23�C and 60% humidity, with free access to food and water and light/dark lighting alternating every 12 h. Doxorubicin hydrochlo-

ride was used to establish doxorubicin-induced myocardial fibrosis in model rats. Doxorubicin hydrochloride, AP39, and PAG solution were

used in this experiment. Rats were randomly divided into six groups (n = 10): control, DOX, DOX+AP39, DOX+AP39+PAG, AP39, and DMSO

groups.

In vitro studies

H9c2 cell line was purchased fromATCC (Manassas, VA, USA), cultured in high glucoseDMEM (Gibco,Grand Island, USA)medium containing

10% FBS, 1% penicillin/streptomycin at 37�C and 5% CO2 in a humidified atmosphere. The medium was refreshed every two days and pro-

cessed for replication when the cell density reached 80%. Doxorubicin hydrochloride, AP39, PAG, AMPK inhibitor dorsomorphin, and ULK1

inhibitor SBI-0206965 were performed in the vitro experiment.

METHOD DETAILS

Animal

After one week of adaptation feeding, a total 60male rats aged 8 weeks and weighing (200G 20)g were randomly divided into six groups (n =

10): control, DOX, DOX+AP39, DOX+AP39+PAG, AP39, and DMSO groups. Intraperitoneal injection of doxorubicin hydrochloride solution
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(5 mg/kg/week, Med Chem Express, New Jersey, USA, HY-15142) was performed as described in the literature29,49,50 for four weeks (cumu-

lative dose: 20 mg/kg) in rats from the DOX, DOX+AP39, and DOX+AP39+PAG groups. The control, AP39, and DMSO groups were injected

intraperitoneally with equal doses of saline. After four weeks, rats in the DOX+AP39, AP39, and DOX+AP39+PAG groups were given intra-

peritoneal administration of AP3951 (100 nM/kg/d 0.05% DMSO dissolved, Med Chem Express, New Jersey, USA, HY-126124). At the same

time, rats in the DOX+AP39+PAGgroup were given simultaneous intraperitoneal administration of the endogenous hydrogen sulfide-gener-

ating enzyme inhibitor PAG52 (50 mg/kg/d, Sigma-Aldrich, Missouri, MO, USA, P7888). Rats in the DOX and control groups were given equal

amounts of saline intervention, and rats in theDMSOgroupwere given equal amounts of 0.05%DMSO (Sigma-Aldrich,Missouri, USA, D2650)

for four weeks. No new rats were enrolled in the follow-up study when the rats died during the model-establishment period. Rats underwent

euthanasia by carbon dioxide asphyxiation, followed by cervical dislocation at the end of the experiment.
Echocardiography

At the end of the drug intervention period, the rats were anesthetized with 2.5% isoflurane (RWD Life Science, Shenzhen, China, R510-22-10),

followed by an anesthetic respiratory system (1.5% isoflurane to maintain anesthesia), an ultrasound machine (GE Versana Premier), and

L8-18i-RS ultrahigh-frequency line-array probe were performed to measure LVEDd (Left Ventricular end Diastolic Diameter), LVESd (Left Ven-

tricular End-Systolic Diameter), and the corresponding LVFS (left ventricular fractional shortening, LVFS = [LVEDd�LVESd/LVEDD]3100) from

the left parasternal axis using two-dimensional echocardiography for five consecutive cardiac cycles.
HW/BW

The rats were weighed (body weight, BW) before euthanasia. The hearts were collected and washed with cold PBS. Heart weight (HW) and

HW/BW values were measured after euthanasia.
Masson staining

The isolated rat hearts were fixed in 4% paraformaldehyde, rinsed in hydrogen peroxide, dehydrated in anhydrous ethanol, embedded in

paraffin, prepared into 4 mm-sized sections, baked, dewaxed, and stained for 3–5 min. Then, the hearts were rinsed using tap and distilled

water, stained according to the instructions of theMasson staining kit (Abiowell, Changsha, China, AWI0253a), and sealed. Then, the staining

was observed under a microscope. Five fields of view were randomly selected from each sample.53,54
HE staining

Isolated rat hearts were fixed using 4% paraformaldehyde, dehydrated, and paraffin-embedded to make 4 mm thin sections. Next, the sam-

ples were dewaxed and stained with hematoxylin and eosin dyes (Beyotime Biotechnology Co., Ltd., Shanghai, China, C0105S), respectively,

sealed, and fixed using alcohol dehydration. Next, the stained samples were observed under a microscope. Five fields of view were randomly

selected from each sample.54
Immunohistochemical staining

Paraffin-embedded tissue sections were dewaxed and washed with water, then restored with antigen and closed with appropriate propor-

tions of goat serum. Collagen Type III Polyclonal antibody (1:400, Proteintech, Chicago, USA, 22734-1-AP) was added and incubated over-

night at 4�C. The sections were washed and incubated with Biotin-conjugated Affinipure Goat Anti-Rabbit IgG (1:500, Proteintech, Chicago,

USA, SA00004-2) the next day. The sections were rinsed, incubated with Biotin-conjugated Affinipure Goat Anti-Rabbit IgG (1:500, Protein-

tech, Chicago, USA, SA00004-2), washed, visualized, dehydrated, sealed, and observed under amicroscope in five randomly selected fields of

view from each sample.46,55
Transmission electron microscopy

The myocardial tissues were fixed with 2.5% glutaraldehyde and cut into 50–100 nm thin sections, and phosphoric acid rinsing solution (Be-

yotime Institute of Biotechnology, Shanghai, China) was used. After being immersed in 1% osmium tetroxide (Absin Biosciences, Inc.,

Shanghai, China), the tissues were fixed and rinsed with phosphoric acid, followed by gradient acetone immersion. After dehydrating and

drying, the tissues were stained with 3% uranyl acetate and lead nitrate for 10–20 min and rinsed with distilled water. The ultrastructure

was observed under transmission electron microscopy.
Construction of the protein–protein interaction (PPI) network

The STRINGdatabase (https://cn.string-db.org/) was used to analyze the interaction amongAMPK, ULK1, and FUNDC1. The ‘‘Homo sapiens’’

organism was performed in the PPI network. The output results of ‘‘FUNDC1’’ and ‘‘AMPK–ULK1–FUNDC1’’ were saved to evaluate their

interactions.
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Myocardial H2S content testing

The myocardial levels of H2S were determined by the Methylene Blue method.56,57 The sample was prepared according to the requirements

of the H2S kit (Grace Biotechnology, Suzhou, China, G0133W). Next, it was centrifuged at 12,000 RPM for 10 min at 4�C. The supernatant was

extracted, and reagents 1 and 2 were added according to the instructions. Then, the sample was mixed and incubated at room temperature

for 15 min. Next, absorption was measured at 665 nm. The corresponding H2S content was calculated according to the formula: H2S (mmol/g

fresh weight) = (6A + 0.0014) O 7.6577 O (V1 O V 3 W) = 0.82 3 (6A + 0.0014) O W, in which V - added to the volume of the extraction

solution, 1 mL; V1 - the volume of the sample in the reaction, 0.16 mL; W —— sample weight, g; 6A = A measurement - A Blank (A is the

absorbance value read at 665 nm).
Cell culture

The H9c2 cardiomyocyte cell line was purchased from ATCC (Manassas, VA, USA) and cultured in high glucose DMEM (Gibco, Grand Island,

USA)mediumcontaining 10%FBS, 1%penicillin/streptomycin at 37�Cand 5%CO2. Themediumwas refreshed every two days and processed

for replication when the cell density reached 80%, and when the cell number reached 13106, cells were inoculated in 6-well plates. The cells

were assigned to the control, DOX, DOX+AP39, DOX+AP39+PAG, AP39, and DMSO groups. DOX, DOX+AP39, and DOX+AP39+PAG

groupswere given 1 mMDOX29 (MedChemExpress,New Jersey, USA, HY-15142) intervention treatment. TheDOX+AP39, DOX+AP39+PAG,

and AP39 control groups were given 100 nMAP3958 (MedChemExpress, New Jersey, USA, HY-126124) pretreatment for 0.5 h. In contrast, the

DOX+AP39+PAG group was given 1 mM PAG52 (Sigma-Aldrich, Missouri, USA, P7888). The pretreatment stage lasted 0.5 h, and the DMSO

group was given equal amounts of DMSO for 24 h. To investigate whether AP39 exerts a regulatory effect on the AMPK–ULK1–FUNDC1

pathway and its impact on physiological effects on cardiomyocytes, we administered the AMPK inhibitor dorsomorphin59 (10 mM, Med

Chem Express, New Jersey, USA, HY-13418A) in advance of the AP39 intervention in DOX-treated cells. ULK1 inhibitor SBI-020696560

(10uM, Med Chem Express, New Jersey, USA, HY-16966) was pretreated for 0.5 h to investigate whether AP39 regulates FUNDC1-mediated

mitophagy via AMPK–ULK1 and thus inhibits DOX-induced cardiomyocyte pyroptosis occurrence.
RT-qPCR

Total RNA was extracted from the rat myocardial tissue or cellular using TRIzol (Thermal, USA) and transcribed into cDNA with the Prime-

ScriptTM RT kit (Takara, Japan). Real-time qPCR was performed with SYBR green (Takara, Japan) under standard conditions of 95�C for 30

s, 40 cycles of 95�C for 5 s, and 60�C for 30 s. Real-time qPCR was conducted under standard conditions, GAPDH was used as an internal

reference, and the relative expression levels of target genes were obtained using the 2�DDCt method. The primer sequences are presented

as follows:

R-GAPDH： F: ACAGCAACAGGGTGGTGGAC.

R: TTTGAGGGTGCAGCGAACTT.

R-IL-1b： F: CAGCAGCATCTCGACAAGAG.

R: AAAGAAGGTGCTTGGGTCCT.

R-P62： F: AGCATACAGAGAGCACCCAT.

R: ACATACAGAAGCCAGAATGCAG.

R-GSDMD： F: TTAGTCTGCTTGCCGTACTCC.

R: GTCCTGTAAAATCCTCCCGATG.

R-Col2a1： F: GGCCAGGATGCCCGAAAATTA.

R: ACCCCTCTCTCCCTTGTCAC.
Mito-HS mitochondrial H2S fluorescent probe assay

The cells were washed three times with PBS at the end of the drug intervention and incubated for 1 h in an incubator with 10 mM Mito-HS

(KEAN Biotechnology, Nanjing, China) in PBS solution with 30% DMSO according to the instructions. Next, the sample was washed three

times with PBS at the end of incubation. The fluorescent signal was observed under a fluorescent microscope.46
Mitochondrial membrane potential detection

After the drug intervention, the cells were washed once with cold PBS, 1 mL cell culture medium, and 1 mL JC-1 staining buffer (Beyotime,

Shanghai, China, C2003S). The cells were then added according to the kit instructions, mixed, and incubated for 20 min at 37�C in an incu-

bator. The supernatant was discarded, and the JC-1 staining buffer was washed twice. A 2 mL cell culture medium was added, and the fluo-

rescence signal was observed under a fluorescence microscope.
Cellular reactive oxygen species detection

Cells were washed three times with cold PBS at the end of the drug intervention. According to the kit instructions, DCFH-DA (10 mM, Beyo-

time, Shanghai, China, S0033S) was diluted in a serum-freemedium and incubated for 20min at 37�C. After incubation, the cells were washed

three times with serum-free medium and observed under a fluorescent microscope.
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Western blot

Myocardial tissue or cellular proteins were extracted using a protease inhibitor-containing cell lysate. Protein quantification was performed

using a BCA quantification kit (Beyotime, Shanghai, China, P0010S). After equalization of protein concentrations, an appropriate amount of

protein loading buffer was added, and the proteins were denatured by heating at 95� for 10 min and separated by 10–12% SDS-PAGE. The

proteins were wet transferred to PVDF membranes and blocked with a 5% fat-free milk-blocking solution for 1 h. CSE (12217-1-AP), a-SMA

(14395-1-AP), collagen III (22734-1-AP), MMP8 (17874-1-AP), MMP13 (18165-1-AP), TIMP1 (6644- 1-AP), caspase1 (22915-1-AP), IL-1b (16806-1-

AP), beclin1 (11306-1-AP), LC3 (18725-1-AP), P62 (18420-1-AP), AMPK (10929-2-AP), ULK1 (20986-1-AP), and GAPDH (60004-1-IG) were pur-

chased from Proteintech (Chicago, USA). p-AMPK (2535), GSDMD (39754), andNLRP3 (15101) were purchased fromCST (Cell Signaling Tech-

nology, Boston, MA, USA). p-ULK1 (ab133747) primary antibody was purchased from Abcam (Cambridge, UK). FUNDC1 (PA5-75706) primary

antibody was purchased from Thermofish (Thermo Scientific, Massachusetts, USA). Mouse (SA00001-1)/rabbit(SA00001-2) secondary anti-

bodies were purchased from Proteintech (Chicago, US).

The primary antibody was incubated overnight at 4�, then washed 10 min 3 3 times with TBST. The secondary antibodies of the related

species were incubated for 1 h at room temperature, washed again for 10min3 3 timeswith TBST, and photographed using ECL solution. The

images were obtained using the BIO-RAD XRS+ imaging system (BIO-RAD Life Science, California, USA). The comparative data were

analyzed using ImageJ software (NIH, Bethesda, USA), and GAPDH was used as an internal reference to calculate the relative values of

each protein.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Values are presented as the meanG standard deviation for data normally distributed or median and interquartile range for data not normally

distributed for continuous variables and number (%) for categorical variables. The representative image for each groupwas selected based on

the mean value after the quantitative analysis. Statistical analyses were performed with GraphPad Prism software (version 9.5.1). For compar-

isons of the two groups, the Student’s t test was used. A one-way analysis of variance was used with Bonferroni’s or Dunnett’s multiple-com-

parisons test for normally distributed data or the Mann–Whitney test for non-normally distributed data for comparisons of more than two

groups. Unless stated otherwise, p < 0.05 was considered statistically significant.
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