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A B S T R A C T   

Myocardial infarction (MI), as one of the leading causes of global death, urgently needs effective therapies. 
Recently, hydrogen sulfide (H2S) has been regarded as a promising therapeutic agent for MI, while its spatio
temporally controlled delivery remains a major issue limiting clinical translation. To address this limitation, we 
designed and synthesized a novel H2S donor (HSD-R) that can produce H2S and emit fluorescence in response to 
reactive oxygen species (ROS) highly expressed at diseased sites. HSD-R can specifically target mitochondria and 
provide red fluorescence to visualize and quantify H2S release in vitro and in vivo. Therapeutically, HSD-R 
significantly promoted the reconstruction of cardiac structure and function in a rat MI model. Mechanistically, 
myocardial protection is achieved by reducing cardiomyocyte apoptosis, attenuating local inflammation, and 
promoting angiogenesis. Furthermore, inhibition of typical pro-apoptotic genes (Bid, Apaf-1, and p53) played an 
important role in the anti-apoptotic effect of HSD-R to achieve cardioprotection, which were identified as new 
therapeutic targets of H2S against myocardial ischemia injury. This ROS-responsive, self-immolative, and fluo
rescent H2S donor can serve as a new theranostic agent for MI and other ischemic diseases.   

1. Introduction 

Myocardial infarction has become one of the major causes of 
morbidity and mortality worldwide [1–3]. According to a most recent 
report by the American Heart Association, an American has a MI 
approximately every 40 s, and the estimated MI mortality is 110,000 
annually in America [3]. Current post-MI therapy options such as sur
gical interventions (e.g., percutaneous coronary intervention [4]) and 
pharmacological treatments (e.g., β-blockers [5], antiplatelet therapy [6, 
7], and statin [8]) are limited to mitigate symptoms without tissue repair 
induction. Furthermore, a substantial number of post-MI patients (10%) 

developed adverse ventricular remodeling and advanced heart failure, 
which has a 5-year mortality of ~50% [3,9]. Therefore, it is of high 
importance for developing novel MI therapies to improve outcomes of 
MI patients. 

Hydrogen sulfide (H2S), an outstanding member of the gaso
transmitter family and an important biological signaling molecule [10], 
is involved in many physiological and pathological events [11]. In 
recent years, treatment of myocardial ischemia injury with H2S has been 
emerging as a novel and promising strategy to protect cardiac structure 
and function [12]. It was reported that H2S can directly increase the 
production of reduced glutathione (GSH) to realize cytoprotective 

Peer review under responsibility of KeAi Communications Co., Ltd. 
* Corresponding author. Department of Pharmaceutics, College of Pharmacy, Third Military Medical University (Army Medical University), Chongqing 400038, 

China. 
** Corresponding author. 
*** Corresponding author. 
**** Corresponding author. 

E-mail addresses: pinghu@jnu.edu.cn (P. Hu), jxzhang@tmmu.edu.cn (J. Zhang), logxw@tmmu.edu.cn (G. Luo), 20142901008@cqu.edu.cn (N. Zhang).  

Contents lists available at ScienceDirect 

Bioactive Materials 

journal homepage: www.sciencedirect.com/journal/bioactive-materials 

https://doi.org/10.1016/j.bioactmat.2021.07.011 
Received 7 May 2021; Received in revised form 22 June 2021; Accepted 9 July 2021   

mailto:pinghu@jnu.edu.cn
mailto:jxzhang@tmmu.edu.cn
mailto:logxw@tmmu.edu.cn
mailto:20142901008@cqu.edu.cn
www.sciencedirect.com/science/journal/2452199X
https://www.sciencedirect.com/journal/bioactive-materials
https://doi.org/10.1016/j.bioactmat.2021.07.011
https://doi.org/10.1016/j.bioactmat.2021.07.011
https://doi.org/10.1016/j.bioactmat.2021.07.011
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2021.07.011&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Bioactive Materials 9 (2022) 168–182

169

effects against ROS-mediated damage [13]. Besides, H2S can promote an 
overall decrease of arterial blood pressure, which is beneficial for 
myocardial remodeling [14]. These findings provided a theoretical 
support for applications of H2S in myocardial ischemic injury. However, 
administration of H2S is highly inconvenient due to its gaseous nature at 
room temperature. It is very difficult to achieve accurate dosing of H2S 
and in vivo tracing of its distribution. These challenges severely hamper 
the clinical translation of H2S-based therapy and mechanistic under
standing of its biological effects. 

To improve H2S administration, various types of H2S donors have 
been investigated and reported [11]. Nevertheless, inorganic salts, such 
as sodium hydrosulfide and sodium sulfide, are limited due to quick 
evaporation and loss of H2S after preparation in aqueous solutions, as 
well as rapid and almost instantaneous H2S release after in vivo injection. 
Alternatively, small molecular diallyl trisulfide (DATS) [15–17] and 
GYY-4137 [18,19], etc. [20] were synthesized and used in the studies on 
biological activities of H2S. However, H2S release from these donors are 
mostly based on a general hydrolysis mechanism, lacking of specificity 
or responsiveness to in vivo biological biomarkers. Over the past few 
decades, bioresponsive therapeutic agents and drug delivery systems 
have been extensively investigated for the treatment of cardiovascular 
diseases [21–28]. Of note, reactive oxygen species (ROS)-responsive H2S 
donors have received much attention in most recent years. In 2016, 
Pluth’s group first reported caged carbonyl sulfide (COS) in combination 
with ROS-responsive arylboronates [29]. These COS/H2S donors can 
specifically respond to and consume cellular ROS, followed by releasing 
equivalent amount of H2S. Based on this structure, we designed a novel 

ratiometric fluorescent H2S donor (HSD-B) [30], which enabled visual
ization and quantification of in vitro H2S release. However, HSD-B 
cannot afford desirable in vivo self-reporting fluorescence due to its 
short emission wavelength. In addition, therapeutic effects of HSD-B on 
myocardial ischemia injury remains unclear. 

To address the abovementioned critical issues, herein we designed a 
new H2S donor (defined as HSD-R) by integrating a fluorescent group 
with a longer emission wavelength (around 705 nm) into the COS 
structure, for which quenched red fluorescence will be restored after H2S 
release, thereby enabling in vivo quantification of release kinetics and 
distribution profiles of H2S. The protective effects of HSD-R on 
myocardial ischemic injury were examined in rats (Fig. 1). Further, we 
deciphered mechanisms and signaling pathways underlying efficacies of 
HSD-R based on both in vitro and in vivo studies. 

2. Experimental section 

2.1. Materials 

IR-780 iodide, 4-(hydroxymethyl)benzeneboronic acid pinacol ester, 
stannous chloride (SnCl2), thiophosgene, dioxane, 4′,6-diamidino-2- 
phenylindole (DAPI), and cell counting kit-8 were purchased from 
Sigma-Aldrich (St. Louis, U.S.A.). A H2S probe WSP-1 was purchased 
from MKBio (Shanghai, China). Dulbecco’s modified Eagle’s medium 
(DMEM) medium, trypsin, penicillin, streptomycin, and fetal bovine 
serum (FBS) were purchased from HyClone (Waltham, U.S.A). RNAiso 
Plus reagent, PrimeScript RT reagent kit, and TB Green Premix Ex Taq II 

Fig. 1. Schematic illustration of HSD-R for the 
treatment of myocardial infarction. Based on the 
COS structure, a novel fluorescent and ROS- 
responsive H2S donor HSD-R was designed and 
synthesized for visualization and quantification of 
H2S release kinetics and distribution profiles, as 
well as for the treatment of myocardial ischemic 
injury. The underlying mechanisms responsible for 
cardioprotective effects of H2S involve its anti- 
apoptotic, anti-inflammatory, and pro-angiogenic 
activities.   
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kit were purchased from Takara Bio (Japan). MitoTracker Green FM 
(Mitotracker) and antibody to CD31 (PA5-16301, dilution 1:20) were 
obtained from Invitrogen (U.S.A.). Annexin V-FITC apoptosis detection 
kit, eFluor 450-conjugated F4/80 antibody (48-4801-82, dilution 
1:1000), FITC-conjugated CD86 antibody (11-0862-82, dilution 
1:1000), and antibody to CD86 (14-0862-82, dilution 1:500) were 
purchased from eBioscience (San Diego, CA, U.S.A.). Thawed Matrigel 
was purchased from Becton Dickinson (San Diego, CA, U.S.A.). Inter
feron (IFN)-γ was purchased from PeproTech (New Jersey, U.S.A.). 
Antibody to BID (10988-1-AP, dilution 1:1000) was purchased from 
Proteintech (Beijing, China). Terminal deoxynucleotidyl transferase 
(TdT) dUTP Nick-End Labeling (TUNEL) kit, RIPA lysis buffer, and 
phosphatase and protease inhibitor cocktails were purchased from 
Beyotime (Beijing, China). ELISA kits for BID, APAF-1, and p53 were 
purchased from EIAab (Wuhan, China). Cystathionine beta-synthase 
(CBS) and cystathionine γ-lyase (CGL) enzyme screening assay kits 
were obtained from GenMed (U.S.A.). BCA protein assay kit was pur
chased from Thermo Scientific (U.S.A.). The polyvinylidenedifluoride 
(PVDF) membrane was purchased from Millipore (U.S.A.). Goat anti- 
rabbit IgG Alexa Fluor 488-conjugated antibody (#4412, dilution 
1:1000), horseradish peroxidase (HRP)-conjugated antibody (#7074s, 
dilution 1:2500), antibody to Stat1 (#9172, dilution 1:1000), antibody 
to Phospho-Stat1 (#7649, dilution 1:1000), antibody to p53 (#32532, 
dilution 1:1000), antibody to Apaf-1 (#8723, dilution 1:1000), and 
antibody to GAPDH (#2118, dilution 1:1000) were purchased from Cell 
Signaling Technology (Boston, U.S.A.). 

2.2. Synthesis and characterization of HSD-RF and HSD-R 

Briefly, a commercially available compound IR-780 iodide was used 
as a starting material. HSD-RF was synthesized according to the reported 
procedures [31]. The product was obtained as green solid. 1H NMR (600 
MHz, CDCl3): δ 8.51 (d, J = 14.4 Hz,1H), 7.41–7.43 (m, 2H), 7.36 (t, J =
7.2 Hz,1H), 7.22–7.26 (m, 3H), 7.05–7.08 (m, 2H), 6.91–6.93 (m, 1H), 
6.65 (s, 2H), 5.92 (d, J = 14.4 Hz,1H), 3.97 (t, 2H, J = 7.2 Hz), 2.74 (t, 
2H, J = 6 Hz), 2.63 (t, 2H, J = 6 Hz) 1.94–1.89 (m, 4H), 1.78 (s, 6H), 
1.07 (t, 3H, J = 7.2 Hz). 

Next, phenylboronic acid pinacol ester (234 mg, 1.0 equiv.) was 
dissolved in 2 mL of dioxane. Thiophosgene (0.16 mL, 2.04 mmol) was 
added to this solution at room temperature and stirred for 24 h, followed 
by evaporation of the solvent under vacuum. Then HSD-RF (411 mg, 1.0 
equiv.) dissolved in 5 mL of DCM was added to the mixture dropwise. 
The resultant mixture was stirred at room temperature until the 
completion of the reaction indicated by thin layer chromatography. The 
reaction was quenched by adding brine and the product was extracted 
with DCM. The organic layers were combined, dried over MgSO4, and 
evaporated under vacuum. The crude product was purified by column 
chromatography to obtain the final product of a blue solid. Yield: 146.3 
mg, 21.3%. 1H NMR (600 MHz, DMSO): δ 10.45 (s, 1H), 8.57 (d, J =
14.4 Hz,1H), 8.09 (m, 1H), 7.81–7.84 (m, 2H), 7.70–7.72 (m, 1H), 
7.51–7.54 (m, 2H), 7.46–7.47 (m, 2H), 7.40–7.41 (m, 2H), 7.35–7.34 
(m, 1H),7.22–7.31 (m, 1H), 6.58–6.71 (m, 1H), 5.22 (s, 2H), 4.39–4.41 
(m, 2H), 2.68–2.73 (m, 4H), 1.82–1.84 (m, 4H), 1.76 (s, 6H), 1.23 (s, 
12H), 0.98–0.99 (m, 3H). 13C NMR (100 MHz, DMSO): δ 177.2, 176.1, 
160.1, 152.8, 151.2, 143.8, 142.5, 141.4, 140.9, 133.8, 133.0, 132.0, 
129.3, 128.2, 127.9, 126.7, 126.1, 122.0, 115.1, 113.7, 112.5, 102.5, 
96.7, 80.5, 49.6, 45.4, 28.5, 27.9, 27.2, 23.1, 20.3, 19.4, 10.5; HRMS 
(m/z): calcd for C42H48BN2O4S+ 687.3430; found 687.3438. 

1H NMR and 13C NMR spectra were acquired on an Agilent 400 MR 
DD2 (100 MHz) or 600 MR DD2 (150 MHz) spectrometer. A Bruker 
SolariX 7.0T spectrometer was used to obtain the high resolution mass 
spectra of the synthesized compounds. 

2.3. Fluorescence determination of HSD-R 

Typically, 5 mL of HSD-R (5 μM) solution was prepared, followed by 

the addition of carbonic anhydrase (CA, 10 μg/mL) and H2O2 (final 
concentration of 100 μM), before being tested on a F7000 fluorescence 
spectrometer at 37 ◦C. 

2.4. ROS preparations 

ROS were prepared as follows. H2O2, tert-butylhydroperoxide 
(TBHP), and hypochlorite (NaOCl) were diluted from 30%, 70%, and 
10% aqueous stock solutions, respectively. Hydroxyl radical (•OH) was 
generated by reacting 5 μM Fe2+ with 100 μM H2O2. Singlet oxygen 
(1O2) was prepared using the ClO− /H2O2 system. Superoxide anion (O2 
•-) was generated from KO2 in a DMSO solution. Peroxynitrite (ONOO− ) 
was prepared as following: A mixture of NaNO2 (0.6 M), H2O2 (0.7 M), 
and HCl (0.6 M) was first prepared, and then 1.5 M KOH and manganese 
dioxide were added. After 20 min stirring to remove excess H2O2, the 
ONOO− solution was obtained. 

2.5. High performance liquid chromatography (HPLC) measurement 

HPLC was carried out using the Varian 210 HPLC system. A C18 
column (Hedera⋅ODS-2, 5 μm, 250 mm × 4.6 mm) was used with a 
mixture of acetonitrile and 25 mM of ammonium acetate buffer (8:2, v/ 
v, 1 mL/min, 254 nm) as the mobile phase. The reaction solution of HSD- 
R (10 μM) and H2O2 (100 μM) in PBS (10 mM, pH 7.4) was measured as 
the sample. 

2.6. Cell culture 

The rat embryonic ventricular myocardium-derived H9c2 cell line 
(ATCC CRL-1446), human umbilical vein endothelial cells (HUVECs) 
(ATCC CRL-1730), and RAW264.7 macrophages (ATCC TIB-71) were 
cultured in DMEM with high glucose (HyClone, U.S.A.) supplemented 
with 10% (v/v) FBS, 100 U/mL of penicillin, and 100 mg/mL of strep
tomycin (HyClone, Logan, UT, United States) at 37 ◦C in a humidified 
incubator with 95% air and 5% CO2. 

2.7. In vitro cytotoxicity evaluation by CCK-8 assay 

Cytotoxicity of HSD-R was measured with CCK-8 assay. After seeding 
of H9c2 myocardial cells in 96-well plates (ca. 1 × 104 cells per well), 
cells were allowed to grow 24 h. Then the medium was replaced with 
fresh medium and the donor (0–20 μM) solutions were added. After 24 h 
of incubation, the cells were washed three times with PBS to remove the 
excess donor. Culture medium containing 10% CCK-8 (100 μL, v/v) was 
added into each well. After incubation for 2 h at 37 ◦C, the plate was 
taken out from the incubator and put in a plate reader to measure the 
absorbance of the samples at 450 nm. The cell viability was calculated 
by comparing the absorbance of the control. 

2.8. In vitro H2S release and fluorescence imaging in H9c2 myocardial 
cells 

H9c2 myocardial cells were seeded and cultured according to the 
procedures of 2.6. Cells were first treated with HSD-R (5 μM) and WSP-1 
(10 μM) for 60 min. After removal of excess HSD-R and WSP-1, cells 
were incubated in fresh medium with PBS (control), low-dose Rosup at 
50 μg/mL (Rosup (L)), or high-dose Rosup at 100 μg/mL (Rosup (H)) for 
30 min. After fixation, the cells were observed and imaged under a 
confocal laser scanning microscope (CLSM). Red channel of HSD-R was 
recorded at 690–720 nm with excitation at 670 nm. Green channel of 
WSP-1 was recorded at 510–570 nm with excitation at 490 nm. 

2.9. Animals 

The procedures of animal experiments in this study were approved 
by the Institutional Animal Care and Use Committee of the Third 
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Military Medical University (Chongqing, China). Adult male Sprague- 
Dawley rats (10–12 weeks old, 200–250 g) were purchased from the 
Animal Center of the Third Military Medical University and housed in 
standard cages under standard conditions. All animals were acclima
tized for one week before use. 

2.10. In vivo biocompatibility evaluation of HSD-R 

Sprague-Dawley rats (aged 10–12 weeks, 200–250 g) were admin
istrated with HSD-R by intramyocardial injection at a single dose of 500 
μg/kg (five-fold greater than the dose used for the treatment of MI). The 
rats injected with saline were used as the control group. At day 28 post 
administration, complete blood panel analysis and serum biochemistry 
tests including aspartate aminotransferase (AST), alanine aminotrans
ferase (ALT), UREA, and creatinine (CREA) were conducted using the 
collected blood samples. Major organs (including heart, liver, spleen, 
lung and kidney) of rats were harvested for histological analysis. 

2.11. Establishment of a MI model in rats 

Adult male Sprague-Dawley rats (10–12 weeks old, 200–250 g) were 
used for the study. Rats were anesthetized by intraperitoneal injection of 
1% pentobarbitone and received ventilatory support. Exposing the heart 
and ligating the left anterior descending (LAD) coronary artery to create 
left ventricular (LV) infarction (Fig. S1). At 30 min after ligation, a total 
of 100 μL of HSD-R or saline was injected into the bordering and center 
regions of the infarct (5 injections, 20 μL per region), followed by the 
surgical closure of the wound in the chest of the rats. Rats were ran
domized into four groups: (1) Sham group; (2) MI group (underwent 
LAD ligation and saline injection); (3) MI+HSD-R (L) (underwent LAD 
ligation and 25 μg/kg HSD-R injection); (4) MI+HSD-R (H) (underwent 
LAD ligation and 100 μg/kg HSD-R injection). 

2.12. Fluorescence imaging of H2S release in MI rat models 

To evaluate the release of H2S in living rats with MI by in vivo im
aging, Sprague-Dawley rats were divided into four groups: (1) MI, un
treated MI rats; (2) Sham+HSD-R, healthy rats injected with high dose 
of HSD-R; (3) MI+HSD-R (L), MI rats treated with low dose of HSD-R 
(25 μg/kg); (4) MI+HSD-R (H), MI rats treated with high dose of HSD- 
R (100 μg/kg). The rats were imaged at 2 h after administration of 
HSD-R, using an IVIS Spectrum (Carestream Health, Canada) in a fluo
rescence mode (excitation, 650 nm; emission, 720 nm). 

To study the relationship between the HSD-R dosage and fluores
cence intensity, MI rats received a single in situ injection of HSD-R at 
different doses varying from 10, 25, 50, to 100 μg/kg at 30 min post 
ligation. Rats in control group were injected with saline. At 2 h post 
injection, rats were euthanized and hearts were isolated for ex vivo im
aging using the IVIS Spectrum (Carestream Health, Canada) in a fluo
rescence mode. 

To study the metabolism and biodistribution of HSD-R in rats with 
MI, rats received a single in situ injection of HSD-R (100 μg/kg) at 30 min 
post ligation. At each defined time point (0.5, 1, 2, 6, and 12 h post 
injection), rats were euthanized and major organs including heart, liver, 
spleen, lung, and kidneys were collected for ex vivo imaging (IVIS 
Spectrum Carestream Health, Canada). 

2.13. Echocardiographic assessment of cardiac functions and blood 
circulation assessment 

Rats were anesthetized and examined by standard transthoracic 
echocardiography using a VisualSonics Vevo 2100 system (FUJIFILM 
VisualSonics Inc., Canada). The M mode echocardiography and two- 
dimensional images of rats were taken at fixed time intervals. Left 
ventricular internal diameter (diastole) (LVIDd), left ventricular internal 
diameter (systole) (LVIDs), left ventricular end-diastolic volume (EDV), 

left ventricular end-systolic volume (ESV), left ventricular ejection 
fraction (LVEF), and left ventricular fractional shortening (LVFS) were 
recorded to assess cardiac functions and ventricular remodeling of rats. 
Further, rats were evaluated by a MOORFLPI2 real-time blood flow 
zoom laser speckle imaging system (Moor Instruments, Ltd., UK) to 
obtain the flow velocity and spatial vascular profile in the infarcted area. 

2.14. Transcriptome and bioinformatics analysis of MI tissues in rats 

MI rats were randomly divided into a saline injection group and a 
HSD-R injection group at a dose of 100 μg/kg. At day 3 post injection, 
rats were sacrificed to collect tissues from the myocardial infarction 
area, located on the apex cordis of the rat heart. Total RNA samples of 
heart tissues were prepared using the RNAiso Plus reagent and the 
genomic DNA was removed using DNase I. 2100 Bioanalyser (Agilent) 
and ND-2000 (NanoDrop Technologies) were used to determine the 
quality and quantity of RNA to make sure that RNA samples with high 
quality (OD260/280 = 1.8–2.2, OD260/230 ≥ 2.0, RIN ≥ 6.5, 28S:18S ≥
1.0, >2 μg) were used to construct the sequencing library. The purifi
cation, reverse transcription, library construction, and sequencing were 
performed by Majorbio Bio-pharm Biotechnology Co., Ltd (Shanghai, 
China), using an Illumina HiSeq X10 (Illumina, San Diego, CA). The raw 
data were processed by SeqPrep (https://github.com/jstjohn/SeqPrep) 
and Sickle (https://github.com/najoshi/sickle) with default parameters, 
followed by being aligned to reference genome with an orientation 
mode using TopHat (http://tophat.cbcb.umd.edu/, version 2.1.1) soft
ware. For bioinformatics analysis, the fragments per kilobase of exon per 
million mapped reads (FPKM) method was used to calculate the 
expression levels of transcripts, and gene abundances were measured 
using RSEM (http://deweylab.biostat.wisc.edu/rsem/). Differentially 
expressed genes (DEGs) were identified using the limma package of 
Bioconductor (http://bioconductor.org/packages/release/bioc/html 
/limma.html) with the empirical Bayes method under the R environ
ment (fold change ≥ 2 and P value < 0.05) with a false discovery rate 
(FDR) cutoff < 0.05. 

The enrichment analyses of Gene Ontology (GO) and Kyoto Ency
clopedia of Genes and Genomes (KEGG) pathways were conducted and 
visualized using the clusterProfiler package (http://bioconductor.or 
g/packages/release/bioc/html/clusterProfiler.html) under the R envi
ronment as well as gene set enrichment analysis (GSEA) under the JAVA 
environment with a P value < 0.05. Besides, protein-protein interactions 
(PPI) of genes were analyzed by Search Tool for the Retrieval of Inter
acting Genes/Proteins (STRING) algorithm (http://www.string-db.org/) 
and visualized with the Cytoscape software (Ver.3.7.0). 

2.15. Histology examination 

Triphenyltetrazolium chloride (TTC) staining was used to assess 
infarct size at 12 h and at day 7 post-MI. In brief, the heart was cut into 4 
thin transverse slices, which were incubated in 1% TTC to delineate the 
infarcted from viable myocardium. The areas of infarcted tissues and the 
whole left ventricle (LV) were determined by computer morphometry 
using ImageJ imaging software. 

At day 28 post MI, all the remained rats in the 5 groups were sub
jected to histological staining by hematoxylin and eosin (H&E) or 
Masson trichrome as well as immunofluorescence evaluation. The wall 
thickness and collagen deposition of the heart tissue were examined. The 
fibrosis degree in the left ventricle MI region was evaluated by the ratio 
of the blue/red plus blue area in the MI area. Quantitative analysis was 
performed using Image J software. 

For cell apoptosis assays, heart paraffin sections were stained with 
the Terminal deoxynucleotidyl transferase (TdT) dUTP Nick-End La
beling (TUNEL) kit. DAPI was used for nuclear staining. Images were 
taken by an Olympus Research Slide Scanner VS200. To evaluate 
angiogenesis at the site of myocardial infarction, CD31 was selected for 
immunofluorescent staining as vascular biomarkers. After deparaffinage 
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and rehydration, the sections were heated in sodium citrate antigen 
retrieval solution at 95 ◦C for 10 min and blocked with 10% goat serum 
for 1 h at room temperature. After blocking, sections were incubated 
with indicated primary antibodies (CD31, 1:20, PA5-16301, Invitrogen) 
at 4 ◦C overnight. After removing primary antibodies, sections were 
rinsed and treated with secondary antibodies (Goat anti-rabbit IgG Alexa 
Fluor 488-conjugated antibody, 1:1000, #4412, CST, USA) at room 
temperature for 1 h. Nuclei were counter-stained with DAPI. Images of 
vessels in five randomly selected areas were acquired using CLSM and 
the amount of blood vessels was presented by area%. 

2.16. Cell apoptosis assay 

Annexin V-FITC apoptosis detection kit was used to evaluate the 
effect of HSD-R on apoptosis of H9c2 myocardial cells. Briefly, H9c2 
cells were seeded in 6-well plates, followed by treatment with or without 
desired concentrations of HSD-R or propranolol for 2 h. After that, cells 
were washed three times with PBS and incubated in DMEM without 
glucose at 37 ◦C in an anaerobic glove box (95% N2 and 5% CO2) for 6 h 
to mimic ischemia. Four groups were prepared including the normal 
group (Control), the model group (Hypoxia), HSD-R pretreatment 
groups (HSD-R + Hypoxia, 0.2–5 μM), and the propranolol pretreatment 
group (5 μM, Pro + Hypoxia). H9c2 cells incubated with high glucose 
DMEM with 10% FBS were used as the normal control and the pro
pranolol pretreatment group was the positive control. Cells were then 
collected and stained with Annexin V-FITC apoptosis detection kit. The 
rate of cell apoptosis was detected by flow cytometry (Attune, Thermo 
Fisher). 

2.17. Wound scratch assay 

After seeding and culturing HUVECs in the incubator, FBS-free 
DMEM was used to replace the FBS-containing medium. After 30 min 
of incubation with Rosup (100 μg/mL), a pipette tip was used to draw a 
straight line in the plate. The plate was washed with PBS and treated 
with or without desired concentrations of HSD-R (0.2–5 μM). 

HUVECs were photographed at 0, 6, 12, 18, and 24 h after wounding. 
The migration rate was calculated by comparing the closed area to the 
initial wound. 

2.18. Tube formation assay 

For tube formation assay, 50 μL per well of thawed Matrigel was 
added to a pre-cooled 96-well plate and incubated for 1 h at 37 ◦C. After 
that, HUVECs were seeded at 1 × 104 cells per well into the Matrigel- 
coated 96-well plate, incubated with Rosup (100 μg/mL) for 30 min, 
and then exposed to HSD-R at various concentrations (0.2–5 μM) for 6 h. 
To assess the tube formation, HUVECs stained with Calcein-AM were 
imaged by fluorescence microscopy and quantified using ImageJ 
software. 

2.19. Real time-quantitative polymerase chain reaction (RT-qPCR) 

Briefly, 1 μg of total RNA was reversed transcription into cDNA by 
PrimeScript RT reagent kit. Real-time PCR was executed by the CFX96 
Touch Real-Time PCR Detection System (Bio-Rad, USA) using TB Green 
Premix Ex Taq II kit following the manufacturer’s protocol. Specific 
primers for PCR amplification were synthesized by the Sangon Biotech 
(Shanghai, China) and the used sequences are listed in Table S1. The 
gene expression levels were normalized to GAPDH and analyzed using 
the comparative cycle threshold (F = 2− ΔΔCt) method. 

2.20. Macrophage polarization 

RAW264.7 macrophages were stimulated in medium containing 2.5 
ng/mL IFN-γ for 24 h, and then treated with HSD-R for 8 h. For flow 

cytometric analysis, macrophages were digested with trypsin and 
labeled with eFluor 450-conjugated F4/80 antibody (1:1000, 48-4801- 
82, eBioscience) and FITC-conjugated CD86 antibody (1:1000, 11- 
0862-82, eBioscience) to identify M1 macrophages. The corresponding 
isotype controls were also used. After washing three times with PBS, 
samples were analyzed by flow cytometry (Attune, Thermo Fisher). For 
immunofluorescence assay, macrophages were fixed with 4% para
formaldehyde for 15 min, blocked with 1% bovine serum albumin for 1 
h, and incubated with indicated primary antibodies (CD86, 1:500, 14- 
0862-82, eBioscience) at 4 ◦C overnight. After removing primary anti
bodies, macrophages were washed three times with PBS and treated 
with secondary antibodies (goat anti-rabbit IgG Alexa Fluor 488-conju
gated antibody, 1:1000, #4412, CST, USA) at room temperature for 1 h. 
Images of vessels in five randomly selected areas were acquired using 
CLSM and the amount of CD86+ cells was presented as n/high power 
field (n/HPF). 

2.21. Enzyme-linked immunosorbent assay (ELISA) 

The MI heart tissues were quickly collected and homogenized in cold 
PBS. After centrifugation at 12000g for 15 min at 4 ◦C, the levels of p53, 
BID, and Apaf-1 in the supernatant were measured by ELISA according 
to the manufacturer’s instructions. 

2.22. Protein isolation and Western blot 

Total proteins from MI heart tissues were extracted using ice-cold 
RIPA lysis buffer containing phosphatase and protease inhibitor cock
tail. A BCA protein assay kit was used to measure the concentrations of 
extracted proteins. Each sample was run in 4–20% SDS-PAGE gel, and 
then transferred to PVDF membranes. After incubation with primary 
antibodies and secondary horseradish peroxidase (HRP)-conjugated 
antibodies (1:2500, #7074s, CST, U.S.A.), the bands were visualized and 
the intensities of the bands were determined using a ChemiDoc XRS 
detection system (Bio-Rad, U.S.A.). Primary antibodies used were Stat1 
(1:1000, #9172, CST, U.S.A.), Phospho-Stat1 (1:1000, #7649, CST, U.S. 
A.), p53 (1:1000, #32532, CST, U.S.A.), BID (1:1000, 10988-1-AP, 
Proteintech, China), Apaf-1 (1:1000, #8723, CST, U.S.A.), and GAPDH 
(1:1000, #2118, CST, U.S.A.). 

2.23. Statistical analysis 

Data are presented as mean ± standard deviation (SD) (n ≥ 3). Sig
nificance was determined by the student’s t-test or one-way analysis of 
variance (ANOVA) using GraphPad Prism (version 8). The statistical 
significance was considered when the P value was less than 0.05. 

3. Results and discussion 

3.1. Design and synthesis of a new H2S donor (HSD-R) 

For synthesis of HSD-R, commercially available IR-780 iodide was 
used as a starting material. An intermediate fluorescent compound HSD- 
RF was firstly synthesized, which showed excellent fluorescence prop
erties (Scheme S1). Then, the target compound HSD-R was prepared by a 
classic nucleophilic substitution reaction of HSD-RF, thiophosgen, and 
4-(hydroxymethyl) benzeneboronic acid pinacol ester. All compounds 
were characterized by 1H NMR, 13C NMR, and high-resolution mass 
spectroscopy (Figs. S2–S4). 

3.2. In vitro characterization of HSD-R 

Fluorescence properties of HSD-R were first examined (Fig. 2A–B). 
HSD-R in DMSO (5 μM) showed no obvious fluorescence emission from 
660 to 800 nm (λex = 670 nm). However, in the presence of H2O2 and 
carbonic anhydrase (CA), a new peak at 705 nm increased 
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concomitantly, corresponding to the formation of HSD-RF. This result 
clearly suggested that H2O2 triggered a selective cleavage of boronate- 
based thiocarbamate from the HSD-R molecule to form HSD-RF as 
characterized by its emission spectra (λem = 705 nm). 

The intensity of fluorescence emission at 705 nm due to the transi
tion of thiocarbamate-amine to amine increased gradually and almost 
reached the intensity of HSD-RF at 2 h after the addition of H2O2 
(Fig. 2A–B). Among several most commonly existed types of ROS in 
biological systems, HSD-R exhibited an extremely high selectivity for 
H2O2 by comparing the fluorescence spectra (λex = 670 nm) of the probe 
upon reaction with H2O2, tert-butylhydroperoxide, hypochlorite, su
peroxide, singlet oxygen, nitric oxide, and hydroxyl radical (Fig. 2C–D). 
It has been reported that ROS are mainly generated by various com
plexes of the mitochondrial electron transport chain (ETC) in car
diomyocytes of the MI heart [32]. Whereas superoxide anion and free 
radicals are initially produced at complexes of the ETC, they are highly 
reactive and short-lived forms of ROS. In addition, both superoxide 
anion and free radicals can be converted to H2O2. Therefore, a high level 
of H2O2 is generally present in the MI heart. Consequently, the high 
selectivity of HSD-R to H2O2 is beneficial for imaging and therapy of 
MI-associated dysfunctions in the heart. 

3.3. Mechanisms responsible for fluorescence generation and H2S release 
from HSD-R 

The proposed mechanism of fluorescence generation and H2S release 
from HSD-R is shown in Fig. 2E. First, HSD-R is partly hydrolyzed to 
boronic acid in aqueous solution, followed by an oxidation reaction 
triggered by H2O2. The fluorescent amino compound HSD-RF is quickly 
formed following the initial reaction, with simultaneous release of COS. 
Ubiquitously existed CA in the biological fluids further catalyzes the 
conversion of caged COS to H2S. The formation of HSD-RF in the reac
tion was confirmed by HPLC and liquid chromatography mass spec
trometry (LC-MS) using synthesized HSD-RF as a control (Fig. 2F). As 
another proof of H2S release from HSD-R, a conventional methylene blue 
(MB) method was first used to measure the concentrations of H2S during 
the reaction, clearly showing H2O2-dependent release of H2S (Fig. S5). 
In addition, the H2O2-triggered time-dependent release profile of H2S 
was affirmed by quantification via HPLC (Fig. S6). 

3.4. In vitro and in vivo biocompatibility of HSD-R 

HSD-R did not exhibit noticeable cytotoxicity at the tested concen
trations up to 20 μM in normal H9c2 myocardial cells (Fig. S7), indi
cating good cytocompatibility. This result is in line with the previous 
finding that this type of COS-derived H2S donors are generally safe for 
biological applications at relatively low concentrations (<60 μM) [30]. 
In addition, after intramyocardial injection of HSD-R at a single dose of 
500 μg/kg in normal rats (five folds higher than the dose used to treat MI 
in rats), the possible side effects were investigated by complete blood 
count, serum biochemistry, and histopathological analyses. We found no 
necrosis, congestion, and hemorrhage or distinguishable inflammatory 
lesions in the heart, liver, spleen, lung, and kidney at day 28 after 
treatment (Fig. S8). The results of complete blood count and serum 
biochemistry analyses revealed normal hematological profiles as well as 
negligible hepatotoxicity and nephrotoxicity (Fig. S9). It is worth noting 
that HSD-R itself had no adverse effects on typical H2S-producing en
zymes, such as CBS and CGL (Fig. S10). These preliminary results sug
gested that HSD-R exhibited good safety profile for in vivo applications. 

3.5. Fluorescence imaging of H2S release from HSD-R in vitro and in vivo 

Fluorescence properties of HSD-R were further tested for its potential 
applications in biomedical imaging. After 30 min of incubation with 
Rosup [33], a ROS-stimulating reagent, HSD-R was internalized by H9c2 
cells and emitted strong red fluorescence (Fig. S11). Red fluorescence of 
HSD-R was well co-localized with green fluorescence of mitochondria 
stained with MitoTracker Green, a typical mitochondrial probing dye. 
The Pearson’s correlation factor was calculated to be 0.8658 and the 
overlap coefficient is 0.8399 (Fig. S12), confirming an obvious mito
chondrial targeting effect of HSD-R. Since the mitochondrial membrane 
exhibits negative potential, the positively charged indole group of 
HSD-R can interact with mitochondria via electrostatic forces, following 
cellular uptake and intracellular trafficking of HSD-R molecules in car
diomyocytes, thereby leading to effective mitochondrial targeting. 
Rosup was also used in cell culture experiments to stimulate the gen
eration of H2O2 and subsequent release of H2S. WSP-1 [34], a specific 
fluorescent probe for H2S, was simultaneously added to monitor H2S 
release. In the absence of Rosup, almost no WSP-1 fluorescence was 
observed, indicating no production of H2S in this case (Fig. 3A). By 

Fig. 2. In vitro characterizations of HSD-R. (A) Fluorescence response of HSD-R (5 μM) to H2O2 (100 μM) and CA (10 μg/mL). Deionized water and HSD-RF (5 μM) 
were used as controls. (B) Time-dependent fluorescence intensities of HSD-R at 697 nm in the presence of H2O2 (100 μM). (C) Fluorescence responses of HSD-R (5 
μM) to various types of ROS at 100 μM. Deionized water was used as a control. (D) Fluorescence intensities at 697 nm at 120 min after addition of ROS. (E) Schematic 
showing mechanisms responsible for H2O2-triggered release of H2S and generation of fluorescence. COS, carbonyl sulfide; CA, carbonic anhydrase. (F) HPLC traces of 
HSD-RF (10 μM), HSD-R (10 μM) after reaction with 100 μM H2O2 in PBS for 120 min, and HSD-R (10 μM). 
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contrast, the addition of Rosup resulted in obvious increase of WSP-1 
green fluorescence, suggesting that H2S release from HSD-R was 
greatly enhanced by cellular ROS (green channels, Fig. 3A). This trend is 
consistent with the change of red fluorescence from reacted HSD-R (red 
channels and merged images, Fig. 3A). Moreover, fluorescence micro
scopic observation suggested that intracellular H2S release was 
time-dependent (Fig. S13). Collectively, these results substantiated that 
ROS-triggered release of H2S from HSD-R can be simultaneously visu
alized by its self-reporting fluorescence. 

Importantly, the drastic difference of fluorescence intensities be
tween HSD-R and its cleaved product (i.e., HSD-RF) after H2S release 
enabled monitoring and imaging of H2S release in MI rats. Compared to 
the untreated MI rats and HSD-R-treated healthy rats, MI rats injected 
with low (25 μg/kg) and high (100 μg/kg) doses of HSD-R showed 
obviously dose-related potent fluorescence in the apex cordis (Fig. 3B). 
This was further confirmed by injecting four different doses of HSD-R in 
MI rats with subsequent ex vivo imaging. The detected fluorescence in
tensities in the hearts were highly correlated to the applied doses 

(Fig. 3C–D). In a separate study, one single dose of HSD-R at 100 μg/kg 
was administered to the hearts of MI rats and fluorescence changes were 
observed. It was found that red fluorescence, representing remained 
HSD-RF in the heart after the transition of HSD-R, gradually enhanced 
and peaked at 2 h, followed by decrease until became weak at 12 h 
(Fig. 3E–F). The results also suggested that HSD-RF can be metabolized 
and cleared from the heart. Notably, due to local administration of HSD- 
R, there was no observable fluorescence in other organs at 2 h (Fig. 3G). 
Accordingly, HSD-R, benefitting from the integration of a fluorescent 
group with longer emission wavelength, exhibited excellent perfor
mance for in vivo imaging and quantification. Considering the fact that 
red fluorescence possesses better penetrability and discrimination from 
autofluorescence of living animals [35,36], HSD-R is superior for in vivo 
imaging over the previously reported H2S donor [30]. In addition, H2S 
levels in plasma and infarcted myocardial tissues were measured at 
different time points after MI. For different groups, the plasma levels of 
H2S showed no significant differences (Fig. S14A). Compared with the 
sham group, MI rats exhibited notably reduced H2S levels in the 

Fig. 3. Fluorescence imaging of H2S release from HSD-R in vitro and in vivo. (A) Confocal microscopy images of H9c2 cells after different treatments. Cells were first 
incubated with HSD-R (5 μM) and WSP-1 (10 μM) for 60 min. After removal of excess HSD-R and WSP-1, PBS (control), low-dose Rosup at 50 μg/mL (Rosup (L)), or 
high-dose Rosup at 100 μg/mL (Rosup (H)) was added. Fluorescence images were acquired after 30 min. Scale bars, 50 μm. (B) In vivo fluorescence images indicate 
release of H2S in MI rats after different treatments. MI, untreated MI rats; Sham+HSD-R, healthy rats injected with high dose of HSD-R; MI+HSD-R (L), MI rats 
treated with low dose of HSD-R; MI+HSD-R (H), MI rats treated with high dose of HSD-R. (C–D) Ex vivo fluorescence images (C) and quantification analysis (D) of H2S 
release in hearts of MI rats treated with different doses of HSD-R. (E–F) Ex vivo fluorescence images (E) and quantification (F) of H2S release in hearts collected from 
MI rats at different time points after treatment with the same dose of HSD-R. (G) Ex vivo image shows the distribution of HSD-RF in different organs at 2 h post HSD-R 
administration. Data in (E–F) are expressed as means ± SD (n = 6). 
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myocardial tissues, which were effectively reversed by treatment with 
HSD-R (Fig. S14B), particularly at 2 and 12 h after local injection. This 
finding is also consitent with the ex vivo imaging result, indicating that 
locally injected HSD-R can sustain H2S release for more than 12 h. 

3.6. Therapeutic effects of HSD-R on restoration of cardiac function and 
structure in MI rats 

MI occurs when the coronary artery is occluded, which leads to a 
decrease in myocardial blood flow [37,38]. In addition, cardiac 
dysfunction [39] and left ventricular remodeling [40] can cause poor 
prognosis post MI. Therefore, improving cardiac function and restrain
ing adverse remodeling play important roles in decreasing the incidence 
of heart failure and improving prognosis [40,41]. In this study, the 
restoration of cardiac functions was considered as a key indicator to 
evaluate HSD-R efficacy in the treatment of MI. By echocardiography, 
key parameters such as LVIDd, LVIDs, EDV, ESV, LVEF, and LVFS were 
detected and calculated at different time points after ligation and in
jection of HSD-R (Fig. 4A). Compared with the MI group, the 
HSD-R-treated group showed smaller values of LVIDd, LVIDs, EDV, and 
ESV from days 1–28 (Fig. 4B), indicating less dilatation of the left 
ventricle and inhibition of cardiac remodeling by the HSD-R treatment. 
The increased ESV and EDV in the sham group showed the enlargement 
of hearts because of normal growth during the experiment. The cardiac 
dysfunction caused by MI was confirmed by decreased LVEF and LVFS, 
suggesting compromised heart pump function. As shown in Fig. 4B, the 
infarcted hearts treated with low [HSD-R (L), 25 μg/kg] and high 
[HSD-R (H), 100 μg/kg] dose of HSD-R exhibited significantly improved 
LVEF and LVFS, indicating better preservation of contractility and 
improved left ventricular heart functions. Of note, HSD-RF showed no 
protective effects. Together, these results demonstrated that HSD-R can 
remarkably promote the cardiac function, especially at the examined 
high dose. 

Subsequently, TTC, H&E, and Masson staining were employed to 
determine the effects of HSD-R treatment on cardiac structures [42]. The 
infract size, left ventricular (LV) wall thickness, and LV scar size were 
measured. Compared with the MI group, HSD-R treatment significantly 
reduced infract size (Fig. 4C and D, Fig. S15) and improved LV wall 
thickness (Fig. 4E and F). Fibrosis in the MI zone (blue) notably 
decreased after HSD-R treatment (Fig. 4E and G). Rats in the HSD-R (H) 
group showed the lowest fibrosis and highest restoration to normal 
myocardium in the infarcted area. By contrast, HSD-RF had no beneficial 
effects, with respect to decreasing infract areas or myocardium resto
ration (Fig. 4). These findings substantiated that HSD-R effectively 
reduced infract size and restrained the LV negative remodeling in MI 
rats. It should be noted that the MI model in rats was used to demon
strate fluorescence imaging capability and therapeutic effects of HSD-R 
in this conceptual proof study, since previous findings revealed high 
ROS levels in the MI heart [43–45]. Since additional ROS will be 
generated during the reperfusion process, further studies based on 
myocardial infarction-reperfusion models can afford more clinically 
relevant results. Whether HSD-R can provide beneficial effects in 
ischemia/reperfusion models remains to be extensively examined. 

3.7. Mechanisms underpinning therapeutic effects of HSD-R on 
myocardial ischemia injury 

3.7.1. Overall protective roles of HSD-R against MI by RNA-sequencing 
analyses 

Although H2S has been reported to play a pivotal role in regulating 
cardiovascular function [46,47], the specific mechanisms involved in 
the protective role of H2S against myocardial ischemia injury remain to 
be elucidated. Therefore, RNA-sequencing (RNA-seq) analysis [48] was 
performed for tissues collected from the myocardial infarction area, 
located in the apex cordis of the rat heart. The unguided principal 
component analysis (PCA) and correlation analysis revealed high 

relevance between the sham and HSD-R-treated groups (Fig. 5A–B), 
suggesting that the samples of these two groups were remarkably 
similar, while the MI group was quite different from the other two 
groups. This result is consistent with therapeutic effects of HSD-R on MI, 
indicating that the rat hearts after HSD-R treatment might be greatly 
restored to the normal state, therefore even comparable to the sham 
group. Based on the empirical Bayes method (fold change ≥ 2 and P <
0.05), 4967 differentially expressed genes (DEGs) including 2765 
down-regulated and 2202 up-regulated ones were identified by com
parison of the HSD-R (i.e., HSD-R-treated MI rats) and MI groups, as 
implicated by the volcano plots and the heatmap (Fig. 5C–D). 

To confirm specific biological processes and signaling pathways 
involved by the above mentioned DEGs, KEGG pathway and GO 
enrichment analyses [49,50] as well as powerful techniques for anno
tation and classification of gene functions were performed on these 2765 
down-regulated and 2202 up-regulated DEGs (Fig. 5E–F, Figs. S16–17). 
The results indicated that the cardioprotective effects of HSD-R are 
mainly resulted from interactions of H2S with multiple signaling targets 
including the GO/KEGG terms related to reduced cardiomyocyte 
apoptosis, attenuated inflammatory responses, and increased angio
genesis. These findings demonstrated that the cardioprotective effects of 
HSD-R against MI were achieved through multi-target mechanisms 
involving suppression of apoptosis and inflammation as well as induc
tion of angiogenesis. 

3.7.2. Anti-apoptotic effects of HSD-R 
Among various mechanisms underlying cardioprotective effects of 

HSD-R on myocardial ischemia injury, inhibition of cardiomyocyte 
apoptosis has been emphasized, since apoptosis of cardiomyocytes 
induced by prolonged ischemic anoxia is a major component of 
myocardial ischemia injury due to the poor regeneration ability of car
diomyocytes [51]. Apoptosis of cardiomyocytes has been regarded as 
the central cause of ventricular remodeling, cardiac dysfunction, heart 
failure, and even death [39,40]. To confirm the anti-apoptotic effect of 
HSD-R, TUNEL fluorescence staining was performed for sections of heart 
tissues collected from the myocardial infarction area. Compared with 
the MI group, treatment with HSD-R notably reduced myocardial 
apoptosis (Fig. 6A–B). The HSD-R (H) group showed fewer TUNEL+

apoptotic cells than the HSD-R (L) group. In vitro protective effects of 
HSD-R against hypoxia-induced injury were also investigated in H9c2 
cardiomyocytes. HSD-R significantly inhibited hypoxia-induced car
diomyocyte apoptosis, in a dose-dependent manner (Fig. 6C–D). Of note, 
HSD-R at 5 μM showed a similar cardioprotective effect compared to the 
positive control group treated with propranolol (Pro, a clinically used β 
blocker). These in vitro and in vivo results clearly demonstrated 
anti-apoptotic activity of HSD-R. 

To further explore the underling mechanisms responsible for anti- 
apoptotic effects of HSD-R, a PPI network was constructed based on 
obviously down-regulated pro-apoptotic DEGs (Fig. 6E). As shown in 
Fig. 6F, down-regulated pro-apoptotic genes including Bid and Apaf1, 
besides previously reported Casp3, are located in the center of the PPI 
network. In addition, GSEA, an advanced enrichment analysis method 
for big data mining using another algorithm based on the data of all 
genes, revealed that the proapoptosis-associated p53 signaling pathway 
(MAP04115) was positively correlated with MI, with enrichment score 
of 0.65 and P < 0.01 (Fig. 6G). These results indicated significant roles of 
Bid, Apaf1, and p53 in the anti-apoptotic effects of H2S against 
myocardial ischemia injury, which have not been previously discovered. 

Indeed, the pivotal roles of Bid, Apaf-1, and p53 in apoptosis have 
been confirmed in other models [52]. It has been reported that apoptosis 
is one of the most commonly studied p53-dependent cellular outcomes 
in response to DNA damage [53]. p53 can up-regulate the expression of 
genes involved in apoptosis, such as Bid [54]. Apaf1 also has received 
much attention as a pro-apoptotic factor and a therapeutic target [55, 
56]. Consequently, we further detected the expression profiles of Bid, 
Apaf-1, and p53 in heart tissues (Fig. 6H–J). After the HSD-R treatment, 
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Fig. 4. Improved cardiac function and structure in MI rats by HSD-R treatment. (A) Representative echocardiographic images (M-mode) in different groups post 
ligation and different treatments for 28 days. (B) Quantified values of left ventricular internal diameter (diastole) (LVIDd), left ventricular internal diameter (systole) 
(LVIDs), left ventricular end-diastolic volume (EDV), left ventricular end-systolic volume (ESV), left ventricular ejection fraction (LVEF), and left ventricular frac
tional shortening (LVFS) at varied time points during different treatments. (C–D) Representative digital photos of TTC-stained myocardial segments (C) and 
quantified infract sizes (D) of different groups (at day 7 post-MI). After TTC staining, the infarcted myocardium is white, while the non-infarcted myocardium is red. 
(E) Representative heart horizontal panoramic views (upper) and microscopic images (lower) of myocardial sections stained with H&E or Masson. Scale bars, 1 mm. 
(F–G) The LV wall thickness (F) and LV scar size (G) quantified by the midline method based on H&E and Masson sections. Sham, with thoracotomy but without LAD 
ligation; MI, with LAD ligation and saline injection; HSD-R (L), with LAD ligation and HSD-R injection at 25 μg/kg; HSD-R (H), with LAD ligation and HSD-R injection 
at 100 μg/kg; HSD-RF, with LAD ligation and HSD-RF injection at 100 μg/kg. Data are expressed as means ± SD from three independent replicates (n = 9). *P < 0.05, 
**P < 0.01, ***P < 0.001; ns, no significance. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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Bid, Apaf-1, and p53 were significantly down-regulated at both mRNA 
and protein levels, indicating that inhibition of these genes/proteins 
played an important role in the anti-apoptotic effects of HSD-R against 
myocardial ischemia injury. 

3.7.3. Anti-inflammatory effects of HSD-R 
It has been reported that apoptosis and necrosis of cardiomyocytes 

following myocardial ischemic anoxia initiate inflammatory reactions 
which contribute to the secondary injury and further lead to the 
detraction of cardiac function [57]. H2S showed anti-inflammatory ef
fects in different animal models [58,59]. Accordingly, we determined 
the expression of typical pro-inflammatory factors, including tumor 
necrosis factor (TNF)-α, caspase 1, interleukin (IL)-1β, and IL-18 in the 
myocardium to assess the anti-inflammatory effects of HSD-R. The 
mRNA levels of TNF-α, caspase 1, IL-1β, and IL-18 were significantly 
down-regulated after the HSD-R treatment, as compared to the MI group 
(Fig. 7A). Additionally, GSEA found that the GO term representing 
macrophage activation (GO0042116) was positively correlated with MI, 
showing enrichment score of 0.71 and P < 0.001 (Fig. 7B). This result 
suggested the potential effect of HSD-R on macrophage polarization. 
After the HSD-R treatment, we found significant down-regulation of 

several marker genes relevant to pro-inflammatory M1-type macro
phages in heart tissues, including CD86, IL-12, and iNOS (Fig. 7C). 
Moreover, both flow cytometric and confocal microscopic analyses 
indicated that HSD-R significantly inhibited interferon (IFN)-γ-induced 
M1 polarization of RAW264.7 macrophages, as implicated by the 
notably reduced CD86 expression (Fig. 7D–G). Furthermore, the 
HSD-R-treated group showed a significantly lower expression level of 
phosphorylated Stat1 (p-Stat1), as compared to the MI group 
(Fig. 7H–I). This is in line with the previous finding that macrophage M1 
polarization is tightly regulated by p-Stat1 [60,61]. Together, these re
sults suggested that HSD-R can effectively inhibit the activation of 
macrophages to the pro-inflammatory M1 phenotype by reducing 
phosphorylation of Stat1, which might serve as another potential ther
apeutic target for the treatment of myocardial infarction. 

3.7.4. Pro-angiogenic effects of HSD-R 
Decreased myocardial blood supply after ischemia injury affects 

cardiac structure, thereby resulting in cardiac dysfunction [46]. To 
confirm the positive effects of HSD-R on blood flow restoration, laser 
speckle contrast analysis (LASCA) was employed to evaluate the flow 
velocity and spatial vascular profile in the infarcted area of MI rats at 

Fig. 5. RNA-Seq analysis of MI heart tissues with or 
without HSD-R treatment. (A) Principal component 
analysis (PCA) of three examined groups (n = 3). 
Each symbol in the image represents one sample. 
(B) Correlation analysis of three groups. More 
saturated red represents higher co-expression 
interconnection of pair-wise samples. (C) The vol
cano map of genes detected in the HSD-R and MI 
groups. Green dots represent 2765 down-regulated 
genes and red ones denote 2202 up-regulated 
genes in the HSD-R group as compared to the MI 
group. (D) The heatmap of 4967 DEGs identified by 
comparing HSD-R and MI groups according to the 
cutoff criteria (fold changes ≥ 2, P < 0.05). In the 
HSD-R group, genes in red represent up-regulated 
genes compared to those in the MI group, while 
the blue ones represent down-regulated genes 
compared to those in the MI group. (E–F) KEGG 
pathway enrichment analysis of DEGs. Y axis rep
resents the names of enriched KEGG pathways, the 
dot color represents P values of the enrichment 
analysis. The dot size and rich factor represent 
numbers of enriched DEGs. (E) Ten significantly 
enriched KEGG pathways of 2765 down-regulated 
DEGs. (F) Ten significantly enriched KEGG path
ways of 2202 up-regulated DEGs. (For interpreta
tion of the references to color in this figure legend, 
the reader is referred to the Web version of this 
article.)   
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Fig. 6. In vitro and in vivo anti-apoptotic effects of HSD-R. (A) Representative fluorescent micrographs showing TUNEL+ apoptotic cells (red) in the hearts at day 7 
after different treatments. Sham, thoracotomy without LAD ligation; MI, LAD ligation plus saline injection; HSD-R (L), LAD ligation plus HSD-R injection at 25 μg/kg; 
HSD-R (H), LAD ligation plus HSD-R injection at 100 μg/kg. Scale bar, 200 μm. (B) The quantified numbers of TUNEL+ apoptotic cells. n/HPF, number per high 
power field. (C–D) Flow cytometry analysis of hypoxia-induced apoptosis of H9c2 cardiomyocytes pretreated with PBS, various doses of HSD-R, or Pro. (E) The 
heatmap of down-regulated DEGs involved in pro-apoptosis after HSD-R treatment. In the HSD-R group, genes in red represent up-regulated genes compared to those 
in the MI group, while the blue ones represent down-regulated genes compared to those in the MI group. (F) The protein-protein interaction (PPI) network of down- 
regulated DEGs involved in pro-apoptosis. The size and color of nodes were defined by the node degree: the larger the node size and the redder the node color, the 
higher the node degree; lines represent interactions between the nodes. The line width is defined as the interaction coefficient: wider lines represent stronger in
teractions between the proteins. (G) The significantly enriched KEGG pathway in GSEA: the MAP04115 p53 signaling pathway, with enrichment score of 0.65 and P 
< 0.01. (H) RT-qPCR analysis of the mRNA expression levels of pro-apoptosis genes including Bid, Apaf-1, and p53. (I–J) ELISA (I) and Western blot (J) results of the 
protein expression levels of three pro-apoptotic biomarker genes. Data are expressed as means ± SD from three independent replicates. *P < 0.05, **P < 0.01, ***P <
0.001; ns, no significance. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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day 28 after administration of HSD-R. As expected, the blood flow was 
seriously impeded for MI hearts without any treatment (Fig. 8A). By 
contrast, the HSD-R treatment groups exhibited significantly better 
blood flow than that of the control group. The blood flow in the HSD-R 
(H) group increased 56% compared to the non-treated group 
(Fig. 8A–B). The degree of revascularization was also evaluated by 
immunofluorescence staining of CD31 (a typical biomarker of angio
genesis). A significantly higher density of vessels was found in the infarct 
region of the HSD-R-treated MI rats, especially the HSD-R (H) group 
(Fig. 8C–D). This result is consistent with LASCA data, confirming the 
effects of HSD-R on regeneration of new blood vessels and restoration of 
blood flow in MI hearts of rats. 

Moreover, pro-angiogenic effects of HSD-R were examined in 
HUVECs via tube formation and wound scratch assays. HSD-R treatment 
resulted in a significant dose-dependent increase of tube-like structure 
formation (Fig. 8E–F) and cell migration (Fig. 8G–H, Fig. S18) in 
cultured HUVECs. In addition, the mRNA levels of representative pro- 
angiogenic factors (VEGFa, FGF1, and Wnt5a) in the myocardium 
were significantly up-regulated after the HSD-R treatment, as compared 
to those of the MI group. These results demonstrated the positive effects 

of HSD-R on revascularization and blood flow restoration, which might 
be implemented by promoting tube formation and cell migration of 
endothelial cells as well as up-regulating the expression of VEGFa, FGF1, 
and Wnt5a. This is in line with the previous finding that H2S can serve as 
a stimulator of angiogenesis [51,62]. The pro-angiogenic effect of 
HSD-R makes it more promising in the treatment of myocardial infarc
tion, because therapies capable of promoting myocardial vasculariza
tion can improve myocardial perfusion, limit adverse ventricular 
remodeling, prevent the progression of heart failure, and eventually lead 
to better recovery from the MI events [46]. 

4. Conclusions 

In summary, we designed and synthesized a novel ROS-responsive 
H2S donor HSD-R capable of visualizing and quantifying H2S release 
kinetics and distribution profiles by its intrinsic self-reporting red fluo
rescence. HSD-R showed effective cardioprotective efficacies against 
myocardial ischemia injury, owing to its multiple pharmacological ef
fects including anti-apoptotic, anti-inflammatory, and pro-angiogenic 
activities. Mechanistic studies revealed that the H2S donor HSD-R can 

Fig. 7. In vitro and in vivo anti-inflammatory effects of HSD-R. (A) RT-qPCR analysis of the mRNA expression levels of inflammatory factors including TNF-α, Caspase 
1, IL-1β, and IL-18 in heart tissues of MI rats. (B) The significantly enriched GO term in GSEA: GO0042116 macrophage activation, with enrichment score of 0.71 and 
P < 0.001. (C) RT-qPCR analysis of the mRNA expression levels of marker genes of inflammatory M1 macrophages (CD86, IL-12, and iNOS) in heart tissues of MI rats. 
(D–E) Flow cytometric analysis of the number of M1 (F4/80+CD86+) macrophages. (F–G) Representative immunofluorescence images (F) and quantification (G) of 
CD86+ cells. For images in (D to G): Control, without IFN-γ and HSD-R treatment; Stimulated, treated with IFN-γ alone; HSD-R (L), simultaneously treated with IFN-γ 
and HSD-R at 0.2 μM; HSD-R (H), simultaneously treated with IFN-γ and HSD-R at 2 μM. (H–I) Western blot analysis of expression levels of phosphorylated-Stat1 (p- 
Stat1) and Stat1 in heart tissues of MI rats. Data are expressed as means ± SD from three independent replicates. *P < 0.05, **P < 0.01, ***P < 0.001; ns, no 
significance. 
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induce anti-apoptotic effects by inhibiting the expression of several pro- 
apoptotic factors (BID, Apaf-1, and p53), which may serve as previously 
undefined therapeutic targets of H2S for MI therapy. Importantly, pre
liminary in vitro and in vivo studies demonstrated good safety profile of 
HSD-R. Our findings will promote the development of novel H2S donors 
with high translational potential for precision therapy of MI and other 
ischemic diseases. 
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