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Abstract
Background: Thromboembolism and subsequent ischemia/reperfusion injury (IRI) re-
main major clinical challenges.
Objectives: To investigate whether hydrogen sulfide (H2S)-loaded microbubbles (hs-
Mbs) combined with ultrasound (US) radiation (hs-Mbs+US) dissolve thrombi and si-
multaneously alleviate tissue IRI through local H2S release.
Methods: hs-Mbs were manufactured and US-triggered H2S release was recorded. 
White and red thromboembolisms were established ex vivo and in rats left iliac artery. 
All subjects randomly received control, US, Mbs+US, or hs-Mbs+US treatment for 
30 minutes.
Results: H2S was released from hs-Mbs+US both ex vivo and in vivo. Compared with 
control and US, hs-Mbs+US and Mbs+US showed comparable substantial decreases 
in thrombotic area, clot mass, and flow velocity increases for both ex vivo macro-
thrombi. In vivo, hs-Mbs+US and Mbs+US caused similarly increased recanalization 
rates, blood flow velocities, and hindlimb perfusion for both thrombi compared with 
the other treatments, with no obvious influence on hemodynamics, respiration, and 
macrophage vitality. More importantly, hs-Mbs+US substantially alleviated skeletal 
muscle IRI by reducing reactive oxygen species, cellular apoptosis, and proapop-
totic Bax, caspase-3, and caspase-9 and increasing antiapoptotic Bcl-2 compared 
with other treatments. In vitro, hypoxia/reoxygenation-predisposed skeletal mus-
cle cells and endothelial cells treated with normal saline solution exhibited simi-
lar trends, which were largely reversed by an H2S scavenger or an inhibitor of Akt 
phosphorylation.
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1  |  INTRODUC TION

Thromboembolic diseases such as myocardial infarction and stroke 
are prevalent worldwide and associated with high disability and 
mortality rates.1 Rapid restoration of blood flow by vascular reca-
nalization is essential in thromboembolism treatment.2,3 Current 
conventional strategies to recanalize an occluded vessel are cath-
eter intervention and thrombolytic agent perfusion, which have 
contributed to substantial improvements in the salvage of endan-
gered tissue and long-term patient outcomes. However, despite 
rapid reperfusion by any of these strategies, paradoxical organ in-
jury, referred to as ischemia/reperfusion injury (IRI), accompanies 
the restoration of blood flow and concomitant reoxygenation.4 IRI 
triggers further organ damage, such as myocardial arrhythmia and 
stunning, microvascular obstruction and lethal IRI, which decrease 
the benefits of recanalization and cause further deterioration, with 
increased disability and mortality, through various mechanisms in-
volving oxidative stress (OS), mitochondrial dysfunction, and cell 
apoptosis.5 Myocardial IRI is reportedly responsible for up to 50% 
of the final infarct size.6

Over the decades, there have been considerable efforts to ad-
dress IRI, and some promising results have been obtained in animal 
studies. However, currently, there are no satisfactory therapies for 
treating IRI in clinical practice.7,8 The results of clinical studies in-
vestigating pharmacologic agents have been mixed,9 and no drugs 
have been designed to specifically target organs affected by IRI, 
thus decreasing the adverse effects of the drug. Although isch-
emic conditioning strategies are promising, the effects are weak 
and, in some cases, inconsistent.10 More importantly, in urgent IRI 
situations such as primary percutaneous coronary intervention, 
the procedure of ischemic preconditioning may delay the time to 
vessel recanalization.

Hydrogen sulfide (H2S), a biological gas that is widespread in 
the body, is emerging as an attractive strategy for IRI treatment. 
Accumulating evidence indicates that H2S is protective against IRI in 
the animal heart, liver, kidney, lung, and brain through multifaceted 
mechanisms.11-15 However, challenges exist in achieving low toxic-
ity and long-term activity and ensuring the specific bioavailability 
of H2S to injured tissue. In most studies, H2S was delivered system-
ically as a gas or in a donor such as normal saline (NaHS) and Na2S, 
which are not ideal sources of H2S; they cause a drastic increase in 
blood H2S levels, which has systemic side effects, and contribute to 
the short persistence of H2S in blood and the mediocre availability to 

target tissues, crippling the therapeutic potency of H2S in target or-
gans.16,17 More recently studied long-lasting H2S compounds, such 
as diallyl trisulfide and SG-1002, are released more slowly,18,19 but 
they may not fix the problem of nonspecific H2S delivery to endan-
gered tissue. An organ-specific H2S delivery system may address the 
therapeutic challenges.

Currently, ultrasound-treated microbubbles (Mbs+US) are a 
valuable tool for the organ-specific delivery of drugs, gases, or 
genes.20 In response to regional acoustic pressure, Mbs oscillate 
and finally collapse (cavitation) to locally release cargo, dimin-
ishing unwanted systemic side effects. It has been reported that 
the delivery of nitric oxide and oxygen by Mbs+US is feasible and 
beneficial for treating myocardial infarction and destroying tumor 
neovasculature, respectively.21,22 Our previous work demon-
strated that US+Mbs carrying H2S (hs-Mbs+US) can specifically 
release H2S at the myocardium and attenuate rat myocardial IRI 
without obvious systemic side effects.23

Through US-induced Mbs cavitation, Mbs+US are also emerg-
ing as an attractive and effective adjunct to current recanalization 
strategies such as vascular intervention and thrombolytic drugs 
when patients are too weak to undergo an operation, are at high 
risk of bleeding or show the no-reflow phenomenon that some-
times follows large vessel recanalization. Evidence shows that 
Mbs+US are efficacious at lysing acute macrothrombi in iliofem-
oral, coronary, and carotid arteries, thus improving organ perfu-
sion and outcomes in animals.24-28 In addition, Mbs+US effectively 
dissolved microthrombi in the brain and heart and improved organ 
function in a mouse acute ischemic stroke model and a canine cor-
onary no-reflow model, respectively.29,30 Thus, given that Mbs+US 
can boost thrombolysis, US+hs-Mbs holds great promise as an 
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(2018GZR110105009). Conclusion: hs-Mbs+US effectively dissolved both white and red macrothrombi and 

simultaneously alleviated skeletal muscle IRI through the US-triggered, organ-specific 
release of H2S. This integrated therapeutic strategy holds promise for treating throm-
boembolic diseases and subsequent IRI.
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Essentials

• Thromboembolism and subsequent ischemia/reperfu-
sion injury remain major clinical challenges.

• White and red thromboembolisms were established ex 
vivo and in rats left iliac artery.

• hs-Mbs+US effectively dissolves macrothrombi and al-
leviates skeletal muscle IRI by H2S release.

• hs-Mbs+US holds promise for treating thromboembolic 
diseases and subsequent IRI.
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integrated treatment to achieve prompt thrombosis and simulta-
neous IRI protection.

In this study, we hypothesized that H2S-loaded Mbs (hs-Mbs) 
combined with US radiation (hs- Mbs+US) are thrombolytic and 
protect against skeletal muscle IRI through local H2S delivery. We 
prepared hs-Mbs and detected H2S release and transit to tissue 
upon US-triggered hs-Mbs destruction. We also evaluated the lytic 
efficiency of hs-Mbs+US in vitro and in a rat model of hindlimb 
macrothrombosis. Furthermore, we investigated the protective ef-
fect of hs-Mbs+US against IRI in vivo and explored the underlying 
mechanism.

2  |  METHODS

2.1  |  Experimental animals

Male Sprague-Dawley rats weighing 250 to 300 g was supplied 
by the Laboratory Animal Centre of Southern Medical University. 
The animal care and experimental protocols followed the guide-
lines approved by the Institutional Animal Care and Use Committee 
at Southern Medical University and were in accordance with the 
National Institutes of Health guidelines.

F I G U R E  1  Ultrasound-triggered H2S release from hs-Mbs to tissues. (A) H2S content in various tissues in nonthromboembolized 
rats immediately after US+hs-MB treatment (n = 3). *P < .05 vs control; #P < .05 vs hs-MB.H2S content in hindlimb skeletal muscle 
immediately after treatments in (B) white and (C) red left iliac artery-thromboembolized rats (n = 6). *P < .05 vs control; #P < .05 vs US+MB. 
Representative (D) pictures and (E) quantification of L6 cell sections stained with TUNEL. (F) Evaluation of cellular apoptosis by Comp-
FITC-A/Comp-PI A double staining and flow cytometry. (G) Quantification. *P < .05 vs 0 μmol/L NaHS; #P < .05 vs 10 μmol/L NaHS; 
$P < .05 vs 30 μmol/L NaHS; &P < .05 vs 50 μmol/L NaHS. Control, saline infusion; hs-MB, microbubble loaded with hydrogen sulfide; US, 
ultrasound; H/R, hypoxia for 2 h with subsequent reoxygenation for 12 h; H/R+NaHS, hypoxia for 2 h followed by immediate addition of 
NaHS solution, then reoxygenation for 12 h [Color figure can be viewed at wileyonlinelibrary.com]
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2.2  |  Preparation of Mbs and hs-Mbs

The methods of Mbs and hs-Mbs preparation are described else-
where.31 A detailed description is provided in the Appendix S1.

2.3  |  Characterization of Mbs and hs-Mbs

The morphology of Mbs and hs-Mbs was characterized by an optical 
microscope (OLYMPUS BX51, Olympus Optical). The average diam-
eter and concentration of Mb and hs-Mbs in solution were analyzed 
using a Multisizer III Coulter Counter (Beckman Coulter Inc).

2.4  |  In vitro evaluation of US-triggered H2S 
release from hs-Mbs

We introduced an artificial flow system to mimic corporeal flow 
conditions and measure US-triggered H2S release from hs-Mbs 
(Figure 1A). Phosphate buffered saline was infused through the sys-
tem by a peristaltic pump and maintained at a constant flow rate of 
10 mL/min. The hs-Mbs suspension was infused into the pipe at a 
constant 0.01 mL/min. We used a Siemens ultrasonic system and a 
4V1c sector-array US transducer (frequency range, 1-4.5 MHz; di-
ameter in azimuthal direction, 32 mm; elevation plane, 5 mm), which 
was placed 3 cm from the system, and US waves were transmitted 
through a thick tissue-mimicking phantom to fragment hs-Mbs. The 
transducer was used in a mechanical index of 1.9 and a frequency of 
2 MHz. The H2S solution concentration was continuously measured 
by a downstream H2S-sensitive polarographic electrode connected 
to a free radical analyzer (TBR4100, World Precision Instruments). 
The electrode was calibrated to a standard curve derived from an 
ethylenediaminetetraacetic acid-Na2S solution in deoxygenated dis-
tilled water according to the manufacturer's instructions.32

2.5  |  In vitro preparation of macrothrombi

Preparation of white and red macrothrombi have been described 
elsewhere.33 A detailed description is provided in the Appendix S1.

2.6  |  In vitro thrombolysis

The details of the horizontal closed-loop circulating flow system are 
provided in the Appendix S1. The largely occluded flow in the sys-
tem was confirmed by B-mode US and pulse-wave Doppler US. Both 
white and red thrombi were randomly assigned into four treatment 
groups: control, US, Mbs+US, and US+hs-Mbs groups (n = 15 per 
group). In the control group, normal saline was infused at a rate of 
0.01 mL/min, and the thrombus was left untreated for 30 minutes. 
In the US group, only US sonication was applied. In the Mbs+US and 
US+hs-Mbs groups, Mbs or hs-Mbs (1 × 109 Mbs/mL) were infused 

at a rate of 0.01 mL/min. The transducer of Siemens Acuson Sequoia 
(4V1c sector-array transducer, frequency: 2 MHz; mechanical index: 
1.9; azimuthal plane: 32 mm; elevation plane: 5 mm) was used to 
sonothrombolysis lengthwise. The treatment lasted for 30 minutes 
with an intermittent mode of 3 seconds on and 9 seconds off.

2.7  |  Left iliac arterial thrombosis model

A description of in vivo white and red macrothrombus preparation is 
provided in the Appendix S1.

2.8  |  In vivo negative and positive control for IRI

Methods of constructing non-thromboembolism-negative control 
rats and occlusion/recanalization positive control for IRI rats are 
provided in the Appendix S1.

2.9  |  In vivo contrast-enhanced US imaging and 
in vivo pharmacokinetics of hs-Mbs

A detailed description is provided in the Appendix S1. Rats were in-
fused with Mbs or hs-Mbs (1 × 109 Mbs/mL, 0.01 mL/min) through the 
jugular vein, and contrast-enhanced US (CEUS) images were acquired 
to visualize hindlimb blood perfusion when there was a stable distribu-
tion of both Mbs. Then, 30 minutes of therapeutic US radiation (me-
chanical index, 1.9) was used to fragment Mbs or hs-Mbs. Immediately 
after treatment, hindlimb skeletal muscle, kidney, and liver tissues 
were collected to detect the H2S content. The tissues were isolated, 
homogenized in ice-cold phosphate buffered saline, and centrifuged 
for 10 minutes at 12 000g. The supernatant was collected, and the 
H2S concentration was assayed by a TBR4100 free radical analyzer37. 
MCE 2.7 software (University of Virginia) was used to analyze the per-
fusion images and video intensity (VI) as previously described.21

2.10  |  Local in vivo delivery of H2S by sonication of 
hs-Mbs and in vivo thrombolysis

The occluded flow in the left iliac artery was confirmed by B-mode US 
and PW Doppler US. The US was used to destroy Mbs or hs-Mbs for 
acoustic thrombolysis by a 4V1c sector-array transducer in an oriented 
lengthwise with vessel flow. White and red thrombi were randomly 
assigned to four treatment groups: the control, US, Mbs+US, and 
US+hs-Mbs groups (n = 15 in each group). The control group received 
an identical amount of normal saline infusion as the other two groups. 
In the US group, only US sonication was applied. Rats in the Mb+US 
and hs-Mbs+US groups were infused with Mbs and hs-Mbs suspen-
sions (1 × 109 Mbs/mL), respectively, at a rate of 0.01 mL/min through 
a polyethylene tube (PE 50) in the right internal jugular vein. Then, rats 
received US irradiation for 30 minutes. The US transducer was applied 
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as described for ex vivo thrombolysis. Blood pressure and heart rate 
were indirectly measured using a blood pressure meter (BP2010AUL, 
Softron Biotechnology, Ltd.), and the respiratory rate was monitored 
at 5-minute intervals. Twelve hours after treatment, the hindlimb skel-
etal muscle was harvested for further analysis.

2.11  |  B-Mode and Doppler US imaging

In vitro and in vivo thrombolysis were ultrasonically evaluated, and a 
description is provided in the Appendix S1.

2.12  |  Hindlimb function assessment

At 1 week after the treatment, semiquantitative assessment of im-
paired hindlimb was performed serially using the “ambulatory im-
pairment score”: 3 = dragging of the foot, 2 = no dragging but no 
plantar flexion, 1 = plantar flexion, and 0 = flexing the toes to resist 
gentle traction on the tail.

2.13  |  Cell culture and treatment

Rat skeletal muscle cells (L6 cells) and human umbilical vein endothelial 
cells (HUVECs) were maintained in DMEM supplemented with fetal 
bovine serum (10%), 100 U/mL penicillin, and 100 μg/mL strepto-
mycin. Cells were treated at passages 3 through 6 and 70% to 80% 
confluence. To simulate an IRI event, the cells were pretreated with 
hypoxia (3% O2) at room temperature for 2 hours. (a) Then, NaHS so-
lution (a common H2S donor; 10, 30, 50, or 100 μmol/L) was added 
to the medium of L6 cells in Petri dishes. The cells were subjected to 
a normoxic (20% O2) environment at room temperature for 12 hours 
and then used for assays. (b) For in vitro mechanism experiments, 
NaHS solution (50 μmol/L) was added to the cell medium with (i) hy-
potaurine (an H2S scavenger, 200 mmol/L) or H2O2 (100 μmol/L) or (ii) 
GSK690693 (GSK, a AKT protein phosphorylation inhibitor, 1 μmol/L) 
or SC79 (SC, a AKT protein phosphorylation agonist, 10 μg/mL). Then, 
all cells were subjected to normoxia (20% O2) at room temperature for 
12 hours. At the end of the incubation, the cells were used for assays.

2.14  |  Histological examinations

Hematoxylin-eosin (H&E) staining and scanning electron micros-
copy of the macrothrombus and immunohistochemistry staining for 
CD41, caspase-3, and -9 are described in the Appendix S1.

2.15  |  Reactive Oxygen Species detection

A description is provided in the Appendix S1.

2.16  |  In vivo and ex vivo apoptosis assays

Cellular apoptosis was determined by terminal deoxynucleotidyl 
transferase dUTP nick end labeling (TUNEL) staining of rat skeletal 
muscle and culturing of L6 cells and HUVECs. A description is pro-
vided in the Appendix S1.

2.17  |  Western blotting

Bcl-2, Bax, caspase-3 and -9, Akt, p-AKT, NQO1, SOD2, and β-actin 
protein levels were determined by western blotting as previously de-
scribed.21 A description is provided in the Appendix S1.

2.18  |  SOD and malondialdehyde quantification in 
skeletal muscle

To detect SOD and malondialdehyde (MDA) in skeletal muscle, tis-
sue was harvested, homogenized, and centrifuged for 15 minutes 
(3000g, 4°C). SOD and MDA were quantitated using commercial kits 
(Nanjing Jiancheng Bioengineering Institute) according to the manu-
facturer's protocols.

2.19  |  Detection of serum skeletal muscle injury 
markers and proinflammatory cytokines

Rat plasma creatine kinase (CK), myoglobin (Myo), interleukin-6 (IL-
6), and tumor necrosis factor-α (TNF-α) were analyzed. A description 
is provided in the Appendix S1.

2.20  |  Circulatory macrophage isolation and 
vitality assessment

A description is provided in the Appendix S1.

2.21  |  Statistical analysis

Statistical analyses were performed using SPSS 20.0 (SPSS, Inc). 
Numerical variables are presented as the mean ± standard de-
viation. Comparisons between multiple groups were analyzed 
by one-way anova, followed by Bonferroni's multiple comparison 
test. Mb and hs-Mbs stability data were analyzed by repeated-
measures anova. Blood flow velocity data among groups, which 
were not normally distributed, were analyzed by the nonparamet-
ric Kruskal-Wallis H test, followed by Dunn's multiple comparison 
tests. Fisher's exact test was used to analyze differences in the 
recanalization rate between groups. P < .05 was considered to in-
dicate statistical significance.
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3  |  RESULTS

3.1  |  Characterization of hs-Mbs

Previously characterized stable hs-Mbs with an optimal H2S/C3F8 
ratio of 1:1 was used. Both Mbs and hs-Mbs were milk-like in appear-
ance with no macroscopic difference in density (Figure S1A). Under 
the microscope, both particles were spherical without aggregation, 
and there was no significant difference in particle size (Figure S1B). 
Comparable initial concentrations of 0.97 to 1.15 × 109/mL (P > .05, 
Figure S1C) and mean diameters of 2.07 to 2.73 µm (P > .05, 
Figure S1D) were observed for both Mbs. hs-Mbs displayed H2S 
encapsulation of 0.43 ± 0.05 μmol/mL, and no H2S loading was de-
tected in Mbs (Figure S1E). The concentration of both hs-Mbs and 
Mbs remained stable for 72 hours (Figure S1F) under storage condi-
tion of 4°C.

3.2  |  In vitro H2S delivery by hs-Mbs+US

US-triggered H2S release from hs-Mbs was investigated in a flow sys-
tem that mimics corporeal flow conditions (Figure S1G). The baseline 
H2S level fluctuated at 0 μmol/L (Figure S1H). During hs-Mbs infu-
sion, the solution H2S concentration slightly increased, with a sub-
sequent slow decrease toward 0 μmol/L within 30 seconds. The H2S 
concentration increased rapidly within the first 15 seconds of sonica-
tion, was maintained at a stable level during sonication, and rapidly 
decreased to baseline (0 μmol/L) within 15 seconds after stopping US 
(Figure S1H). The maximum concentration of H2S was markedly in-
creased under US sonication (Figure S1I). These results demonstrated 
the feasibility of H2S release from US-triggered hs-Mbs destruction.

3.3  |  Specific in vivo H2S delivery by hs-
Mbs+US and in vivo pharmacokinetics of hs-Mbs

We used CEUS to explore the US-mediated destruction of Mbs and 
hs-Mbs and subsequent local H2S delivery in healthy rat hindlimbs. 
After intravenous infusion, both Mbs and hs-Mbs quickly spread 
throughout the body, as evidenced by greatly enhanced hindlimb 
US signal (Figure S1J). Then, the VI immediately and substantially 
decreased in both groups upon US sonication near the hindlimb 
(Figure S1J,K), indicating that Mbs and hs-Mbs were quickly frag-
mented by US sonication. The pharmacokinetic monitor suggested 
the residence time of the hs-Mbs in the circulation (without US soni-
cation) was 13.8 ± 0.6 minutes (Figure S1L).

To determine specific tissue delivery of H2S by hs-Mbs destruc-
tion, left hindlimb skeletal muscle, liver, and kidney tissues were 
collected immediately after the cessation of hindlimb US radiation 
in healthy rats. H2S levels were considerably increased in hindlimb 
skeletal muscle in US+hs-Mbs compared with hs-Mbs, whereas 
there were no significant differences in H2S levels in the kidney or 
liver with or without US (Figure 1A). Similarly, in white (Figure 1B) 

and red (Figure 1C) left iliac artery-thromboembolized rats, H2S con-
tent in rat hindlimb skeletal muscle was significantly increased when 
hs-Mbs was under US sonication. These results indicated that hs-
Mbs could deliver H2S to specific tissue under focused US radiation.

Next, we demonstrate that H2S delivery can alleviate cell apop-
tosis. As described previously, cultured L6 cells were pretreated 
under hypoxia (3% O2) for 2 hours. NaHS solution of 10, 30, 50, or 
100 μmol/L was then added to the media, respectively, followed by 
12 hours of normoxia (20% O2). TUNEL staining (Figure 1D,E) and 
flow cytometry (Figure 1F,G) analysis showed a dose-dependent re-
lationship between H2S concentration and the antiapoptotic effects. 
The optimum activity of antiapoptosis was observed with 50 μmol/L 
NaHS solution, and this concentration was used in further studies.

3.4  |  In vitro thrombolytic effect of hs-Mbs+US

To detect the thrombolysis efficacy of US+hs-Mbs, we prepared ex 
vivo white and red macrothrombi and established the thrombolysis 
setup described previously. H&E staining and scanning electron mi-
croscopy imaging showed the white thrombi consisted of a dense fi-
brin-platelet meshwork and a few erythrocytes (Figure 2A), whereas 
the red thrombi were composed of compact erythrocytes and a 
relatively loose fibrin meshwork (Figure 2F). US transverse images 
showed that the prepared white or red macrothrombi were compa-
rable before treatment (Figure 2B,G). The thrombi were then treated 
for 30 minutes (Figure 2B,G). The increase in flow velocity and de-
crease in both thrombotic area percent in transverse sections and 
clot mass were significantly greater in the Mbs+US and hs-Mbs+US 
groups than the other two groups, with similar thrombolysis potency 
between the two Mbs groups (Figure 2C,E and Figure 2H,J). These 
results showed that the thrombolytic effect of hs-Mb+US was similar 
with that of Mbs+US for both in vitro macrothrombi.

3.5  |  In vivo thrombolytic effect of hs-Mbs+US

We then determined the thrombolysis efficacy of hs-Mbs+US in throm-
boembolic rat iliac artery. The white macrothrombi contained a dense 
fibrin-platelet network and the CD41 signal (platelets) was abundant 
(Figure 3A), whereas the red thrombi consisted of a mass of erythro-
cytes with scarce CD41 signal (Figure 3F). US imaging showed that 
both macrothrombi were successfully and comparably induced in iliac 
artery among four groups (Figure 3B,G). Consistently, CEUS showed 
a low flow velocity in artery and an obvious absence of perfusion in 
the rat hindlimb before treatment (Figure 3B,G). After 30 minutes of 
treatment, the recanalization rate, vessel flow velocity increase, and 
VI of CEUS imaging were comparable in the Mbs+US and hs-Mbs+US 
groups for both thromboembolism models and were substantially 
higher than other groups (Figure 3C-E,H-J). Vessel recanalization was 
defined as greater than a 20% increase in blood flow compared with 
the baseline impaired blood flow, and the recanalization rate was de-
fined as the ratio of recanalized samples/total samples × 100%. Our 
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results indicated that the in vivo thrombolysis of US+hs-Mbs was as 
effective as that of US+Mbs for both macrothrombi.

3.6  |  hs-Mbs+US improve hindlimb function

A hindlimb function was assessed at 7 days after the treatment: both 
Mbs+US and hs-Mbs+US markedly lowered the ambulatory impairment 
score compared with other groups, and hs-Mbs+US further reduced 

the score compared with Mbs+US (Figure 4A,E), suggesting a robust 
tissue protection against IRI by artery recanalization and H2S delivery.

3.7  |  hs-Mbs+US decreases IRI-induced 
inflammation and OS

IRI is associated with excessive reactive oxygen species (ROS) gen-
eration and tissue inflammation upon the reintroduction of O2 to 

F I G U R E  2  Thrombolytic effect of hs-Mbs+US and Mbs+US in ex vivo macrothrombi. (A) H&E staining and scanning electron microscopy 
(SEM) of in vitro white macrothrombi. (B) White macrothrombi in the transverse view of the rubber tube before and after treatment. 
Quantification of (C) increased blood flow velocity, (D) thrombus reduction in the transverse section, and (E) decreased clot mass in white 
macrothrombi after treatment. (F) H&E staining and scanning electron microscopy of in vitro red macrothrombi. (G) Red macrothrombi in the 
transverse view of the rubber tube before and after treatment. Quantification of (H) increased blood flow velocity, (I) thrombus reduction in 
the transverse section, and (J) decreased clot mass in red macrothrombi after treatment. Control, controlled saline infusion; US, ultrasound; 
hs-Mbs, microbubble loaded with hydrogen sulfide. *P < .05 vs control; #P < .05 vs US, n = 15 per group [Color figure can be viewed at 
wileyonlinelibrary.com]
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ischemic tissue. IL-6 and TNF-α are potent proinflammatory cy-
tokines. MDA and SOD are accepted biomarkers of pro-OS and 
antioxidant defense, respectively. We introduced healthy rats as 

a negative control and occlusion/recanalization rats as a positive 
control for IRI. As expected, in comparison to non-thromboem-
bolism (normal), occlusion/recanalization (IRI) instigated tissue 
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D E
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F I G U R E  3  Thrombolytic effect of hs-Mbs+US and Mbs+US in rat left iliac artery thromboembolism models. (A) Representative images 
of H&E staining and CD41 immunohistochemical staining of in vivo white thrombi. (B) Diagnostic US imaging of white thrombi and CEUS 
imaging of hindlimb perfusion before and after treatment. Quantitation of the (C) recanalization rate, (D) blood flow velocity, and (E) 
video intensity of CEUS imaging after treatment in white thromboembolism models. (F) Representative images of H&E staining and CD41 
immunohistochemical staining of in vivo red thrombi. (G) Diagnostic US imaging of red thrombi and CEUS imaging of hindlimb perfusion 
before and after treatment. Quantitation of the (H) recanalization rate, (I) blood flow velocity, and (J) video intensity of CEUS imaging after 
treatment in red thromboembolism models. Control, controlled saline infusion; US, ultrasound; hs-Mbs, microbubble loaded with hydrogen 
sulfide. *P < .05 vs control; #P < .05 vs US, n = 15 per group.  [Color figure can be viewed at wileyonlinelibrary.com]

F I G U R E  4  In vivo mitigation of IRI-induced skeletal muscle oxidative stress and inflammation by hs-Mbs+US. (A) Ambulatory impairment 
score of white thrombus model rats left hindlimb a week after the treatment. (B) H&E staining of white thrombus model rats hindlimb 
skeletal muscle after different treatments. Serum (C) IL-6 and (D) TNF-α in white thrombus model rats after treatments. (E) Ambulatory 
impairment score of red thrombus model rats left hindlimb a week after the treatment. (F) H&E staining of red thrombus model rats 
hindlimb skeletal muscle after different treatments. Serum (G) IL-6 and (H) TNF-α in white red model rats after treatments. (I) Representative 
immunofluorescence images of ROS-stained skeletal muscle sections from rats hindlimb with white thrombi. (J) SOD and (K) MDA levels in 
rat skeletal muscle with white thrombi after different treatments. (L) Representative immunofluorescence images of ROS-stained skeletal 
muscle sections from rats hindlimb with red thrombi. (M) SOD and (N) MDA levels in rat skeletal muscle with red thrombi after different 
treatments. Control, controlled saline infusion; US, ultrasound; hs-MB, microbubble loaded with hydrogen sulfide. *P < .05 vs control; 
#P < .05 vs US, $P < .05 vs US+MB, n = 15 per group [Color figure can be viewed at wileyonlinelibrary.com]
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leukocyte infiltration (Figure S2B), leveled serum TNF-α and IL-6 
(Figure S2C,D) and tissue ROS and MDA contents, alleviated tissue 
SOD (Figure S2E-H), and promoted cell apoptosis as indicated by 
increased TUNEL staining and apoptotic caspase-3 and caspase-9 
(Figure S2I-M). Furthermore, serum skeletal muscle injury mark-
ers of CK and Myo were significantly elevated in the IRI group 
(Figure S3A,B).

In both white and red thrombus-associated IRI, hs-Mbs+US sig-
nificantly ameliorated leukocyte infiltration to tissue (Figure 4B,F) 
and decreased plasma IL-6 and TNF-α (Figure 4C,D,G,H) compared 
with the rest of groups (P < .05). Additionally, hs-Mbs+US markedly 
decreased the skeletal muscle ROS (Figure 4I,L) and plasma MDA, 
and increased plasma SOD (Figure 4J,K,M,N), indicating an amelio-
ration of OS and inflammation by US+hs-Mbs.

F I G U R E  5  In vivo alleviation of IRI-induced skeletal muscle cell apoptosis by hs-Mbs+US. (A) Representative immunofluorescence 
images and quantification of TUNEL-stained skeletal muscle sections from rats in the white left iliac artery macrothrombus model. (B) 
Representative Western blotting images and statistical analysis of Bcl-2, Bax, caspase-9, and caspase-3 in rat skeletal muscle in the white 
thrombus model. Representative (C) immunohistochemical staining for caspase-3, (D) caspase-9, and (E) quantification in the white thrombus 
model. (F) Representative immunofluorescence images and quantification of TUNEL-stained skeletal muscle sections from rats in the red 
left iliac artery macrothrombus model. (G) Representative Western blotting images and statistical analysis of Bcl-2, Bax, caspase-9, and 
caspase-3 in rat skeletal muscle in the red thrombus model. Representative (H) immunohistochemical staining for caspase-3, (I) caspase-9, 
and (J) quantification in the red thrombus model. Control, controlled saline infusion; US, ultrasound; hs-Mbs, microbubble loaded with 
hydrogen sulfide. *P < .05 vs control; #P < .05 vs US, $P < .05 vs Mbs+US, n = 15 per group [Color figure can be viewed at wileyonlinelibrary.
com]
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F I G U R E  6  In vitro therapeutic effect of NaHS on hypoxia/reoxygenation L6 cells. L6 cells were pretreated with hypoxia (3% O2) for 2 h, 
treated with various solutions, and then subjected to normoxia (20% O2) for 12 h. (A) Representative immunofluorescence images of cellular 
ROS and statistical analysis. (B) Protein expression of total and phosphorylated AKT in L6 cells and statistical analysis. (C) Protein expression 
of NQO1 and SOD2 in L6 cells and statistical analysis. (D) Representative immunofluorescence images of TUNEL-stained sections of L6 
cells and statistical analysis. (E) Protein expression of Bcl-2, Bax, caspase-9, and caspase-3 in L6 cells and statistical analysis. *P < .05 vs the 
H/R group; #P < .05, H/R+NaHS vs H/R+NaHS+HT; &P < .05, H/R+NaHS vs H/R+NaHS+H2O2. (F) Representative immunofluorescence 
images of cellular ROS and statistical analysis. (G) Protein expression of total and phosphorylated AKT in L6 cells with various treatments 
and statistical analysis. (H) Protein expression of NQO1 and SOD2 in L6 cells and statistical analysis. (I) Representative immunofluorescence 
images of TUNEL-stained sections of L6 cells and statistical analysis. (J) Protein expression of Bcl-2, Bax, caspase-9, and caspase-3 in L6 
cells and statistical analysis. NaHS, sodium hydrosulfide; HT, hypotaurine, an H2S scavenger; H2O2, hydrogen peroxide, stimulus production 
of ROS. GSK690693 (GSK), AKT protein phosphorylation inhibitor; SC79, AKT protein phosphorylation agonist. *P < .05 vs the H/R group; 
#P < .05 vs H/R+NaHS+GSK690693; &P < .05 vs H/R+NaHS+SC79; $P < .05+vs H/R+NaHS+GSK690693 [Color figure can be viewed at 
wileyonlinelibrary.com]
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3.8  |  hs-Mbs+US alleviates IRI-induced apoptosis

We then explored whether the ability of hs-Mbs+US to protect against 
IRI is relevant to reducing apoptosis. There was a substantial decrease 
in the total number of TUNEL-positive nuclei in the hs-Mbs+US group 
(14.26 ± 5.25 and 11.83 ± 3.41 in white and red thrombus model, re-
spectively) compared with the Mbs+US group (24.15 ± 5.94 in white 
thrombus model and 22.71 ± 5.70 in red thrombus model; P < .05, 
respectively), US group (32.01 ± 6.581 in white thrombus model and 
30.64 ± 5.522 in red thrombus model; P < .05, respectively), and con-
trol group (33.85 ± 5.59 in white thrombus model and 32.64 ± 5.20 
in red thrombus model; P < .05, respectively), and a lower ratio of 
TUNEL-positive nuclei in the Mbs+US group than in the control groups 
(P < .05, respectively, Figure 5A,F). We found that the protein levels 
of the pro-apoptosis biomarkers Bax, caspase-3, and caspase-9 were 
significantly lower, whereas Bcl-2 were significantly higher in the hs-
Mbs+US group than the Mbs+US and control groups (Figure 5B,G). 
Immunohistochemistry analysis confirmed the trend in caspase-3 
and caspase-9 protein expression (Figure 5C-E,H-J). Besides, in both 
thrombus models, the plasma concentrations of CK and MYO were 
significantly reduced in the hs-Mbs+US compared with the control, US 
and Mbs+US (Figure S3C,D). Of note, compared with the positive IRI 
control, Mbs+US had comparable effects in alleviating tissue OS, apop-
tosis, and the inflammatory response.

Taken together, our results indicated that H2S delivery by hs-
Mbs+US conferred alleviation of IRI-induced muscle injury and im-
proved hindlimb function.

3.9  |  In vitro H2S reduces apoptosis by decreasing 
ROS and activating the Akt pathway

Next, we explored the potential mechanism by which H2S reduced 
IRI. L6 cells and HUVECs were pretreated with hypoxia followed by 
exposure to normal saline (control [H/R] group), NaHS (H/R+NaHS), 
NaHS and an H2S scavenger (H/R+NaHS+HT), or NaHS and H2O2 
(H/R+NaHS+H2O2), and then subjected to normoxia for 12 hours. 
Compared with H/R, NaHS significantly decreased cell ROS con-
tent and increased Akt phosphorylation and antioxidative NQO1 
and SOD2 levels (Figure 6A-C). NaHS also decreased the numbers 
of TUNEL-positive cells (Figure 6D) and apoptotic Bax, caspase-3, 
and -9 protein levels (Figure 6E), and increased anti-apoptotic Bcl-2. 
These results suggested the anti-oxidative and antiapoptotic effects 
of NaHS, and these protective effects could be largely reversed by 
hypotaurine (Figure 6A-E).

Studies have reported that ROS induce cell apoptosis by inacti-
vating Akt phosphorylation, thus decreasing the activity of down-
stream Bcl-2 and enhancing the activity of Bax, caspase-3, and 
caspase-9. To determine whether the antioxidative and anti-apop-
tosis effects of H2S were partly mediated by activation of the Akt 
pathway, we used the Akt phosphorylation inhibitor GSK6900693 
(H/R+NaHS+GSK6900693) or promoter SC79 (H/R+NaHS+SC79) 
to modulate p-Akt expression. Akt phosphorylation was altered as 

expected by GSK6900693 and SC79 (Figure 6G). The anti-OS and 
anti-apoptosis effects of NaHS were further augmented by SC79 
or substantially reversed by GSK6900693, indicating that H2S con-
ferred anti-OS and anti-apoptosis effects by altering Akt pathways 
(Figure 6F-J). Similar trends of these protection were observed in 
cultured HUVECs (Figure S4A,B). To summarize, we demonstrated 
that H2S conferred protection against OS and apoptosis in IRI 
through the Akt pathway.

3.10  |  hs-Mbs+US do not affect hemodynamics, 
respiration, or blood macrophage vitality

To evaluate the safety of US+hs-Mbs, we monitored blood pressure, 
heart rate, and respiratory rate during and 10 minutes after various 
treatments in the white thrombus model. There were no significant 
changes in these parameters among the groups (Table S1). We also 
found no significant difference in macrophage vitality in the four 
groups after the treatment (Figure S5A,B), implying that 30 minutes 
of US+hs-Mbs did not cause damage to circulatory macrophages. To 
summarize, our results indicated that US+hs-Mbs were safe without 
obvious systemic side effects.

4  |  DISCUSSION

In the present study, we demonstrated that integrated hs-Mbs+US 
effectively dissolve both white and red macrothrombi and simul-
taneously protect against skeletal muscle IRI. Compared with 
Mbs+US, hs-Mbs+US evoked similar thrombolysis and improvement 
in hindlimb blood perfusion but greater alleviation of skeletal muscle 
IRI. We demonstrated that this additional alleviation was mediated 
by the release of H2S via US-triggered hs-Mbs destruction and might 
be associated with the anti-apoptosis, antiOS, and anti-inflammatory 
functions of H2S. This integrated treatment may be a promising ad-
junct, or even alternative, to the current routine therapy for vessel 
recanalization and IRI prevention.

We found that hs-Mbs+US had a substantial thrombolysis ef-
fect in large vessels, which was noninferior to that of Mbs+US, as 
evidenced by the similar recanalization rate, increase in blood flow 
velocity, and hindlimb perfusion. Mechanistically, Mbs-enhanced 
sonothrombolysis is largely dependent on the acoustic cavitation 
of Mbs, which is determined by the Mbs concentration and perfor-
mance.34 The performance of Mbs is influenced by their structure, 
size, and stability in solution or blood flow, which are in turn deter-
mined by the shell material, gas contained within the bubble, and 
bubble size distribution.34 The concentration and particle diameter 
of our prepared hs-Mbs were comparable to those of control Mbs. 
Moreover, Mbs and hs-Mbs share the same phospholipid shell, which 
may lead to comparable acoustic dissolution and fragmentation 
propensity under identical US conditions.35 The only difference be-
tween the two particles was the loaded gas core. Although H2S is an 
active and unstable gas when dissolved and may impair the stability 
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of hs-Mbs, the large and inert molecule C3F8 (C3F8:H2S = 1:1) was in-
troduced as an internal gas to stabilize hs-Mbs, which was successful 
in a previous study.23 Others have similarly found that the inclusion 
of C3F8 markedly enhances the stability of Mbs loaded with O2 or 
NO.36-38 More importantly, we observed no obvious alterations in 
hs-Mbs solution concentration during the 72-hour storage, support-
ing the good stability of hs-Mbs. Thus, it is reasonable to conclude 
that the partial introduction of H2S in the core of C3F8 Mbs (hs-Mbs) 
does not significantly impact the thrombolytic effect, as does the 
full C3F8 core (Mbs) under the same US conditions.

Next, we investigated the efficiency and safety of H2S release 
by US-triggered hs-Mbs destruction and the specific bioavailability 
of H2S to IRI tissue. In the artificial flow system, 1.9 MHz of diagnos-
tic US was sufficient to cause rapid H2S accumulation in solution; 
H2S levels reached a plateau within 15 seconds and remained stable 
throughout the sonication, indicating the high efficiency and stabil-
ity of H2S release. The H2S concentration promptly declined to the 
baseline level in solution within 15 seconds after stopping the US 
treatment, indicating hs-Mbs were sufficiently stable to avoid sig-
nificant H2S release in the absence of US. In the rat hindlimb macro-
thrombus model, the CEUS signal showed instant hs-Mbs movement 
to skeletal muscle via circulation and destruction by US in situ. In 
healthy rats, 30 minutes of hindlimb US+hs-Mbs led to significantly 
higher H2S content in hindlimb skeletal muscle, but not in kidney 
and liver, suggesting the specific delivery of H2S to targeted tissue. 
Additionally, hs-Mbs+US had no obvious effect on hemodynamic 
indicators and blood macrophages. These results indicated that hs-
Mbs+US were an efficient and safe strategy for organ-specific H2S 
delivery.

More importantly, we found that US+hs-Mbs could simulta-
neously relieve skeletal muscle IRI and improve hindlimb muscle 
function through the synergistic network of anti-apoptosis, anti-
oxidative, and anti-inflammation. Apoptosis has been proposed as 
a key mediator and major manifestation of IRI-induced damage.39 
In vitro, there was a dose-effect relationship between NaHS con-
centration and the antiapoptosis in hypoxia/reoxygenation cells, 
suggesting a causal impact of H2S on alleviating cellular apoptosis. 
In vivo and in vitro, US+hs-Mbs or NaHS significantly decreased 
TUNEL-positive nuclei and the levels of the proapoptotic Bax, 
caspase-3, and caspase-9, whereas significantly increased the anti-
apoptotic Bcl-2 levels in skeletal muscle or L6 cells. In rescue exper-
iments, the anti-apoptosis effect of NaHS was largely neutralized 
by a H2S scavenger or Akt phosphorylation inhibitor but was en-
hanced by an Akt phosphorylation agonist, supporting the hypoth-
esis that H2S-mediated Akt activation is crucial for ameliorating 
cellular apoptosis during IRI. The occurrence of IRI is closely asso-
ciated with ROS generation and subsequent damages such as cell 
injury and apoptosis.40 In our study, ROS levels from skeletal tissue 
were significantly reduced, whereas the antioxidant enzyme SOD 
was substantially upregulated in the US+hs-Mbs compared with 
the Mbs+US group. These results are in accordance with the exist-
ing notion that H2S is a potent antioxidant that prevents ROS gen-
eration, scavenges ROS, and strengthens endogenous antioxidant 

systems such as SOD. We observed significantly less leukocytes 
infiltration into hindlimb skeletal muscle and lower plasma IL-6 and 
TNF-α in the US+hs-Mbs group than in other groups, suggesting 
that H2S is anti-inflammatory. IL-6 is released upon IR damage and 
increases neutrophil adhesion and inflammatory responses,41 and 
TNF-α plays multiple roles in the pathogenesis of IRI by favoring 
neutrophil infiltration, enhancing ROS production, and promoting 
inhibitory and apoptotic cell activity.42 In agreement with our re-
sults, a previous study has shown that H2S decreases the leukocyte 
population within the ischemic zone of myocardial tissue during 
IRI. SPRC, a H2S donor, attenuates lipopolysaccharide-induced 
TNF-α expression to produce an anti-inflammatory effect in H9C2 
cells.42 Taken together, H2S is capable of potently alleviating IRI 
through synergistic mechanisms.

There are several limitations of our study. First, although we 
found the alleviation of tissue IRI by hs-Mbs+US was associated 
with antiapoptosis, antioxidant stress, and anti-inflammation, the 
specific molecular signaling network involved remains to be identi-
fied. Second, because we have demonstrated the protection against 
tissue IRI by in situ release of H2S from hs-Mbs+US and that our 
magnitude of tissue H2S level have also been reported by others to 
be associated with organ protection,23,43 hs-Mbs+US should have 
potential and opportunity in future clinical IRI protection. However, 
a series of questions remain to be answered before its final clinical 
practice. In the current study, we gained organ IRI protection using 
hs-Mbs infusion (1 × 109 Mbs/mL) with 30 minutes of US sonica-
tion, but whether this protection is in a dose- and time-dependent 
manner merits deeper exploration. In addition, other factors as to 
gas-loading capacity of Mbs, Mbs administration pattern, US param-
eters, and so on all influence the H2S accessibility to organ and final 
anti-IRI effects of hs-Mbs+US. Accordingly, further studies should 
be warranted for investigation of hs-Mbs+US in potential clinical 
translation.

In conclusion, hs-Mbs+US are efficacious at dissolving macro-
thrombi and simultaneously protecting against organ IRI by in situ 
H2S delivery via US-targeted Mbs destruction. This protection may 
be associated with the anti-apoptosis, anti-OS, and anti-inflamma-
tory functions of H2S. hs-Mbs+US treatment may represent a novel 
integrated strategy to treat thromboembolism and subsequent IRI.
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