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Abstract
Background: Ultrasound‐targeted microbubble destruction (UTMD) has been developed as a promising
approach for organ‐ and tissue‐speci�c gene or drug delivery. The aim of the present study was to explore
the role of UTMD‐mediated Bax gene silencing in acute rejection(AR) response after heart
transplantation(HT).

Methods: Bax-short hairpin RNA (shRNA) bound with polyethyleneimine (PEI) and microbubbles(MBs)
were synthesized and effective ultrasound-targeted delivery of Bax-shRNA/PEI into rat cardiomyocyte
H9c2 con�rmed in vitro. Based on these observations, three transplant rat models were tested  Allograft
(ALLO);  ALLO+cyclosporine(CsA); and ALLO+UTMD+Bax-shRNA/PEI. The protein expression of Bax
gene was detected through Western blot analysis. The pathological examination and survival time of
cardiac allografts were also evaluated.

Results: Bax protein expression was signi�cantly inhibited in ALLO+UTMD+Bax-shRNA/PEI group
compared to the other two groups(p<0.01). At 6 days post HT, the ALLO+UTMD+Bax-shRNA/PEI group
had Grade II rejection or less in�ammatory in�ltration and myocyte damage using International Society
For Heart and Lung Transplantation grading, compared to Grade IIIB or IV in ALLO group and Grade II or III
in ALLO+CsA group.The survival time of allografts in ALLO+UTMD+Bax-shRNA/PEI group
was(16.21±5.01)days, which was obviously longer than that in ALLO (p < 0.05) and ALLO+CsA(p < 0.01)
group.

Conclusions: UTMD mediated Bax gene inhibition with shRNA/PEI can prevent acute cellular rejection
and improve survival time of the grafted heart in the early post-transplant period. These �ndings may
provide a new strategy for gene therapy in patients after HT.

Background
Heart transplantation(HT) has been appearing as a life-saving treatment for patients with end-stage heart
failure over the past years. However, acute rejection(AR) is the most serious complication early after
transplantation affecting graft outcome and survival [1, 2]. Current therapies to prevent AR typically use
immunosuppressive drugs and polyclonal antibodies that have signi�cant systemic side effects,
including increased risk of infection. Recent studies have shown that interventing myocardial cell
apoptosis has become a promising strategy to induce transplantation tolerance, inhibit ischemia-
reperfusion injury, and thereby decreasing AR of the grafted heart [3, 4].

Bax is a member of Bcl-2 gene family, playing a crucial role in cardiomyocyte apoptosis signal
transduction pathway[5]. A signi�cant increase in Bax expression would accelerate Bax oligomer
formation, resulting in mitochondria-mediated apoptosis pathway being activated after HT[6]. Therefore,
inducing Bax gene silencing may inhibit cardiomyocyte apoptosis[7, 8], and thus overcome the damaged
allograft function, organ toxic reaction or other adverse effects caused by long-term uptake of
immunosuppressive drugs. However, data on this issue are still limited.
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RNA interference(RNAi) technology, as a potential modality for gene therapy, has been widely used in
�elds of antiviral, antitumor and organ transplantation. RNAi can effectively inhibit the expression of
speci�c genes in the body and induce genes silencing during cell proliferation[9]. The short hairpin
RNA(shRNA) is one of the most common fragments used in RNAi technology. Previous studies have
shown that silencing targeted gene messenger RNA(mRNA) by shRNA can induce immune tolerance and
prevent acute cellular rejection following organ transplantation[10, 11]. However, RNAi therapy requires
effective, and often repeated, delivery into a target area to be effective. Over the past years, ultrasound
targeted microbubble destruction (UTMD) was proved to be a safe, effective, and physical gene
transfection technology[12-14]. In this study, we hypothesized that Bax-shRNA could be selectively
transfected into the transplanted cardiomyocytes by UTMD, aiming to inhibit Bax gene expression,
mitigate AR response and prolong the survival time of transplanted heart.

Materials And Methods
Preparation of shRNA and microbubble(MB)

According to the manufacturer’s instructions, the SonoVue (Bracco Medical Technology
Co.,Ltd.Shanghai,China) were dissolved in 5ml 0.9% saline solution, which was thoroughly mixed with
MBs and vibrated until the MBs were well distributed. The resulting concentration of MBs was 2.5μm and
the density was (1.0-5.0)*108/ml.

Following Bax-ShRNA plasmid labeled with green �uorescent protein marker (5μl/well,Invitrogen,U.S.) and
polyethyleneimine(PEI) (3.75μl/well,Sigma Aldrich,U.S.) were mixed, serum-free
DMEM(91.25μl,Hyclone,U.S.) was added in for incubation at room temperature for 10min. MBs were
mixed with the Bax-ShRNA/PEI in a 1:1 volume ratio till analysis. Meanwhile, the mixture of MBs and Bax-
ShRNA was used as a control. Negative control transfection was performed using Lipofectamine 2000 as
instructed.

Cell lines and cultures

Rat cardiomyocyte H9c2 purchased from Cell bank of Chinese Academy of Sciences, was cultured in
DMEM supplemented with 10% fetal bovine serum(Hyclone,U.S.), 1% penicillin and streptomycin. Slides
of 21mm diameter were used as H9c2 adhesion substrate. The 0.25ml polylysine diluted by phosphate
buffer saline(PBS) solution was dropped onto the sterile slides, which were placed overnight at 4℃. The
polylysine slides were washed twice with sterile water the next day, and then set into the bottom of 6-well
plates. 

H9c2 cells were seeded onto the 6-well plates at a density of 5*105 cells/well and split into 5 group before
transfection: (1) Bax-ShRNA;(2) Lipofectamine 2000+Bax-ShRNA;(3)UTMD+Bax-ShRNA;(4)UTMD+Bax-
shRNA/PEI;(5)Bax-shRNA/PEI +MBs without ultrasound exposure(US). 

Cell transfection 
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H9c2 reaching a 70% cell con�uence in the 6-well plates were washed with saline solution and serum-free
medium respectively, and then added in serum-free DMEM 1ml/well. US was treated (1 MHz, 20% duty
cycle, 1 W/cm2, pulse duration 60s) using a non-imaging ultrasound probe (Low power focused
ultrasound experimental device; Chattanooga company, USA). Six hours later, serum-free DMEM was
changed into DMEM with 10% serum and the H9c2 were continued to be cultured in an incubator for 48
hours. 

Bax knockdown with Bax-shRNA in vitro

At 48h after treatment, the infection e�ciency was assessed by green �uorescent protein expression of
H9c2 cells in different groups using �uorescence microscopy. The transfected H9c2 were washed with
PBS and analyzed for the expression levels of Bax-mRNA by real-time PCR (RT-PCR) and western
blotting[15].

Total tissue RNA was extracted by TRIzol (Ambion, US) method. Primer synthesis was completed by
Invitrogen Technologies (Shanghai, China). Primer sequences for Bax were as follows: upstream: 5’-
GGATGCGTCCACCAAGAA-3’ and downstream:5’-TCCCGGAGGAAGTCCATT-3’.

The Bax protein in each group was extracted by RIPA lysis buffer, quanti�ed by the BCA kit (P0012,
Beyotime, China), and kept at -80℃ for subsequent applications. The protein was separated and then
sealed using PBST at room temperature for 2h after membrane transfer. The membrane was probed with
mouse monoclonal antibodies overnight at 4℃. After using PBST to wash membrane 3 times, the
membrane was reprobed with secondary mouse anti-rabbit IgG for half an hour at room temperature.
Western blots were rinsed with PBST buffer for 3 times and reacted with ECL solutions.

Heart transplantation models

30 healthy male Wistar rats, body weight(266±12g), 7-10 weeks old and the other 30 healthy male
Sprague Dawley (SD) rats, body weight(281±14g), 7-10 weeks old were all purchased from Shanghai
SLAC Laboratory Animal Ltd, and raised in speci�c pathogen-free animal center according to the
standard animal management guidelines. The hearts of SD rats were transplanted to Wistar rats serving
as the allograft group. The animal experiment was approved by the Tongji University Institutional Animal
Care and Use Committee.

Heterotopic cardiac transplantation was performed according to the Ono-Lindsey method[16, 17]. Rats
were anesthetized with iso�urane (2%) and ventilated using a rodent ventilator (Harvard Apparatus Inc.)
throughout the surgical procedure.After being anesthetized, middle incision thoracotomy of donor rat was
performed, then the heart was taken out and the ascending aorta and pulmonary artery were dissected in
cold saline. The abdomen of recipient rat was opened by a midline incision, and the abdominal aorta and
the postcava were isolated and occluded. The aorta and pulmonary artery of donor rat were
anastomosed end to side to the abdominal aorta and the postcava of the recipient rat, respectively. After
heart reperfusion, the abdomen was closed and the rat was placed in an incubator to recover. The rats
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were euthanized with an overdose of sodium pentobarbital (P010, Merck, Germany, 250 mg/kg). All
methods were carried out in accordance with the Institutional Animal Care and Use of Laboratory
Animals.

Targeted therapy of Bax-shRNA in vivo

Based on in vitro transfection results, three groups were created (n=10 rats in each group):Group A,
Allograft (ALLO); Group B, ALLO+cyclosporine(CsA,NOVARTIS Pharma Ltd). CsA were given at a dose of 5
mg/kg per day until 6 days after transplantation; Group C, ALLO+UTMD+Bax-shRNA/PEI (200μL MBs
mixed with 30μg Bax-shRNA and 22.5μL PEI). UTMD was performed 30s after injection of Bax-
shRNA/PEI via the aorta using the same therapeutic ultrasound probe in vitro and the following
irradiation parameters: frequency (1 MHz), duration(3 min), output intensity (2.0W/cm2), duty cycle(20%).

Western blot and histopathological analysis

At 6 days post transplantation, 5 recipient rats of each group were sacri�ced and the hearts were
removed. Left ventricular myocardium tissue were para�n-embedded and made into 5μm slices. The
expression of green �uorescent protein in myocardium was observed by �uorescence microscopy. The
procedure of western blotting was the same as experiment procedure in vitro. The other 5 rats in each
group were observed for the survival time of heterotopic cardiac allograft.

Histopathological analysis was performed with hematoxylin-eosin (H&E) staining. The rats were graded
according to the standards for acute heart allograft rejection established by International Society for
Heart and Lung Transplantation (ISHLT) in 1990 [18]. 

Statistical analysis  

The measurement data was expressed as mean ± SD and analyzed using SPSS 21.0 software. Statistical
analyses were either performed with Student’s t-test or by one-way analysis of variance(ANOVA).
Signi�cant differences were considered at p value < 0.05.

Results
Cellular uptake of Bax-shRNA 

The transfection e�ciency of UTMD+Bax-shRNA/PEI group(34.21±3.37%) was signi�cantly higher than
the other 4 groups, including the group of Bax-ShRNA((0.12±0.02)%,p=0.000), Lipofectamine 2000+Bax-
ShRNA ((27.05±2. 82)%,p=0.041), UTMD+Bax-ShRNA((20. 44±4.19)%,p=0.036) and Bax-shRNA/PEI
+MBs without US ((9. 28±2. 12)%,p=0.008)(Fig.1A). The green �uorescence was not evident in group
without US exposure, proving that transfection required UTMD(Fig.1Be). 

Bax gene knockdown ability of shRNA/PEI in vitro
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The feasibility of Bax-shRNA/PEI+UTMD to knockdown Bax gene in rat cardiomyocyte H9c2 was
evaluated by RT-PCR and western blot with β-actin as the negative control. Bax-shRNA/PEI with UTMD
signi�cantly suppressed Bax expression compared to the other 4 groups. The Bax-shRNA without PEI and
US exhibited virtually no in�uence on expression of Bax(Fig.2A and B).

Bax gene knockdown by shRNA/PEI in vivo

On the 6th day after transplantation, the expression of Bax in the transplanted rats hearts of Group C was
reduced, con�rming in vivo transfection by �uorescence microscope. The green �uorescence was clearly
observed only in Group C, with no signi�cantly different distribution in left ventricular
myocardium(Fig.3A). Bax protein was signi�cantly reduced on western blot staining(Fig.3B). The
comparison of Bax protein expression and β-actin of Groups A and B were not signi�cantly different
(p>0.05), while Bax protein expression in Group C was signi�cantly lower than Group A(p=0.000) and
B(p=0.003), with the inhibition rate of (61.31 ± 4.17)%.

Survival of allografts and histological Studies

The survival time of allografts in Group C was(16.21±5.01) days,which was obviously longer than that in
Group B with (11.14±1.72) days (p=0.041) and Group A with (7.26±1.57) days (p=0.000). 

Histological analysis of transplanted heart tissue at 6 days post-HT indicated level IIIB or IV rejection in
rats of group A, de�ned as diffuse in�ammatory cell in�ltration, large areas of edema, necrosis and
hemorrhage into the myocardium. Grade II or III rejection was observed in group B, de�ned as more than
two focuses of in�ammatory cell in�ltration and mild damage of cardiomyocyte. In contrast, transplanted
tissue sections from group C showed minimal immune rejection(Fig.4).

Discussion
In this study, we demonstrated that a targeted inhibition of Bax gene expression with UTMD of
shRNA/PEI could reduce the AR response, and prolong survival of the cardiac allografts following heart
transplantation. 

AR is an unavoidable event occurring mostly in the early period after heart transplantation. The long-term
survival of recipients is affected by rejection-mediated graft vascular disease and the side effects caused
by various immunosuppressive agents such as infection, renal �brosis and malignant tumors [19, 20].
Therefore, it is urgent to identify new targets in order to enhance immune tolerance and control transplant
rejection. Recently, it was reported that intervening cardiomyocyte apoptosis could attenuate AR and
reduce the damage on cardiac allografts, moreover, infection risk as well as other systemic side effects
due to uptake of immunosuppressive drugs could be eliminated so that the life quality of transplantation
recipients can be improved [3, 4, 21]. Chuan Li et al found indoleamine 2,3-dioxygenase gene
overexpression in dendritic cells signi�cantly impaired CD4+ T cell responses promoting increased
apoptosis, suggesting the gene modulation as adjunctive therapy in cardiac transplantation and to
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induce immunological tolerance[22]. Heng Xu et al observed ablation of survivin in T cells attenuates
acute AR after murine heterotopic heart transplantation by inducing apoptosis [4]. To the best of our
knowledge, relatively little is known concerning the role of Bax gene in HT at present, and this study was
the �rst to show that UTMD can help Bax-shRNA entering into the cardiomyocyte, leading to a high
plasmid transfection e�ciency and �nal Bax protein suppression. Furthermore, we demonstrated that
Bax-shRNA transfected using UTMD downregulates the expression of in�ammation in�ltration, and
allografts survival time is signi�cantly prolonged.

Bax is a well-known proapoptotic protein of the Bcl-2 family, involved in a large number of physiological
and pathological processes[23, 24]. After HT, the expression of Bax and Bax/Bcl-2 ratio would
signi�cantly increased, initiating the mitochondrial-mediated apoptosis pathway[6]. Bax predominantly
resides in the cytosol as an inactive monomer, once activated, undergoes a conformational change that
catalyzes dimerization at the mitochondrial outer membrane(MOM), leading to oligomer formation, MOM
permeabilization and then, a series of proapoptotic factors were released [23]. Among them, cytochrome
C and its downstream caspases cascade are the key substances in starting the apoptosis process and
play a crucial role in the cardiomyocyte apoptosis. Other studies showed Bax gene can also induce
apoptosis not relying on caspase pathway[25, 26]. Therefore, targeting the Bax gene emerge as a
potential approach for protection against AR. RNA interference, as an e�cient post-transcriptional gene
silencing technology, permit a more speci�c protein expression suppression of the target gene[27, 28]. In
our study, shRNA was selected as the transfection vector[9]. Although the transfection e�ciency was
poorer than that of small interfering RNA (siRNA) [29, 30], but shRNA was more conducive to the
maintenance of silencing effect as the protein conversion of Bax gene in cardiomyocytes was slow. 

Virus vector systems are conventionally used for vector or gene transfection. However, most of them lack
speci�city and cannot transfer genes to targeted locations[31]. Furthermore, the safety and feasibility of
viral vehicles for clinical application is unclear[32]. Accumulating studies in recent years have showed
ultrasound targeted microbubbles destruction (UTMD) turns out to be an appropriate method to deliver
gene to target tissues due to e�ciency and safety [12-14, 33]. The cavitation effect generated by UTMD
can facilitate the adhesion of genes to the microvasculature of target tissues, but also cause cell
damage[12]. Therefore, optimizing ultrasound conditions, including ultrasound intensity, radiation pattern,
exposure time and the concentration of ultrasound microbubbles, is of great signi�cance to improve the
transfection e�ciency of UTMD without affecting cell viability. Zhuo Wang et al. reported that the
ultrasound conditions suitable for UTMD transfection to prevent AR following HT were 1MHz, 50% duty
cycle, and 60s radiation time[32]. Based on the previous studies, we found 1MHz and 20% duty cycle
acted as the most suitable parameters. When the intensity and duty cycle were greater than 1MHz and
50% respectively, transfection e�ciency improved but cell viability diminished signi�cantly. Meanwhile,
through the detection of cell viability under the action of different concentrations of SonoVue, we selected
the ultrasound MBs concentration of 20%. Of note, the branched PEI with less cytotoxicity used in our
study can help shRNA combine with destructed microbubbles better, which is more conducive to Bax-
shRNA plasmid transfection.
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The current study has several limitations. Firstly, the underlying regulation mechanisms of Bax gene in
this process is still unknown. Secondly, we did not assess the effect of Bax silencing on cell viability,
proliferation and apoptosis. In addition, the optimization of parameters and the uni�cation of standards
of UTMD still require further exploration in the clinical application.

Conclusion
In summary, our research authenticated that UTMD-mediated Bax silencing can more effectively inhibit
cardiomyocyte apoptosis and induce transplantation tolerance, indicating that Bax gene is a potential
target for AR. UTMD delivery of Bax-shRNA bound with PEI represents a potential approach for gene
therapy after HT.
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Figure 1

Cellular uptake of Bax-shRNA. (A) Transfection e�ciency from different groups. (B) Bax-shRNA (green
�uorescence) was e�ciently internalized into H9c2 only after treating with PEI and microbubbles
followed by US(d). P, plasmid(Bax-ShRNA); UTMD, ultrasound-targeted microbubble destruction; PEI,
polyethyleneimine; MBs, microbubbles.

Figure 2

Bax gene knockdown of shRNA/ PEI in vitro.(A) RT-PCR analysis of the expression levels of Bax(*p < 0.05,
**p<0.01). (B) Western blot of expression of Bax in rat cardiomyocyte H9c2. P, plasmid(Bax-shRNA);
UTMD, ultrasound-targeted microbubble destruction; PEI, polyethyleneimine; MBs, microbubbles.
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Figure 3

(A)Fluorescent micrograph of Bax expression in vivo of group C(ALLO+UTMD+Bax-shRNA/PEI). a1,Bright
�eld (× 200); a2,Fluorescence imaging of a1(× 200); b1, Bright �eld (× 400); b2,Fluorescence imaging of
b1 (× 400). (B) Western blot of expression of Bax protein in vivo. ALLO ,allograft; UTMD, ultrasound-
targeted microbubble destruction; PEI, polyethyleneimine; CsA, cyclosporine.
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Figure 4

Pathological sections of rat hearts at 6 days after transplantation (×200). In�ammatory in�ltration and
myocyte damage was signi�cantly attenuated in Group C. ALLO, allograft; UTMD,ultrasound-targeted
microbubble destruction;P, plasmid.
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