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Abstract
Ventricular restraint therapy is a non-transplant surgical option for the management of advanced heart failure (HF). To augment the
therapeutic applications, it is hypothesized that ASD shows remarkable capabilities not only in delivering stem cells but also in dilated
ventricles. Male SD rats were divided into four groups (n= 6): normal, HF, HF+ASD, and HF+ASD-BMSCs respectively. HF was
developedby left anteriordescending (LAD)coronaryartery ligation inall groupsexceptnormalgroup.Post-infarctedelectrocardiography
(ECG) and brain natriuretic peptide (BNP) showed abnormal heart function in all model groups and HF+ASD-BMSCs group showed
significantimprovementascomparedtootherHF,HF+ASDgroupsonday30.Masson’strichromestainingwasusedtostudythehistology,
and a large blue fibrotic area has been observed inHF andHF+ASDgroups and quantification of fibrosiswas assessed.ASD-treated rats
showed normal heart rhythm, demonstrated by smooth -ST and asymmetrical T-wave. The mechanical function of the heart such as left
ventricularsystolicpressure (LVSP), leftventricularend-diastolicpressure (LVEDP)andheart ratewasbrought tonormalwhen treatedwith
ASD-BMSCs. This effect was more prominent than that of ASD therapy alone. In comparison to HF group, the SD rats in HF+ASD-
BMBCsgroupshowedasignificantdecline inBNPlevels.SoASDcandeliverBMSCsto thecardiomyocytessuccessfullyandbroadenthe
therapeutic efficacy, in comparison to the restraint device alone. An effectivemethodology tomanage the end-stageHF has been proved.

Keywords Heart failure . Myocardial remodeling; Bone marrow stem cells . ASD device . Cardiac support device . Ventricular
restraint therapy

1 Introduction

HF is a common and complex disease condition in the cardio-
vascular system (CVS), which leads to various complex
symptoms and ultimate death (Francis 1988; Cotter et al.
2010; Gullestad et al. 2012). It is characterized by structural
or functional cardiac abnormalities and causes the impair fill-
ing of ventricles ultimately, leading to imbalance energy de-
mand between heart and body, as well as, several complica-
tions (Alskaf et al. 2016). Although in the past few decades,
clinical research regarding the diagnosis, prevention, and
management of HF has progressed impressively however,
HF is still a primary cause of death in developed countries
with a worldwide prevalence of 20 million, and its occurrence
is estimated to increase in parallel with the aging population
(Sung and Dyck 2015; Danilowicz-Szymanowicz et al. 2016).
Up gradation of pharmacological therapies for HF is taking
place rapidly and has been actualized according to the
American (Yancy et al. 2013; Kawasaki et al. 2012) and
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European (Miro et al. 2016) HF guidelines. In particular, de-
vice interventional therapies for the management of HF
at various stages are also under active investigation and
significant advancement has been made in the recent
years. Currently, there are several approved therapies
which are being used for the management of HF at var-
ious stages, however, these therapies lead to reserved
symptom relief for congestive heart failure (CHF) but
are incapable to recover long-term survival outcomes sig-
nificantly, except heart transplantation (Andrew and
Macdonald 2015). Whereas, genetic variations, tissue
mismatching, differences in certain immune response
and socioeconomic crisis are some major concern with
cardiac transplantation, suggested an alternate bridge to
transplant (BTT) or destination therapies (DT).

The ventricle reconstruction therapy was developed in the
last two decades by Acorn CorCap. It is a non-transplant sur-
gical VRT, wherein the overall goal is to wrap the dilated,
failing heart with prosthetic material to automatically con-
strain the heart at end-diastole, stop further remodeling, and
thereby ultimately improves patient symptoms, ventricular
function, and survival outcomes (Koomalsingh et al. 2013).
Up till now 3 premature ventricular restraint devices (Naveed
et al. 2018) i.e. Acorn CorCap Cardiac Support Device (CSD)
(Wenk et al. 2013; Kubota et al. 2014), Paracor Heart Net
device (Oliveira et al. 2014; Atluri and Acker 2013) has un-
dergone human trial and Quantitative Ventricular Restraint
(QVR) device (Ghanta et al. 2007; Magovern 2005) studies
in animals has been developed. In fact, neither a pharma-
cological interventions nor mechanical device implantation
as a single therapy can meet the demand of the advanced
HF patients.

Until now, no attention has been given to the epicardium
role in heart regeneration, but the relevant investigation sug-
gests that like embryonic stage development, the contraction
and relaxation properties of the heart have a signaling center
for the heart regeneration (Limana et al. 2011). However, the
use of stem cells holds an important pledge (Yancy et al. 2013;
Geft et al. 2008) and emerges as an alternate for transplanta-
tion (Ishida et al. 2015). Currently, there are various types of
stem cells delivered to the heart by different ways (Sheng et al.
2013) in the past decades. Although, it was realized that nei-
ther skeletal myoblasts nor embryonic stem cells would be-
come the cells of choice, and there is concern that pluripotent
stem cells might prove to be tumorigenic (Sanganalmath and
Bolli 2013a). However, the autologous bone marrow-derived
progenitor cells (stem cells) are shown to be of promise
(Fernandez-Ruiz 2016; Fisher et al. 2013). The utilization of
BMSCs not only minimizes the time but also reduces the cost
of therapy (Michler 2014; Yu et al. 2010). Transplantation of
adult BMSCs can improve LV function and reduces infarct
size, so it tumbles the incidence of death, stent thrombosis,
and recurrent MI in patients (Jeevanantham et al. 2012).

Therefore, the method for delivering BMSCs is a vital mile-
stone and has been investigated for years (Rasmussen et al.
2011). The delivery of stem cells could be conducted through
cell-seeded matrix onto the epicardial surface (Bilgimol et al.
2015) and hydrogel posses beneficial for injectable scaffold
(Cheng et al. 2012). In addition, the delivery of cells could
also be carried out through VRDs and multi-center trials con-
ducted through LVAD for delivery of cells, which appeared to
be safe and efficient (Lok et al. 2015; Ascheim et al. 2014).
Another study of stem cells was directed with restraint device,
demonstrates that a combined therapy of VRD and stem cells
offers superior potential for improving diastolic and systolic
function, reducing adverse remodeling and fibrosis, over the
conventional stem cell therapy and VRT (Shafy et al. 2013).

To obtain the optimum therapeutic benefit, VRD com-
bining with stem cells is highly required, but up till now,
no restraint therapy has been able to provide this dual
effect in single action (Naveed et al. 2017). In this study,
an ASD device was designed by using silicone, a highly
biocompatible material (Jaganathan and Godin 2012;
Bernik 2007). So ASD is able to provide cardiac support
and its unique structure has also been able in delivering
the stem cells to cardiomyocytes. It was demonstrated
that VRT with such characteristics showed the superior
therapeutic benefits to relieve HF symptoms over the
restraint therapy alone.

2 Materials and methods

Male Sprague-Dawley (SD) rats (250–300 g) were purchased
from College of Veterinary Medicine, Yangzhou University
(License # SCXK (Su) 2015–2005, Yangzhou, China. Silk
suture and 6.0 polypropylene sutures were brought from
Shanghai Jinhuan Chemical Co., Ltd., Shanghai, China.
Ventilator (HX-300S), BL-420 multi-channel physiological
system and ECG were obtained from Chengdu technology
& market Co., Ltd., Chengdu, China. The polyethylene cath-
eter and implantable catheter were purchased from Jiangxi
Hongda Medical Equipment Group Co., Ltd. Nanchang,
Jiangxi, China. Biebrich scarlet-acid fuchsin kits and
Trichrome’s staining kit were purchased from Beyotime
Institute of Biotechnology, Haimen, China. Rat BNP ELISA
kit was purchased from Shanghai Jinma Biological Co., Ltd.,
Shanghai, China. This study was carried out according to strict
and recommendations and Guidance of the Care and Use of
Laboratory Animals of the National Institutes of Health. The
protocol was approved by the Committee on the Ethics of
Animal Experiments of the China Pharmaceutical
University, School of Pharmacy. All surgery was performed
under pentobarbital sodium anesthesia, and all efforts were
made to minimize suffering.
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2.1 Study design

A total of 24 male SD rats were randomly divided into 4
groups (n = 6): normal, HF, HF + ASD, HF + ASD-BMSCs
respectively (Fig. 1). HF was induced by ligation of the left
anterior descending (LAD) coronary artery ligation as previ-
ously described (Qiu et al. 2014). Prior to anesthesia, all the
rats were shaved, weighed, disinfected and scrubbed from the
neck and chest area with 75% ethanol and anesthetized by
intraperitoneal injection of 3% Phenobarbital sodium
(30 mg/kg). Anesthetized rats were laid in a supine position
and endotracheal intubation was performed. Ventilation was
made possible by connecting the endotracheal tube to HX-
300S ventilator at a breathing rate of 80/min and tidal volume
10 mL. After stable breathing, the chest was opened between
the 3rd and 4th intercostals space and a chest retractor was
placed to depict the LV. Left coronary artery was recognized
and then ligated with 6.0 polypropylene sutures to provoke
HF, and confirmed by taking the ECG and BNP levels. Chest
retractor was withdrawn and the ribs were rejoined together by
discontinuing stitching. In case of treatment groups, first the
device was implanted and then the chest was closed for further
experiments.

2.2 Isolation of BMSCs

The rats were soaked in 75% ethanol for 10 min and euthan-
atized. The tibias and femurs were bilaterally dissected to
depict the epiphyseal plates under sterile conditions. An injec-
tor containing PBS was used to rinse out the bone marrow
awaiting the bone cavity became white. Consequently, the
rinsed bone marrow was blown and crashed into a cell sus-
pension slowly. The suspension was centrifuged at 1500 rpm/

min for 25 min to gradient extraction BMSCs. A proper
amount of Dulbecco’s modified Eagle’s medium was added
to precipitate and the mixture was blown into a cell suspension
and located into culture flasks to keep it as a reserve (Tian
et al. 2014). For detection of rat mesenchymal BMSCs, rat
surface antigen CD90, CD29, CD45 as a test indicator and
fluorescently labeled antibodies like PE-CD90, APC-CD29,
and FITC-CD45. F3 generation of BMSCs and trypsin diges-
tion for 1 min plus 1 mL complete medium for termination of
digestion was taken. The cells were centrifuged (1000r/5 min)
and washed with PBS for cell count (1 × 106 cells/mL) repeat-
edly. The re-suspended cells were added to seven 1.5 mL EP
tubes, each containing 500 cells. Like Blank control group
+5 μL PBS, PE-90 group +0.75 μL PE-90, APC-29 group
+6.25 μL APC-29, FITC-45 group +2.5 μL FITC-45, Test
group +0.75 μL PE-90 + 6.25 μL APC-29 + 2.5 μL FITC-
45 and 2 Ibid Test groups then put into the refrigerator at
4 °C and dark incubation for 30 min. Washed twice with
PBS and centrifuged (1000r/5 min). After centrifugation,
PBS re-suspended each tube 300 μL and filtered on the ma-
chine test. The positive rate of CD90 was 98.4%, the positive
rate of CD45 was 1.29%, and the positive rate of CD29 was
98.8%.

2.3 ASD device

An active hydraulic ventricle supporting drug delivery system
(ASD) consists of highly biocompatible silicon based (Zhou
2012; Naveed et al. 2017) fistulous net cover surrounding
both the ventricles as shown in Fig. 2a. All the hollow tubes
completely communicate with each other or form a plurality
of independent areas, and the interior of each independent area
is intercommunicating. The interconnecting tubules have

Fig. 1 Study design of
experiments
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some intentionally designed apertures at the internal surface,
with the purpose to generate communications of materials or
signals between the heart and the net cover. Then the net cover
can be connected to an administrating system outside the body
via the ends connected to the exterior of the body as in Fig. 2d.
Using ASD device, BMSCs could be delivered by the fluid
inside the tubes and it could directly affect cardiomyocytes
(Ascheim et al. 2014), by producing direct biological action
on cardiac muscle or other heart tissues without entering blood
circulation. Variety of therapeutic materials can be filled from
the outside, spread all around the net cover, and then applied
to the ventricle via the apertures (Naveed et al. 2017).
Diameter of the hollow tubules and apertures are most impor-
tant in the smooth delivery of therapeutic agents. When the
diameter of the apertures is not larger than half of the diameter
of the hollow tube, the hollow tube performs best. And if the
diameter of the apertures is too large, the effect of the hollow
tubes will be reduced. Particularly, the diameter of the hollow
tubes is 1–2 mm, wherein the diameter of the apertures is 0.5–
1.0 mm. Tubes of diameter within this scope have good sup-
port effect on the heart wall, good hydraulic reactivity, and
good permeation efficiency to the heart tissue for the medicine
(Zhou 2012). The size of ASD device is different for different

animals; the size for SD rats has been shown in Fig. 2a1.
Accordingly, the species, concentration, a dose of stem cells,
and speed of administration can be well adjusted outside the
body.

2.4 ASD device implantation

After the confirmation of HF, pericardium was exposed and
the ASD device was placed around the heart ventricles, which
was achieved by sliding the device over the epicardium, up to
the level of the atrioventricular (AV) junction (Fig. 2c). After
achieving the correct position on heart it was then stitched
with AV junction by prolene sutures (4–0) (Fig. 2). (Starling
and Jessup 2004). The ASD device was connected to an im-
plantable catheter (Fig. 2b) and ASD portacath was tunneled
subcutaneously through the second intercostals space into the
left anterior chest wall and was extended outside the body
through the 1 cm opening made in the skin at spinotrapezius
as shown in Fig. 2d. Chest retractor was withdrawn and the
ribs were rejoined together by discontinuous stitching. After
the placement of the ASD device, rats were divided into 2
tentative groups (n = 6) namely HF + ASD and HF + ASD-
BMSCs groups. Postoperatively, animals received penicillin

Fig. 2 (a1) Dimensions of ASD device in SD rats, (a) Silicon base ASD device, (b) ASD connected with implantable catheter, (c) ASD device
implantation, (d) Catheter opening in the skin for BMSCs injection, scale bar 100 μm
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sodium for antibiotic prophylaxis (5 wU/100 g i/m every 24 h
for 5 days).

2.5 BMSCs injection

After successful implantation of ASD device, the BMSCs
0.5 mL/kg.day (1 mL = 1 × 106) was injected into HF +
ASD-BMSCs group on the 7th, 15th and 25th day, through
an exterior opening from the ASD as shown in Fig. 2d.

2.6 Electrocardiography

Rates were sedated with 10% chloral hydrate and then
detained in the supine position on the table and the ECG
machine having four electrodes was inserted into the limbs
of the rats subcutaneously. Briefly, a black electrode was
inserted into the right lower limb, red into the right upper limb,
green into the left leg and yellow into the left upper limb.
Series of ECG was demonstrated in all rats at pre-infarction,
post-infarction, on the 7th, 15th and 30th day of infraction.

2.7 Assessment of BNP levels

Brain natriuretic peptide (BNP) or B-type natriuretic peptide is
the gold standard biomarker in the diagnosis and prognosis of
HF. BNP serum concentration was determined by ELISA
method using RAT BNP ELISA kit according to the manu-
facturer’s instructions. The blood of rats was collected and
centrifuged at 2000 rpm/min for 2 min at 4 °C, and the super-
natant (blood plasma) was collected. The plasma samples
were diluted with the ratio of 1:4 and a stop solution was
added then the BNP was measured.

2.8 Hemodynamic parameters

After achieving the steady breath, the right carotid artery
(RCA) was distally ligated through a longitudinal incision
on the right side of the neck and fixed to prevent excessive
bleeding. One end of polyethylene catheter was introduced
into the LV through the RCA and the other end was linked
with BL-420 multi-channel physiological signal system. At
stable conditions of hemodynamic all parameters were con-
sidered at the end of study period namely, mean left ventricu-
lar end diastolic pressure (mLVEDP), mean left ventricular
systolic pressure (mLVSP), −dp/dtmax and dp/dtmax through
the BL-420 multi-channel physiological system. Heart rate
was also taken digitally through BL-420 multi-channel phys-
iological signal system on preoperative, postoperative, 7th,
15th and 30 day and mean data was calculated at the end of
the study period.

2.9 Histopathology

After 30 days all the rats were euthanized and muscle tissues
were excised up to neck region from the xiphoid, and the chest
plate was removed completely along the muscles and ribs to
expose the heart. The aorta was fixed with silk suture to avoid
excessive bleeding and the heart was harvested. The heart was
perfused in PBS (1:100) to flush out any remaining blood and
fixed in 10% formalin. The heart was sliced into 5 μm coronal
sections, dehydrated with ascending ethanol series (70, 80, 90,
95, 100%), and embedded in paraffin. Masson’s trichrome
staining was used to differentiate between collagen and mus-
cle fibers. Trichrome staining was accomplished by applying
Weigert iron hematoxylin followed by Biebrich scarlet-acid
fuchsin (plasma stain), phosphomolybdic-phosphotungstic
acid, and aniline blue (fiber stain) on 5 μm sliced section of
heart on the slides (Rüder et al. 2014). Images from the sec-
tions were captured digitally by using Image Manager
Software. The degree of fibrosis was quantified by using
ImageJ software 4.7.0.

2.10 Follow-up studies

Electrocardiographic data were collected at pre-operated,
25 min after ligation, 7th, 15th and 30th day after ligation,
respectively. Similarly, BNP was examined at pre-operative,
post-operative after 7th, 15th and 30th day for each model
group. Hemodynamic studies were done on the 30th day of
experiment. For histological examination the heart was ex-
cised and the images were developed from the heart tissue
after Masson’s trichrome staining.

2.11 Statistical analysis

The SPSS 19 statistical package was used to perform all sta-
tistical evaluations (SSPS Inc., Chicago, IL, USA). All data
were summarized and displayed as mean value (SD) for the
incessant variables as a number of rats plus the percentage in
each group for categorical variables. The one-way
Kolmogorov-Smirnov test was used to assess the distribu-
tions. Levels of late apoptotic cells could not be converted to
normal distribution, thus the variables were categorized into
tertiles. All the above analyses were considered significant at
P < 0.05.

3 Results

3.1 Electrocardiography

Prior to any experimental procedure all rates displayed a nor-
mal electrocardiographic waveform, with discrete P waves,
QRS complexes and T waves, as shown in Fig. 3(a, y, d).
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The ECG analysis showed noticeable abnormalities early
after 25 min of HF induction, including QRS widening, ST
elevation and PR interval prolongation, followed by the
appearance of a peak known as ‘hyperacute T’ wave
(Khan et al. 2007; Fazan et al. 2015) in HF group [Fig.
3e]. On the 7th and 15thday, the BT^ wave became abnor-
mal and pathological BQ^ showed up on the 30th day, as
demonstrated in Fig. 3(j, m, p). The elevated BST^ at
25 min was observed to be at declining level on the7th

and 15th day in HF + ASD group [Fig. 3(z, α, β)], and
the ECG was illustrated to be normal on the 30th day in
this group as shown in Fig. 3(μ). In HF + ASD-BMSCs
group, in the initial 25mints, a pathological BQ^ wave with
decline was observed in Fig. 3(g). The BST^ wave also
declining trend on the 7th and 15th day and a normal
ECG was demonstrated at the end of study [Fig. 3(i,o,r)].

3.2 Histopathology

Masson’s trichrome staining showed that collagen fibers and
fibrosis has been highlighted with blue coloration whereas the
muscle fibers has been shown with red (Fig. 4a). In normal
group a healthy myocardium is seen by red staining, while HF
group presents a large amount of blue fibrotic tissue. The
HF +ASD group also shows blue fibrotic but lesser than HF
group while the HF + ASD-BMSCs group presents a fibrosis
free image. In addition, the quantification of fibrosis by
ImageJ software also showed similar observations (Fig. 4b).

3.3 Assessment of BNP levels

The BNP level in HF, HF + ASD and HF + ASD-BMSCs
groups at preoperative, postoperative, after 7th, 15th and

Fig. 3 Electrocardiogram (ECG) observations for preoperative, 25 min, 7th, 15th and 30th day after ligation of different treatment groups, HF, HF +
ASD, HF +ASD-BMSC, n = 3
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30th day of ligation (Fig. 4d) and result showed that HF +
ASD-BMSCs group showed a lower BNP level in blood (after
ligation) compared to HF and supplementary treatment
groups. The BNP values of HF +ASD-BMSC group at 30th
day of ligation is significantly lower than that of pre-operative
postoperative, 7th and 15th day after ligation.

3.4 Hemodynamic parameters

The LV hemodynamic parameters were calculated in all
groups for assessment of ventricular performance as shown
in Fig. 5. The diastolic parameter LVEDP in HF group is
higher than normal, HF + ASD and HF + ASD-BMCs
groups. The HF + ASD-BMCs group showed a decline ten-
dency in LVEDP compared with the HF + ASD group. The
LVSP tends to decline in HF group rather than in normal
group, but HF + ASD and HF + ASD-BMSCs groups
showed no significant difference with normal group. The
cardiac contractility parameters (e.g., dp/dtmax decline and
-dp/dtmax incline) in HF group when compared with the
others groups as shown in Fig. 5c, d. Heart rate of HF +
ASD-BMSCs group was brought to normal as compared to
supplementary treatment groups (Fig. 4c).

4 Discussion

Several mechanisms are shown to be related to the patho-
genesis of HF such as cardiomyopathy, hypertension and
coronary artery disease (CAD). Current therapies for HF
management has improved symptoms and increased life
expectancy, but the basic problem for tissue repair of car-
diac damage is far from being resolved. Since the first
publication on BMSCs in 2001 (Sanganalmath and Bolli
2013b; Vrtovec et al. 2013), a great deal of research inter-
est has been focused on cells therapy as well as the clinical
and preclinical applications. These studies revealed capa-
bility of the stem cells populations to improve cardiac
function and attenuate adverse LV remodeling in both
non-ischemic and ischemic cardiomyopathy (Vrtovec
et al. 2013; Taylor and Robertson 2009). However, due
to the absence of gap junction between the implanted cells
and the host myocardium as well as the low survival pos-
sibility of the cells, recent studies suggest that the ventri-
cle function is improved to a negligible level (Donndorf
et al. 2011). To make this therapy more effective in a
clinic, the issues like the correct dose, route of adminis-
tration, and frequency of cell administration has to be ad-
dressed (Taylor and Robertson 2009). In particular, the

Fig. 4 Histopathology of heart tissues, (a)Masson’s trichrome staining of
cardiac tissue and fibrosis mark-up on digitized slides, (b) Quantification
of fibrosis of heart tissues obtained from different treatment groups, n = 3,

(c) Heart rate and, (d) Plasma BNP level of preoperative, postoperative,
7th, 15th and 30th day of different treatment groups, (*P < 0.05) HF vs
HF +ASD and HF vs HF +ASD-BMSCs at 30 days, n = 3
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route and method of delivering cells, which determines the
survival of transplanted cells, are of great importance
(Smith et al. 2013).

Through extensive investigation, it has been demon-
strated that ASD has two impressive benefits, by provid-
ing cardiac support to the heart and reliving the relevant
symptoms, and showing the capacity to deliver stem cells.
Consequently, the severity of HF could be greatly relieved
and no renal dysfunction was observed. Indeed, the elec-
trocardiography showed numerous abnormalities in HF
(Fig. 3). The most frequently seen electrocardiographic
abnormality is broad T-waves, small R-waves, deep Q-
waves and ST-elevation, which is characteristic feature
of dilated ventricular and MI (Chrastina et al. 2014).
These abnormalities were observed in HF group on 7th,
15th and 30th-day, similarly it was noted in HF + ASD
treated rats on 30th-day. While HF + ASD + BMSCs group
showed improvement in treating dilated ventricle, ventric-
ular relaxation and relieving HF symptoms. Which was
characterized by smooth ST-segment, upright T-wave and
normal Q-wave (Konopelski and Ufnal 2016; Dragojevic-
Simic et al. 2004). Besides, ASD device was found safe
and feasible regarding the electrical activity of the heart;
furthermore, it improved cardiac performance and did not
alter the structure and function of the myocardium.

To further confirm the morphological and functional
changes, the molecular marker of HF at various time periods
during the study was evaluated. The level of BNP increased
with the development of HF after coronary artery ligation
(Karlström et al. 2016) and successfully brought back to nor-
mal when treated with ASD-BMSCs (Fig. 4d). The level of
BNP inHF +ASD-BMSCs group was found to be significant-
ly lower than that of other model groups, revealing the effec-
tive delivery of stem cells by ASD and thus proving that the
use of ASD with stem cells has a greater beneficial effect on
HF than using restraint device alone. In addition, through the
characterization of decreased LVSP and -dp/dtmax, amplified
LVEDP, and extended dp/dtmax in HF + ASD-BMSCs group
(Eleawa et al. 2015), demonstrated that both diastolic and
systolic functions of heart in HF rats have been well impaired
(Fig. 5). In this condition, the BMSCs delivered by ASD with
an optimized therapeutic level has been identified to restore
the physiology, maximize the reduction in mLVEDP through-
out the cardiac cycle, decrease the area of infarction damage,
improve mechanical efficiency and minimize the effects on
systemic hemodynamic (Lavine et al. 2013).

Masson’s trichrome staining is a valuable histopatho-
logic tool and commonly used to differentiate collagen
fibers from tissues and muscles (Fig. 4a). The acidophilic
cytoplasm of myocardial tissues was stained with an

Fig. 5 Changes in the hemodynamic parameters of each group, (a)
LVEDP (*P < 0.05) HF vs Normal, (#P < 0.05) HF +ASD vs HF and
(+P < 0.05) HF +ASD-BMSC vs HF, (b) LVSP (*P < 0.05) Normal vs

HF. Cardiac contractility (c) and (d) results are expressed as dp/dtmax and -
dp/dtmax (*P < 0.05) HF vs Normal group, (#P < 0.05) HF +ASD vs HF,
and (+P < 0.05) HF +ASD-BMSC vs HF
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acidic dye. Collagen, a comparatively loose texture is eas-
ily penetrable by most dyes. However, after the following
treatment, the dye will easily diffuse out, permitting col-
lagen to be stained with aniline blue and will give a blue
stained collagen fiber (Malatesta 2016). Cardiac cell death
occurs after LAD coronary artery ligation (Bialik et al.
1997) and becomes noticeable in HF group on the 30th
day. Left ventricular remodeling is categorized by hyper-
trophy and fibrotic changes (Travers et al. 2016) while
death of cardiac cells leads to decrease in contractile force
(Orogo and Gustafsson 2013). The histological examina-
tion by Masson’s trichrome staining showed an apparent
picture of all the groups. The HF group showed a high
blue fibrotic area which confirms the successful induction
of HF (Li et al. 2012). After the treatment with ASD-
BMSCs, the group showed a large improvement when
compared to HF + ASD and HF groups. The optimized
ventricular restraint reverses the pathological LV dilation
and stem cell therapy improves LV function (de Jong et al.
2013). This is attributed to the dual-effect of ASD device.
To summarize, HF group showed both systolic and dia-
stolic dysfunction. While HF-ASD + BMSCs leads to
greater reduction in LV trans-myocardial pressure and
ventricular wall stress, which leads to greater reverse re-
modeling as compared to HF + ASD group.

5 Conclusions

In summary, herein, for the first time, it has been proved that
combination of VRD together with a biological stem cells-
based regenerative approach turns out to be of great promise
to the treatment of HF. The constructed therapeutic platform
for the management of advanced HF exhibits multiple thera-
peutic functions in single action, by considering that multiple
therapeutic materials, like stem cells, drugs, and diagnostic
material could be delivered in a well-controlled way. Future
efforts should be focused on equipping the ASDwith more bi-
directional biosensors to make the device more powerful, not
only for the relevant disease treatment but also for the effec-
tive diagnosis.
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