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Abstract
Glutaraldehyde-fixed porcine heart valve (GPHV) calcify and deteriorate over time. 
The aim of this study was to explore the roles macrophages play in mediating cal-
cification and degeneration of the valve's connective tissue matrix. GPHV were im-
planted subcutaneously in the abdomens of C57BL/6 mice. The mice were equally 
divided into two study groups: (a) GPHV +phosphate buffered saline (PBS) liposomes, 
and (b) GPHV +clodronate liposomes. GPHV were collected for further analyses at 
4 weeks post implant. Macrophages were almost depleted from the spleens of mice 
injected with clodronate liposomes as indicated by immunohistochemical staining. 
Furthermore, the expression of matrix metalloproteinase-2 (MMP-2), MMP-9, and pro-
inflammatory cytokines like IL-1β, IL-6, MCP-1, MIP-1a, MIP-1b, were downregulated 
in the GPHV +Clodronate liposomal group compared with the GPHV+PBS liposomal 
group. Clodronate liposomal treatment led to significant decreases in the expres-
sion of RUNX2, ALP and OPN as well as less calcium deposits in GPHVs compared 
with PBS liposomal treatment. This finding indicated that infiltrating macrophages 
are critically involved in the development of calcification and deterioration in GPHVs. 
Macrophage depletion by clodronate liposomes decreased the extent of GPHV’s cal-
cification and deterioration.

K E Y W O R D S
Clodronate liposomes, Glutaraldehyde-fixed porcine heart valve, macrophage, 
metalloproteinase, structural valve degeneration

1  |  INTRODUCTION

Surgical therapy for valvular heart disease accounts for 20% heart sur-
gery. Nowadays, there are more than 250 000 heart valve replacements 

each year worldwide.1 Either mechanical valve or glutaraldehyde-fixed 
bioprosthetic heart valve (GBHV) is widely used. The latter have por-
cine or bovine origins, and can be used for the replacement of diseased 
valve. Mechanical valve requires lifelong anticoagulation treatments, 
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but is durable. The application scope of bioprosthetic valve, including 
TAVR, though exhibiting excellent hemodynamic performances, is still 
limited due to the early degeneration.2,3 Although progress has been 
accomplished in the fixation, pre-implantation, and anti-calcification 
treatment of GBHV, structural valve degeneration (SVD) remains an 
important limitation of this type of prosthesis.4

In 2000, researchers examined the failed explanted heart valve 
from patients who had either received a GBHV or a valve synthe-
sized from autologous pericardium treated with glutaraldehyde. The 
GBHV demonstrated large areas of calcification and inflammation 
owing to the macrophage infiltration.5 Macrophages constitute an 
important part of the innate immune system and can transform to 
foam cells that in turn produce and release inflammatory cytokines 
and matrix metalloproteinase (MMP) production that accelerates 
GBHV calcification.6 Amount of clinical and experimental projects 
have shown that MMPs play similiar roles in the calcification of 
native and bioprosthetic heart valve. Recently, a broad spectrum 
of clinicopathologic studies indicated that  hyaline cartilage tissue 
represented an early stage of endochondral ossification within the 
aortic valve leaflets. Subject to these circumstances, a significant 
number of MMPs were immunohistochemically expressed,7 includ-
ing the upregulation of MMP-1, -2, -3, -7, -9, -12, and -13, in calcified 
aortic valve disease, that may mediate tissue remodeling in aortic 
valve.8-10 At the same time, the bioprosthetic heart valve failure was 
associated with increased levels of MMP-9 and MMP-2.6,11

Clodronates have been shown to have anti-atherosclerotic effects 
based on the inhibition of aortic calcification by reducing lipid accu-
mulation and fibrosis, and decreasing pre-established atherosclerotic 
lesions.12 Moreover, Clodronate encapsulated into liposomes could 
also reduce neo-intimal proliferation after balloon injury in rats and 
hypercholesterolemic rabbits.12,13 Based on these reported observa-
tions, we hypothesized that the infiltration of peripheral macrophages 
was possibly detrimental for GBHV in vivo, and macrophage elimina-
tion could prevent GBHV calcification and degradation.

2  | MATERIALS AND METHODS

2.1  | Dissection of porcine aortic valve leaflets

Hearts of adult pigs (weights ranging from 120 to 150 kg) were ob-
tained from a local abattoir, transferred to the laboratory in cold 
isotonic saline, and processed immediately. Within 1 h after eutha-
nasia, aortic valve leaflets were dissected precisely from the aortic 
root and rinsed with cold isotonic saline under aseptic conditions. 
The valve leaflets were then incubated with Dulbecco's modified 
eagle's medium (Gibco) that contained antibiotics (100 U/ml peni-
cillin, 100 mg/ml streptomycin, and 250 mg/ml amphotericin B) at 
4°C overnight, fixed in 0.6% glutaraldehyde for 48 h, and were then 
thoroughly rinsed in saline before operation. The glutaraldehyde 
concentration and time allotted were respectively similar with those 
used and required in the clinical setting for bioprosthetic heart valve 
for human patients.14

2.2  | Animals

Male C57BL/6 mice (eight weeks old, body weight 20–22 g) were 
studied. The mice were purchased from the Tongji Medical College 
Laboratory Animal Center, and were kept in groups of six in cages 
in controlled environmental and relative humidity (RH) conditions 
(22–24°C, RH: 50%–60%). Standard rodent diet and tap water were 
accessible to mice ad libitum. In addition. The mice were randomly 
divided into two separate groups.

2.3  |  Surgical procedures

A previously described, a mice subdermal implantation model was 
used.15 Prior to surgery, the mice were induced and maintained with 
isoflurane. The abdomens of the animals were shaved, disinfected 
with sterile gauzes soaked with iodine solution, and covered with 
surgical sheets. A small midline incision was made, and a ventral 
midline subcutaneous pocket was created using blunt dissection. A 
tissue graft (1 cm2) was placed in the subcutaneous pocket and se-
cured under the surface of the skin with 4-0 prolene sutures. The 
incision was then closed with 4-0 absorbable sutures and cleaned 
with betadine. The animals were placed on a heating pad to recover 
from anesthesia, and were then returned to their housing units. The 
surgical site was evaluated daily for signs of swelling or infection. 
The dietary habits and general health profiles of the animals were 
recorded daily. Four weeks after surgery, animals were euthanized 
with an intraperitoneal administration of an overdose of pentobar-
bital sodium. Samples were retrieved and divided into two groups.

2.4  | Drug treatment

In the preliminary experiments, different dosages and routes of admin-
istration of clodronate liposomes were evaluated based on previously 
described protocols.16 All animals received the substance intraperito-
neally (i.p.). One day before the operations, animals were randomly di-
vided into control and treatment groups. Mice in the treatment group 
received clodronate liposomes (200 µl per mice), whereas mice in the 
control group received PBS liposomes (200 µl per mice). The control 
group was studied to exclude possible effects exerted by liposomes 
that were independent of clodronate. As shown in Figure 1, the surgi-
cal operations were conducted on the day after the first clodronate 
liposomal administration. The administration of clodronate liposomes 
was given at day 2, day 5, day 8 and day 11 after subcutaneous implant

2.5  |  Immunohistochemical analyses

All tissues were fixed in 4% paraformaldehyde for 48 h, dehydrated, 
and subsequently embedded in paraffin. Tissue samples were stained 
with hematoxylin and eosin (H&E) to depict the matrix and cellular 
architecture. Masson's trichrome was also used for the assessment 
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of gross collagen and elastin organization and histological evaluation 
of the ECM. Immunohistochemistry was performed to detect F4/80 
(Abcam, ab6640, 1:100), RUNX2 (Abcam, ab192256, 1:200) and ALP 
(ZEN BIO, 381009, 1:100), OPN (Abcam, ab8448, 1:200). Briefly, after 
dehydration, sections were boiled for 2 min in citrate buffer (pH 6.0) for 
antigen retrieval, followed by treatment with 3% H2O2 to block endog-
enous peroxidase activity. Subsequently, the sections were incubated 
overnight at 4°C with primary antibodies. Followed by incubation with 
an appropriate second antibody for 30 min at room temperature. DAB 
(diaminobenzidine) was used as a substrate for staining. Image-Pro Plus 
was used for quantitative analyses. To quantify levels of target molecu-
lar expression, positively stained tissues were calculated in a minimum 
of five random microscopic fields.

2.6  |  Immunofluorescence staining

Immunofluorescence staining was performed with the use of 
F4/80 (Abcam, ab6640, 1:100 dilution), CD3 (Abcam, ab135372, 
1:100 dilution) primary antibodies, and labeled with the 488 anti-
rat (Aspen, AS-1110, 1:50 dilution) and CY3 anti-rabbit (Aspen, 
AS-1110, 1:50 dilution) secondary antibodies in a dark humid 
chamber at 4°C for 1 h. Nuclei were stained with 4′6′-diamidino-
2-phenylindole (DAPI) (Life Technologies, 1:1000 dilution). Tissue 
sections were imaged with a confocal microscopy system (Carl 
Zeiss LSM700), and the software ZEN (Carl Zeiss) was used for 
image analysis. To quantify levels of target cell types, positively 
stained cells were counted in a minimum of five random micro-
scopic fields, and the proportion of the double positive cells was 
calculated and presented.

2.7  |  Spleen cell isolation and flow cytometry

Flow cytometry was performed on the spleen samples of mice which 
was used to monitor the removal efficiency of macrophages in a sep-
arate experiment different from GBHV embedding collected on day 
7 after the surgical procedure. The mice were deeply anesthetized 
and the spleens were removed and collected in a 1.5 ml tube. To ob-
tain a single-cell suspension, the spleens were grinded in PBS based 
on a mechanical trituration method, and were then filtered through a 
100 μm cell strainer. The cell suspension was centrifuged for 10 min 
at 500 g at 4°C, and the supernatant was discarded. Red blood cells 
were removed following the resuspension of the cells in red blood 
cell lysis buffer for 30 s. The cell suspension was then centrifuged 
again for 10 min at 500 g at 4°C and the supernatant was discarded. 
After washing in PBS, the cells were resuspended in 1 ml of PBS. A 
Single-cell suspension of 100 μl was incubated with fluorescence-
conjugated rat anti-mouse fluorescein isothiocyanate (FITC) F4/80 
(1:100, BioLegend) for 1 h at 4°C. The cells were then centrifuged 
for 10 min at 500 g at 4°C. After the supernatant was discarded, the 
cells were washed once with PBS. The cells were then resuspended 
in 200 μl PBS and analyzed by flow cytometry (BD Biosciences).

2.8  | Determination of cytokines in 
glutaraldehyde-fixed porcine heart valve with  
Bio-Plex assays

GPHV was procured at day 28 after embedding, 100 mg of tissue 
was put into a 1 ml EP tube. Then pre-cooled protein extraction rea-
gent was added, with tissue homogenizeded at a low speed for 30 s 

F IGURE  1 Experimental protocol. For details, see the Methods section. Groups of mice were either treated with PBS or clodronate 
liposomes. Surgical operations were conducted one day after the first administration of clodronate liposomes (or PBS liposomes). The 
administration of clodronate liposomes (or PBS liposomes) was done at day 2, day 5, day 8 and day 11 after subcutaneous implant. After 
4 weeks, glutaraldehyde-fixed porcine heart valve (GPHV) and spleen tissue were collected for further analysis (Lipclod = clodronate 
liposomes, PBS = phosphate buffered saline)
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using a homogenizer, followed by 1 min ice bath process  until the 
tissue was completely decomposed. Then the liquid was centrifuged 
at 4000 g for 15 min, and the supernatant was collected and placed 
in tube.

The concentrations of cytokines were determined using the Bio-
Plex mouse cytokine panel. Plates were read on a Bio-Plex Array 
Reader (Bio-Plex 200 System using the Bio-Plex Manager software, 
Version 4.0, Bio-Rad Laboratories), according to the manufactur-
er's instructions. The concentrations of 19 cytokines [granulocyte 
colony-stimulating factor (G-CSF), granulocyte-macrophage col-
ony-stimulating factor (GM-CSF), interferon gamma (IFN-γ), inter-
leukin (IL)-1a, IL-1b, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-13, IL-17, 
monocyte chemoattractant protein (MCP)-1, macrophage inflamma-
tory protein (MIP)-1a, MIP-1b, regulated upon activation, normal T 
cell expressed and presumably secreted (RANTES), and tumor ne-
crosis factor (TNF)-α] were determined.

2.9  | Quantitative reverse transcription 
polymerase chain reaction (qRT-PCR)

Total ribonucleic acid (RNA) was extracted from glutaraldehyde-
fixed porcine heart valve by using RNAiso Plus (Takara) according to 
the manufacturer's instructions. Reverse transcription of RNA was 
performed using PrimeScript™ RT Master Mix (Takara). Quantitative 
real-time PCR was performed with SYBR_Premix Ex Taq™ (Takara) 
on a StepOnePlus™ RT-PCR System (Applied Biosystems). The prim-
ers for mouse target genes are listed in Table 1. All PCRs were per-
formed in duplicate, and messenger RNA (mRNA)-fold changes were 
calculated by the 2−ΔΔCt method using glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) as the internal reference.

2.10  |  In situ zymography for the determination of 
MMP activity

Frozen sections (thickness of 7 µm) of the embedded GPHV were 
procured at day 28. Tissue sections were incubated with 40 µmol 
DQ gelatin (Invitrogen) for 2 h, and fluorescence was measured by 

laser scanning confocal microscopy without washing. Fluorescent 
images were analyzed with the software Image-Pro.

2.11  |  Calcium content assay

Explanted samples were weighed, frozen at −80°C for 1  h, and 
lyophilized for 36 h. Subsequently, dry weight (DW) was obtained. 
External connective tissue was removed and the samples dried in 
an oven at 70°C for 72 h. The dried samples weighed 20 mg and 
the calcium content of the dried samples was extracted in 1 ml of 
50% nitric acid. Extractable calcium content per DW was measured 
by atomic absorption spectrophotometry (SpectrAA-240FS, Palo 
Alto).

2.12  |  Statistics

Continuous data were expressed as mean ± standard deviation (SD), 
and p  <  .05 was considered as statistically significant. Data were 
compared with Student's t-tests. Statistical analysis was carried out 
with the software GraphPad Prism 6.

3  |  RESULTS

3.1  |  Elimination of macrophages based on 
clodronate liposomal treatment

To deplete peripheral macrophages, mice were injected with clo-
dronate liposomes. Seven days after injection, 80% of F4/80+ 
macrophages were removed from the spleen in the clodronate lipo-
some-treated mice compared with control mice (Figure 2A,B). This 
result also suggested the success of the depletion of macrophages. 
Animals that received clodronate liposomes showed no visible dis-
orders, such as infection, reduced appetite, or inhibition of motor 
activity. The weight of mice was 22–24 g after 4-week observation. 
At 28 days after implant, we used immunohistochemical staining to 
determine whether F4/80+ macrophages were depleted, and found 
that the expression of F4/80+ macrophages was markedly decreased 
in the spleen in the clodronate liposome-treated mice compared 
with control mice (Figure 2C,D).

3.2  |  Biocompatibility in mouse subdermal model

The implanted valve leaflets and the surrounding tissues were ana-
lyzed by H&E and Masson's trichrome staining (Figure 3A,B). After 
a four-week implantation period, the implanted valve leaflets in the 
PBS liposome-treated mice were presented with a dense fibrous 
capsule formation, a high level of scaffold degradation, and a dense 
infiltration of inflammatory cells around the implantation site. The 
implanted valve leaflets in the Clodronate liposome-treated mice 

TA B L E  1 Sequences (5′-3′) of primers and probes (the letter R 
denotes “reverse,” while F denotes “forward”)

RUNX2 F AACTTGCTAACGTGAATGGTC

RUNX2 R GGTTCAAAGAAGTCACCCGAT

GAPDH F CCAGCCTCGTCCCGTAGA

GAPDH R TAAGTTGCCGTGTCAGTTCC

MMP-2 F ACACCTACACCAAGAACTTCCG

MMP-2 R CCAAATAAACCGCCTGTCAC

MMP-9 F AAAGACGACATAGACGGCATCC

MMP-9 R GGTGGTGTTGACTTGGTGTCG
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exhibited a thick fibrous capsule formation, seldom scaffold deg-
radation, and a decreased infiltration of inflammatory cells within 
the implants which was indicative of a moderate chronic inflamma-
tory response. As shown in Figure 3C, the implanted valve leaflets 
in the PBS liposome-treated mice exhibited a statistically significant 
decrease in the fibrous capsule thickness compared with valve leaf-
lets in the clodronate liposome-treated mice. Figure 3D shows that 
the implanted valve leaflets in the clodronate liposome-treated mice 
significantly reduced the inflammatory response compared with 
the valve leaflets in the PBS liposome-treated mice. The number of 
inflammatory cells observed in the implanted valve leaflets in the 
Clodronate liposome-treated mice was significantly less than in 
valve leaflets in the PBS liposome-treated mice.

3.3  |  Subcutaneous clodronate treatment 
mice showed significantly reduced number of 
F4/80+ macrophages, CD3+ T-cell numbers, and 
inflammatory factor production in GPHVs

As shown in Figure  4A,D, the implanted valve leaflets in the clo-
dronate liposome-treated mice showed significantly reduced num-
ber of F4/80+ macrophages and CD3+ T-cell infiltration compared 
with the valve leaflets in the PBS liposome-treated mice. Further, the 

implanted valve leaflets were analyzed using the Bio-Plex assay to 
assess the presence and quantify the concentration of 19 cytokines 
[G-CSF, GM-CSF, IFN-g, IL-1a, IL-1b, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, 
IL-10, IL-13, IL-17, MCP-1, MIP-1a, MIP-1b, RANTES, and TNF-a]. As 
shown in Figure 4E, the levels of macrophage-related cytokines IL-
1a, IL-1b, IL-6, MCP-1, MIP-1a, MIP-1b, and T cell-related cytokines 
IL-17A, RANTES in the GPHVs of clodronate liposome-treated mice 
were significantly lower than the GPHVs of PBS liposome-treated 
mice which was consistent with previous immunofluorescence 
findings.

3.4  | Macrophage depletion leads to decreased 
MMP activity and mRNA expression

MMP which were secreted by macrophages could play central roles 
in ECM (extracellular matrix) remodeling. The MMP activity level 
measured with in situ zymography showed significant increases 
in the GPHVs of PBS liposome-treated mice compared with the 
GPHVs of clodronate liposome-treated mice (Figure 5A,B). At the 
same time, as shown in Figure 5C,D, the GPHV of the clodronate 
liposome-treated mice revealed a significant decrease in the mRNA 
expression of MMP-2 and MMP-9, compared with the GPHVs of 
PBS liposome-treated mice.

F IGURE  2 Macrophages were removed from spleen under clodronate liposome treatment. (A) Flow cytometric analysis shows the 
percentage of F4/80+ macrophages in the spleen of blank (non-staining), PBS, and Lipclod groups at 7 days after surgical operations. 
(B) Bar graph shows the quantification of the percentage of F4/80+ macrophages in the spleen of blank, PBS, and Lipclod groups. (C, D) 
Representative images of F4/80+ immunohistochemical staining and quantification data showing that liposome treatment significantly 
decreases the infiltration of macrophages in mice spleens compared with PBS liposomes (data are mean ± standard deviation (SD), n = 5 per 
group, *p < .05; **p < .01; ***p < .001)
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3.5  |  Reduction of osteoblast differentiation 
attributed to macrophage depletion

ECM remodeling and degradation was the first step of GPHV de-
generation, followed by osteoblast differentiation. To evaluate if clo-
dronate liposome treatment affected the osteoblast differentiation 
in GPHVs, immunohistochemical staining of the osteoblast transcrip-
tion factor RUNX2 and ALP OPN was confirmed less frequently than 
in GPHVs treated with PBS liposomes (Figure 6A,B, Supplementary 
material). Moreover, as shown in Figure 6C, the GPHV of clodronate 
liposome-treated mice revealed a significant decrease in the mRNA 
expression of Runx2 compared with the GPHV of the PBS liposome-
treated mice. The calcium contents of explanted tissues are shown 
in Figure 6D. The calcium deposition level of GPHV in clodronate 
liposome-treated mice was significantly lower than that in PBS lipo-
some-treated mice.

4  | DISCUSSION

Epidemiological and experimental studies have shown that aortic 
valve stenosis and GBHV degeneration had similiar pathological pro-
cess. Among them was the accumulation of lipids and inflammatory 
cells, including macrophages and T cells in the sub-endothelium. The 
continuous release of cytokines and MMP production would further 

cause immune injury in the case of GBHV, and cholesterol (CH) crys-
tals and calcium deposits would be formed at the end-stages of the 
disease.17-19 It is well known that activated macrophages produce 
and release MMPs.20 Substrates for MMP-9 include among oth-
ers collagen type I, elastin, and fibronectin.21 Experimental studies 
that the presence of fragmented collagen along with macrophages 
presentation near GBHV futher verify the fact that activated 
macrophages participating in the matrix degradation of GBHV.6 
However, the process of bioprosthetic heart valve implantation is 
a type of xenotransplantation. This evokes a vigorous immune re-
sponses. It is generally accepted that the glutaraldehyde-fixed heart 
valve reduces the immunogenicity of bioprosthetic valve via the 
crosslinking process.22,23 Unfortunately, the calcification of biopros-
thetic valve occurs on account of chemical processes between free 
aldehyde groups, phospholipids, and other components with calcium 
ions in the circulation.24

Meanwhile, macrophages against xenoantigens have been 
manifested to play a crucial role in the bioprosthetic heart valve 
calcification.25 Some investigators have evaluated the role of the 
macrophages in the failure of bioprosthetic valve. Certain groups 
have studied animal models, and observed the macrophage re-
sponses in vivo or in vitro, and found evidence suggestive of an 
immune system response to GBHV.26,27 The administration of lipo-
some-encapsulated clodronate is one of the most efficient methods 
to systemically deplete macrophages. Free clodronate is not a toxic 

F IGURE  3 Histological characterization of host response tendency of GPHV in vivo implantation in a mouse subdermal model for a 
period of 4 weeks. (A, B) Representative images of H&E and Masson trichrome staining of the implanted valve leaflets and the surrounding 
tissues. (C) Thickness of the fibrous capsule formed around the implanted valve leaflets. (D) Number of inflammatory cells observed in the 
implanted valve leaflets after retrieval (data are mean ± SD n = 5 per group, *p < .05; **p < .01; ***p < .001)
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drug, and is not easily transported through cell membranes, whereas 
clodronate liposomes are recognized as foreign particles and are 
rapidly phagocytosed by macrophages.28,29

In this study, we found that macrophage depletion prevented 
structural valve degeneration for 28  days after surgical oper-
ations. This process may occur in two main ways. First, the de-
pletion of macrophages will lead to a diminished CD3+ T-cell 
activation, and would thus reduce T-cell infiltration to the GBHV. 
Upon activation, quiescent T cells can differentiate into cytotoxic 
T cells that directly mediate valve degradation. Meanwhile, they 
can also secrete proinflammatory cytokines, like IFN-g, IL-1a, IL-
1b, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-13, IL-17, MCP-1, MIP-1a, 

MIP-1b, RANTES, and TNF-a, that will initiate a downstream in-
flammatory cascade. Second, MMP-2 and MMP-9 secreted by 
macrophages were also reduced, and lead to a diminished deg-
radation of the valve. MMP-2 and MMP-9 are known to bind to 
insoluble elastin. This binding process is considered as the first 
step in elastin degradation. This verifies that MMP-2 and MMP-9 
could take an active part in elastin degradation and calcification. 
Manuela Voinea Calin has also reported that depletion of macro-
phages could decrease the expression of IL-1β and MMP activities 
in hyperlipemic hamsters heart valve,25 which was in consistent 
with our research, however, further in vivo studies focusing on 
peri-GPHV tissues and inflammation indicators were needed to 

F IGURE  4 Clodronate liposome treatment reduced the number of F4/80+ macrophages, CD3+ T-cell infiltration, and the production of 
inflammatory factor in the GPHVs after surgical operations. (A) Representative images of F4/80+ macrophages (green) of the GPHV in PBS 
and Lipclod groups 28 days after surgical operations. (B) Quantification data show that the liposomal treatment significantly decreased 
the macrophage infiltration of the GPHV Lipclod groups compared with the PBS groups. (C) Representative images of CD3+ T cell (red) of 
the GPHV+PBS and the GPHV+Lipclod groups at 28 days after surgical operations. (D) Quantification data show that liposomal treatment 
significantly decreased the CD3+ T-cell infiltration of the GPHV+Lipclod groups compared with the PBS groups. (E) Quantification data show 
that liposomal treatment significantly decreases the infiltration of inflammatory factors in the case of the GPHV+Lipclod group compared 
with the GPHV+PBS group (data are mean ± SD, n = 5 per group; *p < .05; **p < .01; ***p < .001)
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F IGURE  5 In situ zymography shows the activities of metalloproteinases (MMPs) in GPHV. (A) In situ zymography of GPHV showing 
decreased MMP activity in the GPHV+Lipclod group that was mitigated by the Lipclod treatment. Green fluorescence indicates active MMP. 
(B) Graphical presentation of MMP activity. (C) Messenger ribonucleic acid (mRNA) expression levels of MMP-2 and (D) MMP-9 that varied 
between groups (data are mean ± SD, n = 5 per group, *p < .05; **p < .01; ***p < .001)
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evaluate the side effects of the macrophage elimination. It is re-
ported that the AlCl3 pretreatment of elastin leads to inhibition 
of MMP-mediated degradation of elastin.30 In turn, this leads to 
the inhibition of elastin-oriented calcification in a rat subdermal 
implantation model as well as in sheep mitral valve replacement 
studies.30,31 Another research also reported that the inhibition of 
the MMP activity could also reduce calcium accumulation in ro-
dent models of aortic calcification.32

The other beneficial effect of the Lipclod treatment was related 
to reduced extent of calcification. Apart from the fact that Lipclod 
treatment caused reduced calcium deposition within GPHV, the 
lower expression of early osteoblast marker RUNX2, ALP and OPN 
(Supplementary material) was also witnessed in GPHV compared with 
controls. One possible explanation was that macrophages and osteo-
clasts could secrete chemotactic signals, including IL-1a, IL-6, and 
MCP-1, that attracted pre-osteoblasts in inflammatory microenviron-
ments which would finally lead to osteoblast marker expression.33-35

5  |  CONCLUSIONS

In this study, we have proved that the clearance of macrophages 
by clodronate liposomes can significantly reduce the infiltration of 
inflammatory cells and other proinflammatory cytokines on GPHV, 

as well as the secretion of MMP-2 and MMP-9. The clearance of 
macrophage could also reduce calcium deposition and osteoblast 
marker RUNX2, ALP and OPN expression, thus improving the de-
generation and calcification of the GPHV (Figure 7). This study 
establishes a theoretical basis for the improvement of GBHVs and 
targeted drug therapy of bioprosthetic heart valve deterioration.
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F IGURE  6 Histological characterization of calcification of GPHV in an in vivo implantation subdermal mouse model over a four-
week period. (A, B) Representative images of the immunohistochemical staining and quantification data show that liposomal treatment 
significantly decreased Runx2 expression in GPHV compared with PBS liposomes. (C) Polymerase chain reaction (PCR) expression levels of 
Runx2 varied between groups (n = 5 per group, *p < .05; ***p < .001, Student's t test). (D) Quantitative calcium content comparisons between 
studied groups

F IGURE  7 Macrophages can induce valve degradation and calcification by secreting cytokines and MMPs, and can also increase CD3+ 
T-cell activation, thus increasing the infiltration of T cells into GBHV. Once activated, stationary T cells can differentiate into cytotoxic T cells 
and secrete cytokines mediating valve degradation
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