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Capsular contracture caused by silicone rubber is a critical issue in plastic surgery that
urgently needs to be solved. Studies have shown that carbon ion implant in silicone rubber
(carbon silicone rubber, C-SR) can significantly improve the capsular structure, but the
effect of this improvement only appear 2 months or later. In this study, asiaticoside
combined with carbon silicone rubber was used to explore the changes in the capsule to
provide a reference for the treatment of capsule contracture. Human fibroblasts (HFF-1)
were used for in vitro experiments. The combined effect of asiaticoside and carbon silicone
rubber on cell proliferation was determined by the CCK8 method, cell migration changes
weremeasured by Transwell assays, cell cycle changes weremeasured by flow cytometry,
and the expression levels of fibroblast transformation markers (vimentin and α-SMA),
collagen (Col-1A1) and TGF-β/Smad signaling pathway-related proteins (TGF-β1, TβRI,
TβRII and Smad2/3) were detected by immunofluorescence. In vivo experiments were
carried out by subcutaneous implantation of the material in SD rats, and asiaticoside was
oral administered simultaneously. WB and ELISA were used to detect changes in the
expression of TGF-β/Smad signaling pathway-related proteins. TGF-β/Smad signaling
pathway proteins were then detected and confirmed by HE, Masson and
immunohistochemical staining. The results shown that asiaticoside combined with
carbon ion implantation inhibited the viability, proliferation and migration of fibroblasts
on silicone rubber. In vitro immunofluorescence showed that the secretion levels of α-SMA
and Col-1A1 were significantly decreased, the transformation of fibroblasts into
myofibroblasts was weakened, and the TGF-β/Smad signaling pathway was inhibited.
In vivo experimental results showed that asiaticoside combinedwith carbon silicone rubber
inhibited TGF-β1 secretion and inhibited the TGF-β/Smad signaling pathway, reducing the
thickness of the capsule and collagen deposition. These results imply that carbon silicone
rubber combined with asiaticoside can regulate the viability, proliferation and migration of
fibroblasts by inhibiting the TGF-β/Smad signaling pathway and reduce capsule thickness
and collagen deposition, which greatly reduces the incidence of capsule contracture.
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1 INTRODUCTION

Silicone rubber has been widely used in the medical field since its
introduction in the 1970s because of its biological inertness,
corrosion resistance, wear resistance, and long-term
persistence in the body (Duteille et al., 2018). Silicone rubber
has become the most commonly used clinical filling material for
soft tissue defects, and it is effective for repairing chest or facial
deformities caused by congenital malformation, trauma or cancer
resection (Yoon and Chang, 2020). However, due to the surface
characteristics of silicone rubber, the R-group is located outside
the spiral structure, which leads to strong hydrophobicity and
poor biocompatibility of the material surface (Wang et al., 2014;
Zhou et al., 2016). After long-term implantation in vivo, the
surrounding tissues easily form fiber capsules. The formation of a
capsule easily leads to subsequent capsular contracture, resulting
in the deformation, displacement and even exposure of implant
materials (Mazzocchi et al., 2012; Vieira et al., 2016; Virden et al.,
2020). Capsular contracture is the most common and serious
complication after breast augmentation, with an incidence of
3.6%–22.8% (Steiert et al., 2013). Capsular contracture leads to
prosthesis hardening, breast swelling, pain and deformity and
seriously affects patient quality of life (Baker et al., 2020). At
present, the clinical treatments available for capsular contracture
are poor. Once capsular contracture occurs, the only available
treatment is the removal of the prosthesis through secondary
surgery, which causes physical and mental damage to patients.

To improve this situation, numerous technologies have been
developed to modify silicone rubber (Kang et al., 2018; Shin et al.,
2018; Lam et al., 2021). It has been reported that ion implantation
technology can significantly improve the capsular structure after
implantation and reduce the probability of capsular contracture
(Wang et al., 2014; Zhou et al., 2016). However, the silicone
rubber material after ion implantation is only changed on the
material surface, which has an obvious initial effect on tissue, but
the effect on the capsule is not sustained long-term.

The formation of a capsule around the implant material is the
result of physiological wound healing after implantation
(Williams, 2008). The body cannot eliminate foreign bodies
through phagocytosis. Capsule formation is a complex
protective physiological response to isolate foreign bodies. It is
initially characterized by an inflammatory response. After
inflammatory stimulation, fibroblasts proliferate and migrate
to the implant material surface. Then, the cytoskeleton
rearranges and adheres closely to the implant material surface.
A large number of fibroblasts arranged in a disorderly manner,
resulting in the formation and thickening of fiber capsules
(Mempin et al., 2018). Over time, the number of inflammatory
cells gradually decreases, and cells begin to secrete large quantities
of extracellular matrix (mainly collagen). Additionally, the
powerful contractile function of fibroblasts pulls on the
capsule tissue, resulting in capsule contracture. Inhibiting the
excessive proliferation of fibroblasts on the surface of silicone

rubber is the key to solving the problem of capsule contracture
(Yoo et al., 2018).

Centella asiatica (L.) Urb. can inhibit the release of basic
fibroblast growth factor by cells and macrophages, inhibit the
proliferation of fibroblasts, promote scar apoptosis, and reduce
the number of immune cells and loosen collagen fibers (Bylka
et al., 2014; Sun et al., 2020). Its asiaticoside extract has an obvious
curative effect on wound healing and fibrosis in scleroderma
patients (Bylka et al., 2013; Phaechamud et al., 2015). Asiaticoside
is one of three triterpenoid saponins isolated from Centella
asiatica (L.) Urb. It can effectively prevent the occurrence of
hypertrophic scars and keloids by inhibiting the proliferation,
synthesis and secretion of fibroblasts (Qi et al., 2008; Ju-Lin et al.,
2009; Tang et al., 2011; Lee et al., 2012). Also, because of its good
safety profile, it can remain in the body for long periods with
minimal adverse reactions. At present, a variety of dosage forms
have been developed and widely used in the clinic and are
administered orally, externally, and by intravenous drips (Qi
et al., 2008; Bylka et al., 2013; Bylka et al., 2014;
Namviriyachote et al., 2020). Due to the similarity between
hypertrophic scarring and capsule contracture, combined with
the advantage that asiaticoside can be administered orally long-
term, in this study, we modified silicone rubber by carbon ion
implantation technology and simultaneously administered
treatment with asiaticoside to observe the changes in the
capsule and reveal the molecular regulatory mechanism of
asiaticoside on the capsule. This study was conducted to
provide a reference for the clinical application of asiaticoside
for solving the problem of capsule formation and capsular
contracture.

2 MATERIALS AND METHODS

2.1 Cell Culture and Preparation ofMaterials
The preparation methods of the carbon silicone rubber materials
were performed as previously described (Wang et al., 2014; Zhou
et al., 2016). Briefly, the smooth silicone rubber raw materials
(Shanghai Winner Plastic Surgery Products Co., Ltd., Shanghai,
China) was took graphite as carbon ion source and injected
carbon ions with 10 KeV energy by universal ion implanter
(Chengdu Institute of Nuclear Industry Physics, Chengdu,
China). After that, the silicone rubber raw materials (SR) and
carbon silicone rubber (C-SR) were cut into small discs with the
size of 6-well plate, 24 well plate and 96 well plate with a punch.
After cleaning and disinfection, they were laid on the bottom of
the well plate. The cells used in this study were human fibroblasts
(human foreskin fibroblasts-1, HFF-1), which were purchased
from Beijing Dingguo Biotechnology Co., Ltd. The cells were
cultured in DMEM containing 10% FBS, 100 U/ml penicillin and
80 U/ml streptomycin. The fibroblasts were routinely cultured at
37°C. When fibroblasts grew to approximately 90% confluence,
they were digested with 2.5 g/L trypsin and subcultured at a 1:3
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ratio. Third-generation fibroblasts in the logarithmic growth
stage were inoculated with 1 × 104 cells/ml in a 60 mm Petri
dish, cultured in DMEM containing 10% FBS, and subjected to
subsequent experiments after the cells grew to 50%–60%
confluence. In this study, asiaticoside (AS) was purchased
from Chengdu Desite Biotechnology Company (Chengdu,
China) and Human TGF-β1 Recombinant Protein (#75362)
was purchased from Cell Signaling Technology, Inc. The
working concentration of asiaticoside is 500 mg/L and TGF-β1
is 10 ng/ml, which is prepared with culture medium in advance,
and then the cells are treated with the culture medium. Cell
experiments were divided into the following six groups: 1) the SR
group; 2) the C-SR group; 3) the SR + TGF-β1 group; 4) the C-SR
+ TGF-β1 group; 5) the SR + TGF-β1 + AS group; and 6) the
C-SR + TGF-β1 + AS group.

2.2 CCK8 Assays
Logarithmic growth phase fibroblasts were plated in a 96-well
plate at a density of 1 × 104 cells/well. When the cells adhered to
the wall with different materials and grew to 70% confluence, they
were starved with serum-free medium for 24 h. After treatment
with 500 mg/L asiaticoside or/and 10 ng/ml TGF-β1 for 72 h,
20 μl of CCK-8 reagent was added to each well. After incubation
for 4 h, the absorbance of the cells at a wavelength of 450 nm was
measured with a microplate reader.

2.3 Cell Migration Experiment
Fibroblasts were cultured on each material for 24 h and treatment
with 500 mg/L asiaticoside or/and 10 ng/ml TGF-β1 for 72 h to
prepare a 1 × 105 cells/ml serum-free cell suspension, plated in the
upper chamber of a Transwell plate with an 8 μm pore size, and
600 μl serum-free medium was added to the lower chamber.
Then, 500 mg/L asiaticoside was added to the lower chamber
according to the group. After culturing for 24 h, the cells were
removed, fixed with paraformaldehyde, and stained with crystal
violet, and images of five fields were randomly taken from each
well under a microscope to count the number of migrating cells.

2.4 Cell Cycle Detection
Fibroblasts at 1 × 105 cells/well were cultured in a 6-well plate
prepared with silicone rubber or carbon silicone rubber. After the
corresponding treatment with 500 mg/L asiaticoside or/and
10 ng/ml TGF-β1 for 72 h, the cell density reached 80%–90%
confluence after 24 h of culture. The cells were digested by
trypsin, collected and centrifuged at 1,000 r/min for 5 min.
The cells were washed twice with 1 ml of precooled PBS,
transferred to a 15 ml centrifuge tube, added dropwise to 3 ml
of precooled 70% ethanol, and fixed overnight at −20°C. The cells
were then centrifuged at 800 r/min after fixation and washed
3 times for 5 min to remove ethanol, and 10 μl DNase free RNase
was added. The cells were then incubated at 37°C for 30 min,
centrifuged at 1,500 r/min for 5 min. The supernatant was
discarded and 500 μl PI staining solution was added to each
tube. The cells were then incubated at 37°C for 1 h, and the cell
cycle distribution was detected by flow cytometry. The
experiment was repeated three times, and the experimental
data were analyzed.

2.5 Immunofluorescence
Logarithmic growth phase fibroblasts were inoculated into a
Millicell chamber with different materials at a density of 1 ×
104 cells per well. When the cells grew to 70% confluence, they
were starved with serum-free medium for 24 h. After 72 h of
treatment with 500 mg/L asiaticoside or/and 10 ng/ml TGF-β1
for 72 h, the cells were washed with PBS three times, fixed with
paraformaldehyde for 30 min, and permeabilized with Triton X-
100 for 20 min. The cells were then blocked with 5% bovine
serum albumin (BSA) at room temperature for 1 h, and then
incubated in primary antibody overnight at 4°C. The cells were
washed three times with PBS and fluorescent secondary antibody
(1:100, Invitrogen, United States) was added, followed by
incubation at room temperature for 1 h. DAPI was applied to
stain the nuclei after washing with PBS and the cells were
subsequently photographed under the microscope. The
primary antibodies were as follows: vimentin (1:50,
Proteintech, China), α-SMA (1:20, Proteintech, China), Col-
1A1 (1; 10, Novus, United States), TGF-β1 (1:200, Affinity,
United States), TβRI (1:50, Abcam, United States), TβRII (1:
50, Abcam, United States), and Smad2/3 (1:100, Affinity,
United States).

2.6 In Vivo Experiments
2.6.1 Animals and Treatment
The animal experiments performed for this study were approved
by the Animal Ethics Committee of the Chongqing Hospital of
Traditional Chinese Medicine. SD rats were divided into five
groups of three rats (15 rats total) as follows: the sham operation
group (no material implanted), the normal SR group, the C-SR,
group, the SR + AS group, and the C-SR + AS group. The two
kinds of silicone rubber were cut into a disc shape with a diameter
of approximately 8 mm and sterilized for later use. After the SD
rats were anesthetized, a longitudinal incision of approximately
1 cm was made on the back, and the subcutaneous tissue was
bluntly separated to form a “skin bag.” The appropriate material
was implanted into the “skin bag” of each rat depending on the
group. No material was implanted in the sham operation group.
After the operation, the vital signs of the rats were observed, and
their activities after anesthesia and awakening were observed. The
rats were routinely monitored to observe the healing of the
incision, redness, swelling, and ulceration. The sutures were
removed 1 week later. The asiaticoside group was given oral
asiaticoside every day after the operation. The dosage is based
on the body weight of rats and the standard of 100 mg/kg each
time, once a day. The control group was treated with the same
volume of PBS. Forty-five days after the operation, the tissues and
materials around the incision were removed from all rats for
testing.

2.6.2 HE and Masson Staining
The removed material and surrounding tissues were fixed in 4%
paraformaldehyde and samples were then processed for paraffin
embedding, sectioning and staining according to standard
histological methods. The HE staining in this study was
carried out according to the protocol supplied with the C0105
HE staining kit from Beyotime Biotechnology Company,
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Shanghai, China. Masson trichrome staining was performed
using the MST-8003 Masson trichrome staining kit from
Fujian Maixin Biotechnology Company, Fujian, China,
according to the manufacturer’s directions. For quantification
of implant capsules, consecutive tissue sections stained with H&E
and Masson’s trichrome were compared in parallel and capsule
thickness was measured at five places along the implant-tissue
boundary for each implant (n = 5 per group per time point), for a
total of five sections for both the upper as well as lower poles or
sides of the implants.

2.6.3 Immunohistochemistry
The removed tissue was embedded in paraffin, dewaxed in water,
and incubated at room temperature with 3% H2O2 for 10 min to
eliminate endogenous peroxidase activity. The sections were
rinsed with distilled water and soaked in PBS for 5 min twice.
Next, the sections were blocked with 10% normal goat serum
(diluted in PBS) and incubated at room temperature for 10 min.
The serum was removed without washing. The primary antibody
was added and the sections were incubated at 4°C overnight. An
appropriate concentration of biotin-labeled secondary antibody
was added and the sections were incubated at 37°C for 30 min
followed by washing with PBS. The sections were then stained
and fully rinsed with tap water, counterstained, dehydrated,
cleared and mounted. The primary antibodies were as follows:
vimentin (1:2,000, Proteintech, China), α-SMA (1:1,500,
Proteintech, China), Col-1A1 (1; 10, Novus, United States),
and PCNA (1:50, Boster, China).

2.6.4 WB
The tissue around the material was frozen and milled in liquid
nitrogen, and the cell protein was extracted with RIPA lysis
buffer. After electrophoretic separation, the proteins were
transferred to PVDF membranes, and the membranes were
blocked with 5% skimmed milk powder solution at room
temperature for 1 h. Next, the membranes were incubated with
primary antibody at 4°C overnight. The membranes were washed
with TBST 3 times for 10, the secondary antibody (antibody
dilution ratio of 1:8,000) was added, and the membranes were
incubated for 1 h. The membranes were then washed with TBST
3 times for 10 min. Luminescent reaction solution was added, and
the protein expression content was determined. The primary
antibodies were as follows: Smad2/3 (1:500, Affinity,
United States), vimentin (1:500, Proteintech, China), α-SMA
(1:500, Proteintech, China), Col-1A1 (1:500, Novus,
United States), TGF-β1 (1:500, Affinity, United States), TβRI
(1:500, Abcam, United States), TβRII (1:500, Abcam,
United States), Smad2/3 (1:500, Affinity, United States),
p-Smad2/3 (1:500, Affinity, United States), and β-actin (1:
1,000, Abcam, United States).

2.6.5 ELISA
Tissue cell lysates from each group were collected and repeatedly
frozen and thawed to lyse the cells. The lysate was then
centrifuged at 3,000 r/min for 20 min to collect the
supernatant. The concentration of TGF-β1 in the supernatant
of fibroblasts in each group was measured according the ELISA

kit manufacturer’s directions. The absorbance was measured at
450 nm with an enzyme labeling instrument. The concentration
of TGF-β1 was normalized and calculated according to the linear
calibration curve obtained frommeasuring the standard solution.

2.7 Statistical Analysis
Each experiment was repeated independently at least 3 times, and
GraphPad Prism software was used for data analyses. The data are
expressed as the mean ± standard deviation. The difference
between groups was calculated by a t-test and one-way
ANOVA. For all comparisons, p < 0.05 was regarded as
statistically significant.

3 RESULTS

3.1 Asiaticoside Combined With Carbon Ion
Implantation Inhibits TGF-β1-Mediated
Fibroblast Viability and Cell Cycle Changes
on the Surface of Silicone Rubber
The CCK8 method was used to detect the changes in the viability
of fibroblasts on the surface of the silicone rubbers, and the results
are shown in Figure 1. Figure 1 shows that the viability of
fibroblasts on the surface of carbon silicone rubber was lower
than that of those on smooth silicone rubber. We further treated
the fibroblasts with TGF-β1, which can simulate the development
of fibroblasts toward fibrosis, and then observed changes in cell
viability. The viability of fibroblasts on the surface of smooth
silicone rubber and carbon silicone rubber both increased after

FIGURE 1 | Asiaticoside combined with carbon ion implantation inhibits
TGF-β1-mediated fibroblast viability. Cell viability of human fibroblasts on
silicone rubber and carbon ion implantation silicone rubber determined by the
CCK-8 assay. Absorbance was measured at 450 nm at 0, 24, 48, and
72 h. Significance was calculated by one-way ANOVA with Tukey’s post hoc
test, pp < 0.05, ppp < 0.01, and n. s. means no significant difference. (n = 5).
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TGF-β1 treatment, and these fibroblasts still demonstrated high
activity after 72 h. After adding asiaticoside, the viability of
fibroblasts on the surface of all materials showed a decreasing
trend, and the difference was statistically significant. In addition,
we found that the viability of fibroblasts on the surface of carbon
silicone rubber with TGF-β1 treatment was even higher than that
of those on the surface of smooth silicone rubber after TGF-β1
treatment and the addition of asiaticoside. However, by 72 h,
there was no significant difference between the two groups. This
finding further shows that asiaticoside can significantly reduce
the viability of fibroblasts on the surface of silicone rubber.

We further determined the cell cycle changes of the fibroblasts
on the surface of the material before and after asiaticoside
treatment by flow cytometry. The results are shown in
Figure 2. The difference in the proportion of cells in the S
phase of the cell cycle between the two materials was different.
After TGF-β1 treatment, the difference in the number of S-phase
fibroblasts between the two materials was still large, but this
difference became significantly smaller after asiaticoside

treatment. These results also show that asiaticoside plays an
important role in inhibiting the proliferation of fibroblasts.

3.2 Asiaticoside Combined With Carbon
Silicone Rubber Inhibits TGF-β1-Mediated
Migration of Fibroblasts on the Surface of
Silicone Rubber
Cell migration plays an important role in the early tissue repair
process mediated by implanted materials. In this study, Transwell
technology was used to explore the effect of asiaticoside on the
migration ability of fibroblasts on the surface of each material.
The results are shown in Figure 3. Fibroblasts had a significantly
greater migration ability on silicone rubber than on carbon
silicone rubber. After TGF-β1 treatment, the migration ability
of fibroblasts on the surface of eachmaterial increased, but the cell
migration ability on the surface of silicone rubber was still greater
than that on carbon silicone rubber. Surprisingly, after the
addition of asiaticoside, the difference in the migration ability
of fibroblasts on the surface of silicone rubber and carbon silicone
rubber disappeared. These results further indicate that
asiaticoside can inhibit the migration of fibroblasts.

FIGURE 2 | Asiaticoside induced G1 phase cell cycle arrest. (A) The
peak plot shows the results of cell cycle analysis for human fibroblasts after
treatment with asiaticoside. (B) The percentages of the human fibroblast
population in G1, S, and G2/M phases after treatment with asiaticoside.

FIGURE 3 | Effect of asiaticoside on TGF-β1-induced migration of
human fibroblasts. Cell migration was evaluated using a Transwell chamber.
The cells were pretreated with various doses of TGF-β1 for 60 min on silicone
rubber (SR) and carbon ion implantation silicone rubber (C-SR) and then
stimulated by asiaticoside. Photographs (A) and a histogram (B) showing the
numbers of migrated cells in each panel are presented. Significance was
calculated by t-test, ppp < 0.01, and n. s. no significant difference (n = 5).
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3.3 Asiaticoside Combined With Carbon Ion
Implantation Regulates Myofibroblast
Transformation and Collagen Secretion of
Fibroblasts on Silicone Rubber Through the
TGF-β/Smad Signaling Pathway
The transformation of fibroblasts into myofibroblasts is the key
to the formation of the capsule around the implant material,
and myofibroblasts are important source of collagen. Too many
myofibroblasts leads to excessive collagen deposition, which
further causes the capsule to thicken, harden and become prone
to contracture. To observe the transformation of fibroblasts
into myofibroblasts on the surface of various materials
regulated by asiaticoside and explore the related signal
regulation pathways, the expression changes in
myofibroblast marker protein α-SMA and TGF-β/Smad
signal pathway-related proteins were observed and analyzed
by immunofluorescence. The expression levels of collagen were
further compared. It can be seen from Figures 4,5 that after
stimulation with TGF-β1, the expression of TGF-β/Smad signal
pathway-related proteins TβRI, TβRII and Smad2/3 increased.
In addition, we also observed that the secretion of collagen
increased significantly after the addition of TGF-β1. However,
when asiaticoside was added, the expression of each protein,
especially TβRI, TβRII and Smad2/3, showed a decreasing
trend. In addition, the secretion of α-SMA and collagen also
decreased significantly, indicating that asiaticoside inhibits the
myogenic transformation of fibroblasts and reduces the
secretion of collagen through the TGF-β/Smad signaling
pathway.

FIGURE 4 | Effect of asiaticoside on TGF-β1-induced transformation of
fibroblasts into myofibroblasts and collagen deposition. Immunofluorescence
staining of human fibroblasts on silicone rubber (SR) and carbon silicone
rubber (C-SR) with Col-1A1 and α-SMA (100X).

FIGURE 5 | Effect of asiaticoside on TGF-β1-induced changes in TGF-β/
Smad signaling pathway. Immunofluorescence staining of human epidermal
fibroblasts on silicone rubber (SR) and carbon ion implantation silicone rubber
(C-SR) with TβRI, TβRII and Smad2/3 (100X).

FIGURE 6 | Effect of asiaticoside on secretion of TGF-β1 in tissue of
silicone rubber (SR) and carbon silicone rubber (C-SR) implantation site in SD
rats. Significance was calculated by one-way ANOVA with Tukey’s post hoc
test, ppp < 0.01, (n = 5).
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3.4 Asiaticoside Combined With Carbon Ion
Implantation Technology Can Reduce
Capsular Thickness and Collagen
Formation Around Silicone Rubber Through
the TGF-β/Smad Signaling Pathway In Vivo
To further confirm that asiaticoside inhibits the TGF-β/Smad
signaling pathway, the effects of asiaticoside on TGF-β/Smad
signaling pathway-related proteins, capsular thickness and
collagen around the material were observed and analyzed in
vivo, and the secretion changes in TGF-β1 were analyzed by
ELISA. Figure 6 shows that the concentration and content of
TGF-β1 secreted into the tissues surrounding carbon silicone
rubber were significantly smaller than those secreted into the
tissues surrounding silicone rubber. Furthermore, compared with
those in the asiaticoside drug treatment group, the TGF-β1 levels
were further reduced. These results indicate that asiaticoside can
reduce the secretion of TGF-β1 by tissues. Furthermore, we also
observed and analyzed the expression changes in other related
proteins in the tissues around the materials by WB. Figure 7
shows that in the tissues surrounding carbon silicone rubber, the

expression levels of TGF-β1, TβRI, TβRII, COL1A1, and α-SMA
were lower than those in the tissues surrounding silicone rubber.
In addition, we observed that the phosphorylation level of Smad2/
3 showed a decreasing trend. Further tissue
immunohistochemistry showed that the level of PCNA
protein, which reflects cell proliferation, was lower in both the
carbon silicone rubber group and the asiaticoside treatment
group. The expression of collagen-related protein and α-SMA
was also the lowest in the carbon silicone rubber combined with
asiaticoside group. Vimetin protein is a marker protein of
fibroblasts, in the asiaticoside treatment group, we observed a
large number of fibroblasts aggregated (Figure 8). Combined
with the expression of α-SMA protein, we can conclude that
asiaticoside inhibited the formation of fibroblasts transformation,
thereby inhibiting capsular contracture. The capsular structure of
the tissue around the material was analyzed, and the result is
shown in Figure 9. Figure 9 shows that the carbon silicone rubber
has a thinner capsular structure than silicone rubber, and the
asiaticoside treatment group is also thinner compared with the
silicone rubber group. The treated groups all showed a thinner
capsular structure, and the thickness was less than that of the

FIGURE 7 | Effect of asiaticoside on transformation of fibroblasts into myofibroblasts, collagen deposition and changes in the TGF-β/Smad signaling pathway in
vivo. (A) Representative Western blot analysis of TGF-β1, TβRI, TβRII, Col-1A1, Smad2/3, p-Smad2/3 and α-SMA. One representative blot of three experiments is
presented. β-actin was used as loading control. (B–G) Protein signals in A were determined by densitometric analysis of Western blotting using ImageJ software (NIH).
Data are reported as the mean ± standard error (n = 3, pp < 0.05).
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carbon silicone rubber group. The capsule tissue of the
asiaticoside treatment group was looser. In addition, the
carbon silicone rubber group had less collagen deposition than
that observed in the silicone rubber group. Collagen deposition
was further reduced when carbon silicone rubber was combined
with asiaticoside treatment. There were also significant

differences in the quantitative results. Interestingly, we also
observed a reduction in the number of inflammatory cells.
These results also further reflect that asiaticoside combined
with carbon ion implantation technology inhibits the
proliferation of fibroblasts and myofibroblast transformation
on the surface of silicone rubber through the TGF-β1/Smad

FIGURE 8 | Effect of asiaticoside on the transformation of fibroblasts into myofibroblasts, collagen deposition and fibroblast proliferation in vivo.
Immunohistochemical staining of tissue around silicone rubber (SR) and carbon silicone rubber (C-SR) with α-SMA, vimentin, PCNA and COL-1A1 (100X).

FIGURE 9 | Capsular formation and collagen deposition. (A) Representative HE and Masson staining images of capsules around SR and C−SRs after 45 days in
rats (400×). p capsular tissue. (B) Capsule thickness. (C) Collagen content. (D) Quantification of macrophages. The data are presented as the mean ± SD, n = 5. One-
way ANOVA and Tukey’s multiple comparisons tests were used, ppp < 0.01 vs. SHAM. ##p < 0.01, #p < 0.05 vs. SR. &p < 0.05 vs. C-SR.
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signaling pathway, reduces the formation of capsular tissue, and
further reduces collagen secretion. Thus, applying this
therapeutic combination could play a substantial role in
reducing the incidence of capsular contracture.

4 DISCUSSION

Statistically, breast augmentation has ranked first among the top
five cosmetic surgeries performed in the United States for 11
consecutive years, with 270,000 to 290,000 surgeries performed
each year (Namviriyachote et al., 2020). However, approximately
25,000 cases of inner implantation material removal occur each
year for various reasons (Xue and Pu, 2021), accounting for 8.78%
of breast implantations (Headon et al., 2015; Coombs et al., 2019).
Therefore, the prevention and treatment of breast implantation
material complications has become an urgent problem to be
solved in the field of cosmetic surgery. The most common
complication, breast prosthesis capsule contracture, is of
substantial concern. The U.S. Food and Drug Administration
(FDA) reported that the incidence of capsular contracture after
the first breast prosthesis implantation was 2%–15%, and the
incidence of capsular contracture after the second breast
prosthesis surgery increased to 5%–22% (Bengtson, 2021).
Capsular contracture is the most common complication after
breast augmentation involving prostheses (Wan and Rohrich,
2016), and is divided into four levels according to the Baker
classification system. In grade I capsular contracture, the breast is
naturally soft; in grade II, the tissue appears natural and slightly
hard to the touch; in grade III, the tissue is deformed and hard to
the touch, and in grade IV, the tissue appears severely deformed
and is hard and painful. Grade III and IV capsular contracture
seriously affect the outcome of breast augmentation surgery, and
active treatment measures are required. This greatly increases the
suffering on patients.

Many studies have revealed that the surface structure of
silicone rubber has a certain influence on the occurrence of
capsular contracture. The textured (rough) structure of the
surface of silicone rubber is believed to destroy the contractile
force of the tissues surrounding the silicone rubber (Adams, 2009;
Stevens et al., 2013). Many meta-analyses also have confirmed
that the risk of capsular contracture with the use of rough silicone
rubber is significantly lower than with the use of smooth silicone
rubber (Hwang et al., 2010). The coated collagen fibers of smooth
surface silicone rubber are arranged in an orderly manner,
whereas the coated collagen fibers of rough surface silicone
rubber are disorderly, and the collagen density decreased with
time with rough surface silicone rubber but increased with
smooth surface silicone rubber (Wan and Rohrich, 2016).
Some studies have also indicated that nano or
micromorphology of the surface of silicone rubber formed by
ion implantation technology can promote cell adhesion and
reduce collagen deposition and coating thickness (Wang et al.,
2014; Zhou et al., 2016). In this study, we used carbon ion-
implanted silicone rubber combined with asiaticoside to
significantly reduce the transformation of fibroblasts into
myofibroblasts around the material, inhibit the excessive

proliferation and migration of fibroblasts, and further reduce
the formation of capsules and the deposition of collagen, which
greatly reduced the incidence of capsule contracture.

Centella aslatica (L.) Urb, is a Chinese herbal medicine that
yields minimal adverse reactions and is increasingly used in
modern medicine. Histopathological examination previously
revealed that asiaticoside can significantly inhibit dermal fiber
proliferation and angiogenesis and inhibit the synthesis of
collagen fibers, thus inhibiting scar (Bylka et al., 2014). Other
studies have revealed that asiaticoside can reduce the expression
of the TGF-β receptor in keloid fibroblasts and increase the
expression of Smad7 in a dose-dependent manner to inhibit
the production of ECM protein in the extracellular matrix
(Tang et al., 2011; Liu et al., 2015). The mechanisms of keloid
formation are very similar to those of capsule formation. In this
study, we found that asiaticoside combined with carbon ion
implantation into silicone rubber decreased TGF-β levels,
inhibited the expression of the TGF-β receptor and further
reduced collagen deposition. Interestingly, we found that
asiaticoside combined with carbon ion implantation into
silicone rubber can reduce collagen formation by reducing
Smad2/3 phosphorylation.

TGF-β1 is themost important cytokine in the TGF family and is
involved in the regulation of changes in capsule tissue. TGF
regulates cell adhesion, granulation tissue degradation, and
extracellular matrix synthesis and deposition by stimulating the
differentiation, transformation and proliferation of fibroblasts (Lee
et al., 2006; Munger and Sheppard, 2011; Juhl et al., 2020). TGF-β1,
through paracrine and autocrinemechanisms, directly or indirectly
acts on wound-repairing cells, resulting in important biological
effects, including chemotaxis, migration, proliferation and
differentiation, synthesis and secretion of extracellular matrix
(Meyer-ter-Vehn et al., 2011). If the anti-inflammatory and
proinflammatory activities of TGF-β1 are unbalanced, the
capsule tissue will proliferate excessively and show excessive
fibrosis (Schiller et al., 2004). Under pathological conditions, the
function of myofibroblasts changes, producing excessive collagen
fiber deposition. Myofibroblasts persist and display abnormal
functions, which eventually leads to the formation of a thicker
capsule and capsule contracture (Meng et al., 2016; Hu et al., 2018).

The main mechanism of TGF-β receptor signal transduction
follows receptor-mediated phosphorylation and interaction.
TGF-β first binds to the homodimer TGFβRII, which is a
high-affinity receptor. This interaction causes a conformational
change between the ligand and TGFβRII, thereby forming a new
high-affinity binding site for TGFβRI. After recruiting two units
of TGFβRI, type II receptor kinase phosphorylates the glycine and
serine-rich serine residues in the proximal membrane subdomain
of TGFβRI, thereby activating type I receptor kinase (Katzel et al.,
2011; Shi et al., 2011). In this study, we also found when carbon
ion silicone rubber was combined with asiaticoside, the
expression levels of TGFβRI and TGFβRII were low, and the
phosphorylation levels of SMAD2 and SMAD3 were reduced.
Signal transmission from the TGF-β1 receptor to the nucleus
mainly occurs through the phosphorylation of SMAD proteins in
the cytoplasm (Yan et al., 2009). The TGF-β1 receptor can
specifically recognize and phosphorylate SMADs. Activated
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SMAD2, SMAD3 and SMAD4 can cause capsule contracture and
the fibrosis of capsule tissue in vitro and in vivo.

Approximately 45 days after implanting the material,
fibroblasts will generate traction on the newly deposited
collagen fibers, thereby gradually hardening the ECM
(Derynck and Zhang, 2003). When the mechanical resistance
of the ECM exceeds the force generated by such low-contraction
early wounds, the level of TGF-β1 activity increases (Tomasek
et al., 2002). Active TGF-β1 promotes the activation of fibroblasts
into highly contracted myofibroblasts, promotes vascular
maturation and inhibits the growth and migration of epithelial
cells (Schiller et al., 2004). A series of changes are induced during
the transformation of fibroblasts into myofibroblasts. TGF-β1
promotes the new expression of α-SMA subtypes, giving
fibroblasts the required traction during the process of capsular
contracture (Brunner and Blakytny, 2004; Sanders et al., 2015). In
normal repair, these activities are terminated in part because the
tissue’s TGF-β1 supply is depleted. Under the control of the
complex internal environment, the myofibroblast population
undergoes large-scale apoptosis (Khouw et al., 1999). If the
apoptosis clearance mechanism fails, fibroblasts and
inflammatory cells will continue to exceed the levels required
for normal healing, resulting in an imbalance between normal
repair and excessive repair, leading to tissue fibrosis and capsule
hardening or cause capsule contracture (Hinz and Lagares, 2020).
In an unstable internal environment, TGF-β1 no longer
stimulates physiological healing but effectively promotes the
occurrence of capsule contracture. Animal studies have
revealed that a complete capsule can form 3 weeks after the
prosthesis is placed in the body. This occurs 3 months before
the high incidence of capsule contracture is observed, and it is
more common within 1 year after surgery. In this study, we chose
45 days as the observation time point. With the addition of
asiaticoside, TGF-β1 levels continued to decrease and were
lowest in the carbon ion-implanted silicone rubber group. This
indicates the advantages of carbon ion-implantation of silicone
rubber combined with asiaticoside for reducing the incidence of
capsular contracture.

Although the exact pathogenesis of capsular contracture needs
to be further studied, the inflammatory response appears to play a
role. Therefore, some scholars believe that changing the
inflammatory response through drug treatment can reduce the
occurrence of capsular contracture. Animal studies revealed that
when 5 mg/kg leukotriene antagonist zarlukast is injected daily
around the rough silicone rubber material, the capsule around the
silicone rubber is thinner, the vascularization of the capsule is
more abundant, and the collagen density is lower, indicating that
this drug can prevent capsule contracture (Hinz et al., 2001;
Mazzocchi et al., 2012). A study involving 60 patients with mild
and severe capsular contracture evaluated monthly up to a year
after the initiation of a 6-months treatment with zarlukast
revealed that during active treatment, the Baker score of the
contracture decreased, after the patient stopped treatment, the

score began to increase (Bastos et al., 2012). This result suggests
that to obtain long-term effects, long-term treatment is necessary.
However, such long-term treatment with zarlukast can cause
adverse reactions, such as adverse effects on liver function. In this
study, the use of asiaticoside not only reduced collagen deposition
but also reduced the thickness of the capsule and the probability
of capsule contracture. The required treatment time with
asiaticoside is also shorter, and the toxicity and side effects of
the asiaticoside are reduced.

In conclusion, surface modification of silicone rubber
materials with carbon ion implantation and combined
application of asiaticoside regulates the proliferation and
migration of fibroblasts through the TGF-β/Smad signaling
pathway and reduces capsule thickness and collagen
deposition. The application of these therapeutic methods could
greatly reduce the incidence of capsule contracture. Based on
these findings, the combined application of carbon silicone
rubber and asiaticoside has potential in soft tissue filling
procedures.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

The animal study was reviewed and approved by the Animal
Ethics Committee of the Chongqing Hospital of Traditional
Chinese Medicine.

AUTHOR CONTRIBUTIONS

XL took responsibility for the integrity of the data, the
accuracy of the data analysis, and designed the concept and
obtained funding. XL, XuZ, and XiZ drafted of the
manuscript, executed the experiments, did statistical
analysis. YS, XC, MH, and CZ carried out the data
collection. All authors read and approved the final
manuscript. All authors contributed to the article and
approved the submitted version.

FUNDING

This study was supported by the National Science Foundation of
China (Grant Number 81904209) and National Science
Foundation of Chongqing, China (Grant Number cstc2021jcyj-
msxmX0507).

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org May 2022 | Volume 10 | Article 81024410

Liu et al. Asiaticoside and Carbon Ion Silicone Rubber

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


REFERENCES

Adams, W. P., Jr. (2009). Capsular Contracture: what Is it? what Causes it? How
Can it Be Prevented and Managed? Clin. Plastic Surg. 36 (1119–126. vii. doi:10.
1016/j.cps.2008.08.007

Baker, J. E., Seitz, A. P., Boudreau, R. M., Skinner, M. J., Beydoun, A., Kaval, N.,
et al. (2020). Doxycycline-Coated Silicone Breast Implants Reduce Acute
Surgical-Site Infection and Inflammation. Plast. Reconstr. Surg. 146 (5),
1029–1041. doi:10.1097/PRS.0000000000007277

Bastos, É. M., Sabino Neto, M., Garcia, É. B., Veiga, D. F., Han, Y. A., Denadai, R.,
et al. (2012). Effect of Zafirlukast on Capsular Contracture Around Silicone
Implants in Rats. Acta Cir. Bras. 27 (1), 01–06. doi:10.1590/s0102-
86502012000100001

Bengtson, B. P. (2021). Breast Augmentation. Clin. Plastic Surg. 48 (1), xi. doi:10.
1016/j.cps.2020.09.012

Brunner, G., and Blakytny, R. (2004). Extracellular Regulation of TGF-βActivity in
Wound Repair: Growth Factor Latency as a Sensor Mechanism for Injury.
Thromb. Haemost. 92 (2), 253–261. doi:10.1160/TH04-05-0324

Bylka, W., Znajdek-Awiżeń, P., Studzińska-Sroka, E., and Brzezińska, M. (2013).
Centella asiatica in Cosmetology. pdia 1 (1), 46–49. doi:10.5114/pdia.2013.
33378

Bylka, W., Znajdek-Awiżeń, P., Studzińska-Sroka, E., Dańczak-Pazdrowska, A.,
and Brzezińska, M. (2014). Centella Asiaticain Dermatology: An Overview.
Phytother. Res. 28 (8), 1117–1124. doi:10.1002/ptr.5110

Coombs, D. M., Grover, R., Prassinos, A., and Gurunluoglu, R. (2019). Breast
Augmentation Surgery: Clinical Considerations. Ccjm 86 (2), 111–122. doi:10.
3949/ccjm.86a.18017

Derynck, R., and Zhang, Y. E. (2003). Smad-dependent and Smad-independent
Pathways in TGF-β Family Signalling. Nature 425 (6958), 577–584. doi:10.
1038/nature02006

Duteille, F., Perrot, P., Bacheley, M.-H., and Stewart, S. (2018). Eight-Year Safety
Data for Round and Anatomical Silicone Gel Breast Implants. Aesthet. Surg. J.
38 (2), 151–161. doi:10.1093/asj/sjx117

Headon, H., Kasem, A., and Mokbel, K. (2015). Capsular Contracture after Breast
Augmentation: An Update for Clinical Practice. Arch. Plast. Surg. 42 (5),
532–543. doi:10.5999/aps.2015.42.5.532

Hinz, B., and Lagares, D. (2020). Evasion of Apoptosis by Myofibroblasts: a
Hallmark of Fibrotic Diseases. Nat. Rev. Rheumatol. 16 (1), 11–31. doi:10.
1038/s41584-019-0324-5

Hinz, B., Celetta, G., Tomasek, J. J., Gabbiani, G., and Chaponnier, C. (2001).
Alpha-smooth Muscle Actin Expression Upregulates Fibroblast Contractile
Activity. MBoC 12 (9), 2730–2741. doi:10.1091/mbc.12.9.2730

Hu, H.-H., Chen, D.-Q., Wang, Y.-N., Feng, Y.-L., Cao, G., Vaziri, N. D., et al.
(2018). New Insights into TGF-β/Smad Signaling in Tissue Fibrosis. Chem.-
Biol. Interact. 292, 76–83. doi:10.1016/j.cbi.2018.07.008

Hwang, K., Sim, H. B., Huan, F., and Kim, D. J. (2010). Myofibroblasts and
Capsular Tissue Tension in Breast Capsular Contracture. Aesth Plast. Surg. 34
(6), 716–721. doi:10.1007/s00266-010-9532-8

Juhl, P., Bondesen, S., Hawkins, C. L., Karsdal, M. A., Bay-Jensen, A.-C., Davies, M.
J., et al. (2020). Dermal Fibroblasts Have Different Extracellular Matrix Profiles
Induced by TGF-β, PDGF and IL-6 in aModel for Skin Fibrosis. Sci. Rep. 10 (1),
17300. doi:10.1038/s41598-020-74179-6

Ju-Lin, X., Shao-Hai, Q., Tian-Zeng, L., Bin, H., Jing-Ming, T., Ying-Bin, X., et al.
(2009). Effect of Asiaticoside on Hypertrophic Scar in the Rabbit Ear Model.
J. Cutan. Pathol. 36 (2), 234–239. doi:10.1111/j.1600-0560.2008.01015.x

Kang, S., Sutthiwanjampa, C., Heo, C., Kim, W., Lee, S.-H., and Park, H. (2018).
Current Approaches Including Novel Nano/Microtechniques to Reduce
Silicone Implant-Induced Contracture with Adverse Immune Responses.
Ijms 19 (4), 1171. doi:10.3390/ijms19041171

Katzel, E. B., Koltz, P. F., Tierney, R., Williams, J. P., Awad, H. A., OʼKeefe, R. J.,
et al. (2011). The Impact of Smad3 Loss of Function on TGF-β Signaling and
Radiation-Induced Capsular Contracture. Plastic Reconstr. Surg. 127 (6),
2263–2269. doi:10.1097/PRS.0b013e3182131bea

Khouw, I. M. S. L., vanWachem, P. B., Plantinga, J. A., Vujaskovic, Z., J.B. Wissink,
M., de Leij, L. F. M. H., et al. (1999). TGF-β and bFGF Affect the Differentiation
of Proliferating Porcine Fibroblasts into Myofibroblasts In Vitro. Biomaterials
20 (19), 1815–1822. doi:10.1016/s0142-9612(99)00077-0

Lam, M., Migonney, V., and Falentin-Daudre, C. (2021). Review of Silicone Surface
Modification Techniques and Coatings for Antibacterial/antimicrobial
Applications to Improve Breast Implant Surfaces. Acta Biomater. 121,
68–88. doi:10.1016/j.actbio.2020.11.020

Lee, J., Jung, E., Kim, Y., Park, J., Park, J., Hong, S., et al. (2006). Asiaticoside
Induces Human Collagen I Synthesis through TGFβ Receptor I Kinase (TβRI
Kinase)-independent Smad Signaling. Planta Med. 72 (4), 324–328. doi:10.
1055/s-2005-916227

Lee, J.-H., Kim, H.-L., Lee, M. H., You, K. E., Kwon, B.-J., Seo, H. J., et al. (2012).
Asiaticoside Enhances Normal Human Skin Cell Migration, Attachment and
Growth In Vitro Wound Healing Model. Phytomedicine 19 (13), 1223–1227.
doi:10.1016/j.phymed.2012.08.002

Liu, X., Zhou, L., Pan, F., Gao, Y., Yuan, X., and Fan, D. (2015). Comparison of the
Postoperative Incidence Rate of Capsular Contracture Among Different Breast
Implants: a Cumulative Meta-Analysis. PLoS One 10 (2), e0116071. doi:10.
1371/journal.pone.0116071

Mazzocchi, M., Dessy, L. A., Alfano, C., and Scuderi, N. (2012). Effects and
Zafirlukast on Capsular Contracture: Long-Term Results. Int. J. Immunopathol.
Pharmacol. 25 (4), 935–944. doi:10.1177/039463201202500411

Mempin, M., Hu, H., Chowdhury, D., Deva, A., and Vickery, K. (2018). The A, B
and C’s of Silicone Breast Implants: Anaplastic Large Cell Lymphoma, Biofilm
and Capsular Contracture. Materials 11 (12), 2393. doi:10.3390/ma11122393

Meng, X.-m., Nikolic-Paterson, D. J., and Lan, H. Y. (2016). TGF-β: the Master
Regulator of Fibrosis. Nat. Rev. Nephrol. 12 (6), 325–338. doi:10.1038/nrneph.
2016.48

Meyer-ter-Vehn, T., Han, H., Grehn, F., and Schlunck, G. (2011). Extracellular
Matrix Elasticity Modulates TGF-β-Induced P38 Activation and Myofibroblast
Transdifferentiation in Human Tenon Fibroblasts. Invest. Ophthalmol. Vis. Sci.
52 (12), 9149–9155. doi:10.1167/iovs.10-6679

Munger, J. S., and Sheppard, D. (2011). Cross Talk Among TGF- Signaling
Pathways, Integrins, and the Extracellular Matrix. Cold Spring Harb.
Perspect. Biol. 3 (11), a005017. doi:10.1101/cshperspect.a005017

Namviriyachote, N., Muangman, P., Chinaroonchai, K., Chuntrasakul, C., and
Ritthidej, G. C. (2020). Polyurethane-biomacromolecule Combined Foam
Dressing Containing Asiaticoside: Fabrication, Characterization and Clinical
Efficacy for Traumatic Dermal Wound Treatment. Int. J. Biol. Macromol. 143,
510–520. doi:10.1016/j.ijbiomac.2019.10.166

Phaechamud, T., Yodkhum, K., Charoenteeraboon, J., and Tabata, Y. (2015).
Chitosan-aluminum Monostearate Composite Sponge Dressing
Containing Asiaticoside for Wound Healing and Angiogenesis
Promotion in Chronic Wound. Mater. Sci. Eng. C 50, 210–225. doi:10.
1016/j.msec.2015.02.003

Qi, S. H., Xie, J.-L., Pan, S., Xu, Y.-B., Li, T.-Z., Tang, J.-M., et al. (2008). Effects of
Asiaticoside on the Expression of Smad Protein by Normal Skin Fibroblasts and
Hypertrophic Scar Fibroblasts. Clin. Exp. Dermatol. 33 (2), 171–175. doi:10.
1111/j.1365-2230.2007.02636.x

Sanders, Y. Y., Cui, Z., Le Saux, C. J., Horowitz, J. C., Rangarajan, S., Kurundkar, A.,
et al. (2015). SMAD-independent Down-Regulation of Caveolin-1 by TGF-β:
Effects on Proliferation and Survival of Myofibroblasts. PLoS One 10 (2),
e0116995. doi:10.1371/journal.pone.0116995

Schiller, M., Javelaud, D., andMauviel, A. (2004). TGF-β-induced SMAD Signaling
and Gene Regulation: Consequences for Extracellular Matrix Remodeling and
Wound Healing. J. Dermatol. Sci. 35 (2), 83–92. doi:10.1016/j.jdermsci.2003.
12.006

Shi, M., Zhu, J., Wang, R., Chen, X., Mi, L., Walz, T., et al. (2011). Latent TGF-β
Structure and Activation. Nature 474 (7351), 343–349. doi:10.1038/
nature10152

Shin, B. H., Kim, B. H., Kim, S., Lee, K., Choy, Y. B., and Heo, C. Y. (2018). Silicone
Breast Implant Modification Review: Overcoming Capsular Contracture.
Biomater. Res. 22, 37. doi:10.1186/s40824-018-0147-5

Steiert, A., Sorg, H., and Boyce, M. (2013). Capsular Contracture by Silicone Breast
Implants: Possible Causes, Biocompatibility, and Prophylactic Strategies. Mder
6, 211–218. doi:10.2147/MDER.S49522

Stevens, W. G., Nahabedian, M. Y., Calobrace, M. B., Harrington, J. L., Capizzi, P.
J., Cohen, R., et al. (2013). Risk Factor Analysis for Capsular Contracture: a 5-
year Sientra Study Analysis Using Round, Smooth, and Textured Implants for
Breast Augmentation. Plastic Reconstr. Surg. 132 (5), 1115–1123. doi:10.1097/
01.prs.0000435317.76381.68

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org May 2022 | Volume 10 | Article 81024411

Liu et al. Asiaticoside and Carbon Ion Silicone Rubber

https://doi.org/10.1016/j.cps.2008.08.007
https://doi.org/10.1016/j.cps.2008.08.007
https://doi.org/10.1097/PRS.0000000000007277
https://doi.org/10.1590/s0102-86502012000100001
https://doi.org/10.1590/s0102-86502012000100001
https://doi.org/10.1016/j.cps.2020.09.012
https://doi.org/10.1016/j.cps.2020.09.012
https://doi.org/10.1160/TH04-05-0324
https://doi.org/10.5114/pdia.2013.33378
https://doi.org/10.5114/pdia.2013.33378
https://doi.org/10.1002/ptr.5110
https://doi.org/10.3949/ccjm.86a.18017
https://doi.org/10.3949/ccjm.86a.18017
https://doi.org/10.1038/nature02006
https://doi.org/10.1038/nature02006
https://doi.org/10.1093/asj/sjx117
https://doi.org/10.5999/aps.2015.42.5.532
https://doi.org/10.1038/s41584-019-0324-5
https://doi.org/10.1038/s41584-019-0324-5
https://doi.org/10.1091/mbc.12.9.2730
https://doi.org/10.1016/j.cbi.2018.07.008
https://doi.org/10.1007/s00266-010-9532-8
https://doi.org/10.1038/s41598-020-74179-6
https://doi.org/10.1111/j.1600-0560.2008.01015.x
https://doi.org/10.3390/ijms19041171
https://doi.org/10.1097/PRS.0b013e3182131bea
https://doi.org/10.1016/s0142-9612(99)00077-0
https://doi.org/10.1016/j.actbio.2020.11.020
https://doi.org/10.1055/s-2005-916227
https://doi.org/10.1055/s-2005-916227
https://doi.org/10.1016/j.phymed.2012.08.002
https://doi.org/10.1371/journal.pone.0116071
https://doi.org/10.1371/journal.pone.0116071
https://doi.org/10.1177/039463201202500411
https://doi.org/10.3390/ma11122393
https://doi.org/10.1038/nrneph.2016.48
https://doi.org/10.1038/nrneph.2016.48
https://doi.org/10.1167/iovs.10-6679
https://doi.org/10.1101/cshperspect.a005017
https://doi.org/10.1016/j.ijbiomac.2019.10.166
https://doi.org/10.1016/j.msec.2015.02.003
https://doi.org/10.1016/j.msec.2015.02.003
https://doi.org/10.1111/j.1365-2230.2007.02636.x
https://doi.org/10.1111/j.1365-2230.2007.02636.x
https://doi.org/10.1371/journal.pone.0116995
https://doi.org/10.1016/j.jdermsci.2003.12.006
https://doi.org/10.1016/j.jdermsci.2003.12.006
https://doi.org/10.1038/nature10152
https://doi.org/10.1038/nature10152
https://doi.org/10.1186/s40824-018-0147-5
https://doi.org/10.2147/MDER.S49522
https://doi.org/10.1097/01.prs.0000435317.76381.68
https://doi.org/10.1097/01.prs.0000435317.76381.68
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Sun, B., Wu, L., Wu, Y., Zhang, C., Qin, L., Hayashi, M., et al. (2020). Therapeutic
Potential of Centella asiatica and its Triterpenes: A Review. Front. Pharmacol.
11, 568032. doi:10.3389/fphar.2020.568032

Tang, B., Zhu, B., Liang, Y., Bi, L., Hu, Z., Chen, B., et al. (2011). Asiaticoside
Suppresses Collagen Expression and TGF-β/Smad Signaling through
Inducing Smad7 and Inhibiting TGF-βRI and TGF-βRII in Keloid
Fibroblasts. Arch. Dermatol Res. 303 (8), 563–572. doi:10.1007/s00403-
010-1114-8

Tomasek, J. J., Gabbiani, G., Hinz, B., Chaponnier, C., and Brown, R. A. (2002).
Myofibroblasts and Mechano-Regulation of Connective Tissue Remodelling.
Nat. Rev. Mol. Cell Biol. 3 (5), 349–363. doi:10.1038/nrm809

Vieira, V. J., D’Acampora, A., Neves, F. S., Mendes, P. R., Vasconcellos, Z. A. D.,
Neves, R. D. E., et al. (2016). Capsular Contracture in Silicone Breast Implants:
Insights from Rat Models. An. Acad. Bras. Ciênc. 88 (3), 1459–1470. doi:10.
1590/0001-3765201620150874

Virden, C. P., Dobke, M. K., Paul Stein, S., Lowell Parsons, C., and Frank, D. H.
(2020). Subclinical Infection of the Silicone Breast Implant Surface as a Possible
Cause of Capsular Contracture. Aesth Plast. Surg. 44 (4), 1141–1147. doi:10.
1007/s00266-020-01816-w

Wan, D., and Rohrich, R. J. (2016). Revisiting the Management of Capsular
Contracture in Breast Augmentation: A Systematic Review. Plastic Reconstr.
Surg. 137 (3), 826–841. doi:10.1097/01.prs.0000480095.23356.ae

Wang, S.-l., Shi, X.-h., Yang, Z., Zhang, Y.-m., Shen, L.-r., Lei, Z.-y., et al. (2014).
Osteopontin (OPN) Is an Important Protein to Mediate Improvements in the
Biocompatibility of C Ion-Implanted Silicone Rubber. PLoS One 9 (6), e98320.
doi:10.1371/journal.pone.0098320

Williams, D. F. (2008). On the Mechanisms of Biocompatibility. Biomaterials 29
(20), 2941–2953. doi:10.1016/j.biomaterials.2008.04.023

Xue, Y., and Pu, L. L. Q. (2021). Contemporary Breast Augmentation Practice in
the United States. Ann. Plast. Surg. 86 (3S Suppl. 2), S177–S183. doi:10.1097/
SAP.0000000000002646

Yan, X., Liu, Z., and Chen, Y. (2009). Regulation of TGF- Signaling by Smad7. Acta
Biochim. Biophys. Sin. 41 (4), 263–272. doi:10.1093/abbs/gmp018

Yoo, B. Y., Kim, B. H., Lee, J. S., Shin, B. H., Kwon, H., Koh, W.-G., et al. (2018).
Dual Surface Modification of PDMS-Based Silicone Implants to Suppress
Capsular Contracture. Acta Biomater. 76, 56–70. doi:10.1016/j.actbio.2018.
06.022

Yoon, S., and Chang, J.-H. (2020). Short-Term Safety of a Silicone Gel-Filled Breast
Implant: AManufacturer-Sponsored, Retrospective Study. Plast. Reconstr. Surg.
Glob. Open 8 (5), e2807. doi:10.1097/GOX.0000000000002807

Zhou, X., Chen, X., Mao, T.-c., Li, X., Shi, X.-h., Fan, D.-l., et al. (2016). Carbon Ion
Implantation: A Good Method to Enhance the Biocompatibility of Silicone
Rubber. Plastic Reconstr. Surg. 137 (4), 690e–699e. doi:10.1097/PRS.
0000000000002022

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Liu, Song, Chen, Huang, Zhao, Zhou and Zhou. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org May 2022 | Volume 10 | Article 81024412

Liu et al. Asiaticoside and Carbon Ion Silicone Rubber

https://doi.org/10.3389/fphar.2020.568032
https://doi.org/10.1007/s00403-010-1114-8
https://doi.org/10.1007/s00403-010-1114-8
https://doi.org/10.1038/nrm809
https://doi.org/10.1590/0001-3765201620150874
https://doi.org/10.1590/0001-3765201620150874
https://doi.org/10.1007/s00266-020-01816-w
https://doi.org/10.1007/s00266-020-01816-w
https://doi.org/10.1097/01.prs.0000480095.23356.ae
https://doi.org/10.1371/journal.pone.0098320
https://doi.org/10.1016/j.biomaterials.2008.04.023
https://doi.org/10.1097/SAP.0000000000002646
https://doi.org/10.1097/SAP.0000000000002646
https://doi.org/10.1093/abbs/gmp018
https://doi.org/10.1016/j.actbio.2018.06.022
https://doi.org/10.1016/j.actbio.2018.06.022
https://doi.org/10.1097/GOX.0000000000002807
https://doi.org/10.1097/PRS.0000000000002022
https://doi.org/10.1097/PRS.0000000000002022
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Asiaticoside Combined With Carbon Ion Implantation to Improve the Biocompatibility of Silicone Rubber and to Reduce the Ris ...
	1 Introduction
	2 Materials and Methods
	2.1 Cell Culture and Preparation of Materials
	2.2 CCK8 Assays
	2.3 Cell Migration Experiment
	2.4 Cell Cycle Detection
	2.5 Immunofluorescence
	2.6 In Vivo Experiments
	2.6.1 Animals and Treatment
	2.6.2 HE and Masson Staining
	2.6.3 Immunohistochemistry
	2.6.4 WB
	2.6.5 ELISA

	2.7 Statistical Analysis

	3 Results
	3.1 Asiaticoside Combined With Carbon Ion Implantation Inhibits TGF-β1-Mediated Fibroblast Viability and Cell Cycle Changes ...
	3.2 Asiaticoside Combined With Carbon Silicone Rubber Inhibits TGF-β1-Mediated Migration of Fibroblasts on the Surface of S ...
	3.3 Asiaticoside Combined With Carbon Ion Implantation Regulates Myofibroblast Transformation and Collagen Secretion of Fib ...
	3.4 Asiaticoside Combined With Carbon Ion Implantation Technology Can Reduce Capsular Thickness and Collagen Formation Arou ...

	4 Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


