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Abstract

Tissue engineering chambers (TECs) represent a new and attractive in vivo
tissue engineering model that can successfully generate mature adipose tissue.
However, the newly formed adipose tissue is not able to fill the volume of the
chamber as expected. To investigate whether the capsule surrounding the
newly formed adipose tissue limits the adipose tissue volume in the chamber,
we detected fibrotic parameters two months after these chambers were im-
planted into rats. The results showed that the newly formed adipose tissue
was surrounded by a thick layer of capsule, and the protein levels of trans-
forming growth factor-B1 (TGF-pL1), phosphorylated Smad2 (p-Smad2), con-
nective tissue growth factor (CTGF), collagen type I (COL-I) and a-smooth
muscle actin (a-SMA) in the capsule were increased. The levels of these pro-
teins decreased following systemic administration of P144 (a peptide inhibi-
tor of TGF-f1). Furthermore, the capsule thickness was significantly reduced,
and the adipose tissue volume was markedly greater when using P144. These
findings indicate that capsule formation, which is mediated through a TGF-
Pl signaling pathway, restricted the volume of the engineered adipose tissue
that was formed. This study may provide a new approach to regenerate amounts
of adipose tissue for the reconstruction of large soft tissue defects.
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1. Introduction

The repair of large soft tissue defects after wound or surgical resection represents
a major challenge for reconstructive surgery, and the best tissue for such cover-
age is the one that is similar to the original. Current approaches such as auto-
logous fat grafting or fat flap transplantation have limitations that include re-
sorption and donorsite morbidity [1] [2]. Tissue engineering chambers (TECs)
represent a new and attractive in vivo tissue engineering technique that can suc-
cessfully generate mature and vascularized adipose tissue through the insertion
of a pedicled fat flap into a hollow chamber that is implanted subcutaneously [3]
[4] [5] [6]. However, the newly formed engineered adipose tissue does not fill
the volume of the chamber as expected. Furthermore, the whole tissue harvested
from these chambers is surrounded by a thick capsule layer, and the percentage
of adipose tissue is lower than that of connective tissue in the newly formed en-
gineered tissue constructs [3] [5]. Therefore, further refinements are required to
enhance fat formation and to increase adipose tissue volume.

Capsule formation, which is characterized by fibrotic encapsulation around an
implant, can be seen as an inevitable foreign body reaction when an implant is
placed within the body [7]. Transforming growth factor-B1 (TGF-fl1) is consi-
dered to be a major profibrotic cytokine involved in the formation of the capsule
around the implant [8]. TGF-pl can phosphorylate its downstream effector Smad2
and enhance the profibrotic mediator connective tissue growth factor (CTGF),
which consequently induces fibrosis-related changes, including stimulation of
myofibroblasts proliferation and promotion collagen deposition [9]. In our pre-
liminary experiments, we found that in a special TEC model, the capsule formed
not only around the chamber but also around the newly formed adipose tissue in
the chamber, which was referred to as the “adipose capsule”. However, the me-
chanism of adipose capsule formation and whether the capsule limits the volume
of the engineered adipose tissue in the TEC model are unknown.

Recent studies have shown that the synthetic peptide P144, which is composed
of 730 - 743 amino acids derived from the membrane-proximal ligand-binding
domain of the TGF- 1 type III receptor, is able to block the biological activity of
TGF-f1 by binding to its receptors [10] [11]. Systemic administration of this
peptide has shown good efficacy in animal models of myocardial fibrosis, liver
fibrogenesis and skin fibrosis [11] [12] [13]. Moreover, P144 has been demon-
strated to reduce capsule formation around silicone implants through the inhibi-
tion of TGF-p1 [14].

In this study, we sought to examine whether the adipose capsule in the chamber
limits the volume of engineered adipose tissue. Furthermore, to examine whether
TGF- 1 signaling pathway involves in adipose capsule formation, we assessed the

effect of P144 on adipose capsule thickness and adipose tissue volume.

2. Methods
2.1. Animals and Chambers

Adult male Sprague-Dawley rats weighing 350 to 400 g were used. All experi-
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ments described herein were performed under the approval of the Shanghai
Tenth People’s Hospital Institutional Animal Care and Use Committee. Non-
collapsible half-cylindrical chambers with a length of 20 mm, an internal diame-
ter of 16 mm and a volume of 2.01 ml were used.

2.2. Experimental Design

The experimental groups were organized as follows. Standard fat (SF) group: six
standardized vascularized adipose tissue groin flaps (dimensions: 20 x 10 x 1.3
mm) were harvested at day 0. All of the fat flaps in all of the experimental groups
were measured and trimmed to this size. Control fat (CF) group: fat flaps re-
mained in situ in the subcutaneous tissue of the groin without any chamber (n =
6). Tissue engineering chamber (TEC) group: standardized vascularized fat groin
flap in a chamber (n = 6 chambers). Vehicle-treated TEC (V-TEC) group: after
the chambers were implanted, the rats were administered an intraperitoneal injec-
tion of normal saline solution at 1 ml/kg per day from day 7 until sacrifice (n = 6
chambers). P144-treated TEC (P144-TEC) group: after the chambers were im-
planted, the rats were administered an intraperitoneal injection of P144 daily.
This group was divided into four subgroups depending on the initiation of P144
injections. The injections started on days 7 (P144-7th), 14 (P144-14th), 21 (P144-
21st) and 30 (P144-30th) after the chambers were implanted (n = 6 chambers per
time point). P144 (sequence: TSLDASIWAMMOQNA, synthesized at ChinaPep-
tides, Shanghai, China; the peptides were at least 95% pure, as per HPLC) was
dissolved in normal saline solution and was adjusted to an average daily dose of
1 mg/kg. All animals were sacrificed two months after the surgery, except for the

CF group.

2.3. Surgical Techniques

The surgical techniques were performed as described by Dolderer et al, with
some modifications [3]. Rats were anesthetized via intraperitoneal injection of
60 mg/kg sodium pentobarbital (Sigma Chemical Co., USA). Under aseptic con-
ditions, the standard vascularized groin fat pad was surgically exposed. Then, the
fat pad was inserted into the chamber, which was placed and fixed in the space
created between the skin and muscle. Each rat was implanted with two cham-
bers, and the wound was closed with 5-0 silk sutures.

2.4. Tissue Harvesting and Histological Examinations

The tissue constructs were harvested from the chambers after two months, and
the total tissue volume was measured via fluid displacement [15]. Then, the con-
structs were cut coronally into two symmetrical pieces. In one of the pieces, the
adipose capsule was dissected from the tissue and was frozen for protein analy-
sis. The other piece was used for hematoxylin and eosin (H&E) and Masson’s
trichrome staining. Slides were evaluated using an Olympus BX51 microscope

and then photographed using an Olympus DP71 digital camera.
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2.5. Adipose Capsule Thickness

In this study, the measured adipose capsule thickness included the collagen and
fibrovascular connective tissue, as these are the most common tissues characte-
ristic of the capsule [16]. Adipose capsule thickness was evaluated by two inde-
pendent examiners using Image Pro Plus. Each examiner performed 10 random
measurements per slide, and the mean of the 20 measurements was recorded as
the adipose capsule thickness for that slide. Both examiners were blinded to the

experimental groups of the samples.

2.6. Western Blot Analysis
The TGF-pl, the phosphorylated form of Smad2 (p-Smad2), CTGF and collagen

type I (COL-I) proteins were separated via electrophoresis. Specific antibodies
against TGF-p1 (Santa Cruz Biotechnology, USA), p-Smad2 (Abcam, UK),
CTGF (Abcam, UK) and COL-I (Santa Cruz Biotechnology, USA) were incu-

bated overnight. Data are reported relative to f-actin expression.

2.7. Immunohistochemistry for a-SMA

Immunohistochemical analyses were performed using a rabbit anti-rat a-SMA
antibody (Abcam, UK). The steps were identical to those described in a previous
study by our group [17]. Briefly, the primary antibody was diluted 1:300 and was
incubated with the slides overnight. Then, the slides were incubated with a sec-
ondary antibody (Abcam, UK) diluted 1:200.

2.8. Statistical Analysis

Statistical analyses were performed using SPSS 13.0. Comparisons between two
groups were analyzed using independent sample t-tests, and when there were
more than two groups, one-way ANOVA was used. A Spearman correlation anal-
ysis was conducted between adi-pose tissue volume and adipose capsule thick-
ness. Differences were considered statistically significant at p < 0.05. The data

are expressed as the mean + SD.

3. Results

3.1. Macroscopic Appearance and Fibrotic Parameters after
Chamber Implantation

The volume of the fat flap in the CF group, which was dissected in situ after two
months, remained at 0.26 = 0.02 ml, exhibiting no obvious expansion (Figure
1(A)). The volume of the harvested tissue in the TEC group was significantly
increased to a large volume (1.05 + 0.03 ml), which represents an increase of
404% (Figure 1(B)). Histological analysis showed that the CF group displayed
mature adipose tissue with no capsule formation (Figure 1(C)), whereas in the
TEC group, the adipose tissue was surrounded by a thick capsule layer (Figure
1(D)). To examine whether the implanted chambers caused a fibrosis reaction,
we detected fibrotic parameters related to TGF-pl. The results show that the
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Figure 1. Macroscopic appearance and fibrotic parameters after the chambers were implanted. The amount of tissue harvested
from the TEC group (B) was significantly greater than from the CF group (A). H&E staining revealed mature adipose tissue and
some breast gland/epithelial structures in the CF group (C), but the mature adipose tissue was surrounded by a thick adipose cap-
sule layer (D, arrow). C and D scale bar = 3000 um. (E) TGF-pl, p-smad2, CTGF and COL-I protein levels were greater in the
TEC group vs. the CF group. *p < 0.05 and **p < 0.01 vs. CF group. (F) Left: CF group; Right: TEC group. Immunohistochemical
analysis showed intense staining of a-SMA-positive myofibroblasts in the adipose capsule in the TEC group. Scale bar = 100 um.
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protein levels of TGF-p1 and its related signaling molecules, including p-smad2
and CTGF, were greater in the TEC group compared with the CF group (TGF-fl1
(p < 0.01), p-smad2 (p < 0.01), CTGF (p < 0.05)). Moreover, the synthesis of
COL-I was also increased (p < 0.01) (Figure 1(E)). a-SMA is thought to be re-
sponsible for tissue contracture [18]. Immunohistochemical staining showed intense

accumulation of a-SMA in the adipose capsule in the TEC group (Figure 1(F)).

3.2. P144 Increases Adipose Tissue Volume and Decreases
Adipose Capsule Thickness

To inhibit adipose capsule formation, rats were administered an intraperitoneal
injection of P144 (1 mg/kg, q.d.). There was no difference in adipose tissue vo-
lume observed between the TEC and V-TEC groups. The adipose tissue volume
in the P144-treated groups was obviously greater than in the V-TEC group (p <
0.01) (Figures 2(A)-(F)). Moreover, the adipose tissue volumes in the P144-7th
and P144-14th group were markedly greater than in the P144-30th group (p <
0.01). Furthermore, the proportion of adipose tissue in the P144-treated groups
was obviously greater than in the V-TEC group (p < 0.01) (Table 1). To better
demonstrate adipose capsule formation in the tissue, the harvested tissue was
stained with Masson’s trichrome, which reveals areas of collagen (blue) (Figures
2(A)-(F)). The results showed that the administration of P144 significantly re-
duced adipose capsule thickness compared with the V-TEC group (p < 0.01).
Moreover, the adipose capsule thicknesses recorded in the P144-7th and P144-
14th groups were significantly decreased compared with the P144-30th and
P144-21st groups (p < 0.01). Although the adipose capsule thickness in the P144-
7th group was thinner than in the P144-14th group, the difference was not sig-
nificant (Table 1). Spearman correlation analysis revealed a strong negative cor-
relation between adipose capsule thickness and adipose tissue volume (r = —0.853,
p < 0.001) (Supp. Figure 2). Taken together, these findings show that the ad-
ministration of P144 decreases adipose capsule thickness and increases adipose

tissue volume and the proportion of adipose tissue.

Table 1. The effect of P144 on adipose capsule thickness, the total volume of the tissue
construct, adipose tissue volume and the proportion of adipose tissue.

Group Thickness (pm) TV (ml) AV (ml) AT (%)

TEC 1066.04 + 101.43 1.05 £ 0.05 0.45 +0.03 43.02 + 3.36
V-TEC 1098.57 £ 105.18#,& 1.05 £ 0.04#,&  0.45 + 0.02#,& 43.23 £ 2.26#,&
P144-30th 800.06 + 173.39%,#,& 0.36 £ 0.06%,#,& 0.67 £ 0.07%,#,& 49.43 + 4.40*,#
P144-21st  705.83 £ 95.07%,#,& 1.41 £0.06%,#,&  0.73 £ 0.08* 51.88 +4.11*
P144-14th 449.25 + 101.30% 1.58 + 0.08% 0.88 = 0.09* 55.15 + 4.03%
P144-7th 349.33 + 48.72* 0.63 +0.07* 0.89 £ 0.08* 54.32 +4.27*

The presented data are the mean + SD; *p < 0.01 vs. V-TEC; #p < 0.01 vs. P144-14th; &p
< 0.01 vs. P144-7th. Thickness, adipose capsule thickness; TV, total volume of the tissue
construct; AV, adipose tissue volume; AT, percentage of adipose tissue.
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Figure 2. Effect of P144 on tissue volume and adipose capsule thickness. Tissue volume
was significantly increased (A)-(F); adipose capsule thickness was significantly decreased;
and the use of P144 caused a reduced density of the collagen fibers (a)-(f). (A)-(F) Ma-
croscopic appearance. (a)-(f) Masson’s trichrome staining after paraffin sectioning. (A),
(a) TEC group; (B), (b) V-TEC; (C), (c) P144-30th; (D), (d) P144-21st; (E), (e) P144-
14th; (F), (f) P144-7th. The arrowhead indicates a peripheral adipose capsule surrounding
the fat tissue. (a)-(f) Scale bar = 3000 pm.

3.3. P144 Inhibits TGF-£1 Signaling Activity and COL-I Synthesis

To elucidate the mechanism of the effect of P144 on adipose capsule formation,
we assessed the protein levels of fibrotic parameters. No differences were found
between the V-TEC and the TEC groups with respect to these fibrotic parame-
ters. The expression of the TGF-p1 (p < 0.01), p-smad2 (p < 0.01) and CTGF (p
< 0.01) proteins was obviously reduced under P144 treatment compared with the
V-TEC group (Figure 3(A)). Moreover, the P144-treated groups showed greater
expression of the COL-I protein (p < 0.01) than the V-TEC group (Figure 3(B)).
Additionally, the inhibition described above was more effective when applied in

the early stage of capsule formation.

3.4. P144 Inhibits TGF-£1 Signaling Activity and COL-I Synthesis

We next performed immunohistochemical staining to evaluate the effect of P144
on myofibroblasts proliferation in the tissue. Semiquantitative immunohisto-

chemical analyses of a-SMA revealed a significant decrease (p < 0.01) in the
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Figure 3. Effect of P144 on TGF-pI signaling activity, COL-I synthesis and myofibroblasts proliferation. Systemic administration
of P144 reduced the expression of the TGF-f1 (A left), p-Smad2 (A middle) and CTGF (A right) proteins. (B) The use of P144
inhibited COL-I synthesis. (C) Average integral optical density of a-SMA. (D) Immunohistochemical staining for a-SMA was
performed in the TEC, V-TEC, P144-30th, P144-21st, P144-14th and P144-7th groups. The P144-treated groups exhibited fewer
myofibroblasts than the V-TEC group. The area within the black lines was used to calculate the a-SMA density. Scale bar = 300
pum. *p < 0.01 vs. the V-TEC group. Error bars = SD.

P144-treated groups compared with the V-TEC group (Figure 3(C), Figure 3(D)).
These results showed that the proliferation of myofibroblasts was obviously de-

creased by P144 treatment, and this effect was more effective at an early stage.
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4. Discussion

In the special TEC model, pedicled fat flaps were implanted subcutaneously into
a hollow silicone chamber to generate a large volume of engineered adipose tis-
sue, and the newly formed adipose tissue was surrounded by a thick capsule
layer [3] [5]. However, little is known regarding the role of the adipose capsule
in the chambers. In this study, we found that the adipose capsule restricts the
formation of a larger volume of engineered adipose tissue. Moreover, the ad-
ministration of P144 reduced adipose capsule formation by inhibiting the activi-
ty of TGF-f1, which indicates that the TGF-f1 signaling pathway plays a critical
role in the adipose capsule.

An adipose capsule has been observed to form in the TEC, but the formation
mechanism was not clear. Kuhn ef al. reported the detection of high levels of
TGF-p1 in the capsule around the implant [8]. Therefore, we hypothesized that
the adipose capsule is mediated by TGF-f1 as well. In a previous, we study
demonstrated that the structure of the newly formed adipose tissue in the TEC
was well organized at two months [17], so we selected two months as the fol-
low-up time point for this study. We found that the adipose capsule expressed a
high 10 level of TGF-pl after the chamber was implanted. This result implies
that TGF-f1 might be involved in the formation of the adipose capsule. To con-
firm our hypothesis, we inhibited the activity of TGF-f1. The synthesis of the
P144 peptide opened the door to exploring new substances that inhibit TGF-f1
activity and have antifibrotic effects [12] [13]. In this study, the selected dose of
the peptide was adjusted to 1 mg/kg per day intra-peritoneally, as this dose has
been previously demonstrated to result in significant antifibrotic activity in ro-
dents [11] [12]. We found that the adipose capsule formed at two weeks (data
not shown). For this reason, rats were treated with P144 starting at four time
points (at days 7, 14, 21 and 30 after the surgery) two of which were prior to and
two of which were after adipose capsule formation. The results revealed that the
application of P144 at four time points was feasible in reducing adipose capsule
thickness through the inhibition of TGF-f1; however, the administration of P144
during an early stage (starting at day 7 and 14) was more effective. Therefore, we
can conclude that adipose capsule formation is mediated by TGF-fL.

Next, we observed the effect of TGF-fl-related signaling molecules on the for-
mation of the adipose capsule. After binding to its receptor, TGF-Sl phosphory-
lates Smad2/3 (which are intracellular signal mediators), forms a heteromeric
complex with Smad4 and regulates the transcription of TGF-Sl-responsive genes
[9]. CTGF is an important downstream mediator of TGF-f1, and the profibrotic
effects of TGF-p1 are mediated, at least in part, through upregulation of CTGF
[16]. In the present study, we found that the adipose capsule expressed high le-
vels of p-Smad2 and CTGF after the chambers were implanted. Following P144
treatment, the inhibition of TGF-p1 activity resulted in inhibition of p-Smad2
and CTGF expression. Therefore, P144 reduced adipose capsule formation through
the inhibition of p-Smad2 and CTGF.

In vitro studies have shown that TGF-f1 can stimulate fibroblasts to synthes-
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ize COL-I, which is a common hallmark of fibrous capsules [19]. Masson’s stain,
which reveals areas of collagen, showed that the adipose capsule is composed of
dense layers of collagen. After the application of P144, the collagen fibers were
thinner and less dense, showing a loose and organized pattern, and the level of
COL-I protein was also decreased. Furthermore, the 11 adipose capsule thick-
ness was found to be negatively correlated with the adipose tissue volume. There-
fore, P144 reduced the synthesis of COL-I through the inhibition of TGF-f1 ac-
tivity, which appears to be a promising approach for reducing COL-I synthesis.

Furthermore, when subjected to TGF-pl1 stimulation, fibroblasts are activated
and transdifferentiate into myofibroblasts that express a-SMA, which is thought
to be responsible for tissue contracture [18]. We found that the expression of
myofibroblasts increased after the chambers were implanted. Tissue expansion is
one of the most frequently used reconstructive techniques for generating suffi-
cient skin, through implanting a silicone sac subcutaneously and regularly in-
jecting saline into it [20]. After implantation, the tissue expander is surrounded
by a fibrosis capsule that expresses a-SMA [21]. It appears that the TEC model is
similar to a tissue expander. Both are used to enlarge tissue (skin tissue in the
case of the tissue expander and adipose tissue in the case of the TEC model), and
both form a capsule layer that expresses a-SMA around the increscent tissue.
Experiments have demonstrated that inhibiting the expression of a-SMA can
accelerate the process of tissue expansion in the capsule around the tissue ex-
pander [22] [23]. Therefore, we explored whether adipose.

5. Conclusion

This study explored that the formation of capsules on the surface of engineered
adipose tissue is related to TGF-f1. Moreover, as a blocker of TGF-f1 signaling,
P144 can reduce the formation of capsules around silicone implants by inhibit-
ing TGF-p1, thereby provide a new approach to regenerating amounts of adi-

pose tissue for the reconstruction of large soft tissue defects.
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