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Objective: Autologous grafts are used to repair atherosclerotic cardiovascular diseases; however, many patients lack
suitable donor graft tissue. Recently, tissue engineering techniques have emerged to make biologically active blood vessels.
We applied this technique to produce arterial grafts using established biodegradable materials without cell seeding. The
grafts were evaluated in vivo for vessel remodeling during 12 months.
Methods: Poly(L-lactide-co-ε-caprolactone) scaffolds reinforced by poly(lactic acid) (PLA) ﬁber were prepared as arterial
grafts. Twenty-eight cell-free grafts were implanted as infrarenal aortic interposition grafts in 8-week-old female
SCID/Bg mice. Serial ultrasound and micro computed tomography angiography were used to monitor grafts after
implantation. Five grafts were harvested for histologic assessments and reverse transcription-quantitative polymerase
chain reaction analysis at time points ranging from 4 months to 1 year after implantation.
Results: Micro computed tomography indicated that most implanted mice displayed aneurysmal changes (three of ﬁve
mice at 4 months, four of ﬁve mice at 8 months, and two of ﬁve mice at 12 months). Histologic assessments demonstrated
extensive tissue remodeling leading to the development of well-circumscribed neovessels with an endothelial inner lining,
a neointima containing smooth muscle cells and elastin, and a collagen-rich extracellular matrix. There were a few
observed calciﬁed deposits, located around residual PLA ﬁbers at 12 months after implantation. Macrophage inﬁltration
into the scaffold, as evaluated by F4/80 immunohistochemical staining, remained after 12 months and was focused
mostly around residual PLA ﬁbers. Reverse transcription-quantitative polymerase chain reaction analysis revealed that
gene expression of Itgam, a marker for macrophages, and of matrix metalloproteinase 9 was higher than in native aorta
during the course of 12 months, indicating prolonged inﬂammation (Itgam at 8 months: 11.75 6 0.99 vs native aorta,
P < .01; matrix metalloproteinase 9 at 4 months: 4.35 6 3.05 vs native aorta, P < .05).
Conclusions: In this study, we demonstrated well-organized neotissue of cell-free biodegradable arterial grafts.
Although most grafts experienced aneurysmal change, such ﬁndings provide insight into the process of tissueengineered vascular graft remodeling and should allow informed rational design of the next generation of arterial
grafts. (J Vasc Surg 2014;-:1-10.)
Clinical Relevance: Tissue-engineered vascular grafts (TEVGs) hold promise for correcting some types of congenital heart
disease because they are biocompatible, are antithrombogenic, and possess the capacity for growth. Recently, some studies
showed the feasibility of TEVG for arterial graft using animal models. The aim of this study was to evaluate and to
characterize the tissue remodeling process of one such TEVG made from clinically approved biodegradable materials. In
this study, we report a highly patent TEVG featuring organized neotissue but that had some instances of aneurysmal
change. These ﬁndings provide insight into the TEVG remodeling process and enable better design of next-generation
arterial grafts.

Atherosclerotic cardiovascular disease (CVD) is a systemic narrowing and hardening of the arteries and includes
conditions such as coronary heart disease, carotid artery
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stenosis, and peripheral arterial disease. CVD affects millions of patients and is the leading cause of morbidity and
mortality in the United States.1 Surgical intervention using
autologous arterial and venous grafts is the most common
corrective procedure for CVD; however, many patients
lack suitable donor tissue because of previous surgery or as
a result of their underlying vascular disease. Alternative
synthetic grafts, such as expanded polytetraﬂuoroethylene
(Gore-Tex) and polyethylene terephthalate (Dacron), have
a history of long-term success when they are placed in large
arteries whose ﬂow is high and resistance low. However,
current synthetic small-diameter (<6 mm) grafts are prone
to occlusion by thrombogenesis and as a result are contraindicated. Synthetic materials have several other drawbacks,
including risk of infection, persistent inﬂammation, calciﬁcation, and chronic need for anticoagulant therapy.
To address these challenges, tissue engineering techniques have emerged to make biologically active blood
1
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vessels, called tissue-engineered vascular grafts (TEVGs).
The traditional concept of tissue engineering consists of
the following three components: (1) a tissue-inducing scaffold material, (2) the isolation and use of cells or cell substitutes, and (3) the integration of the cells and the scaffold
by a seeding technique.2 We have successfully applied this
technique in a low-pressure environment (<30 mm Hg)3
and have performed TEVG implantation in 25 pediatric
patients in Japan.4 Currently, we have begun a clinical trial
in the United States with approval of the Food and
Drug Administration (FDA) for implantation of TEVGs
in patients undergoing extracardiac total cavopulmonary
connection procedures. To achieve this, we employ highly
porous, biodegradable grafts composed of poly(L-lactideco-ε-caprolactone) (PLCL) reinforced by mesh of poly(glycolic acid) that are seeded with bone marrow-derived
mononuclear cells. As the synthetic scaffolding degrades
away, a new blood vessel is formed in its place by the inﬁltration of the host’s own smooth muscle cells and endothelial cells from the adjacent native blood vessel.
For the TEVG strategy to be translated to arterial applications, the graft must withstand arterial pressures while
maintaining sufﬁcient porosity for cellular inﬁltration.
Moving toward that reality, we conﬁrmed the feasibility
of TEVGs with and without cell seeding in a smalldiameter arterial model.5,6 Furthermore, several groups
have also demonstrated different types of TEVGs without
cell seeding for small-diameter arterial grafts.7,8 The electrospinning technique, which enables the production of
nanoﬁber-based scaffolds, has been proposed as a promising technique for fabrication of arterial TEVGs9 and has
shown good surgical and mechanical properties with a
high patency rate in an arterial implantation model.10
However, we believe that cellular migration into the scaffold was likely inhibited by the tightly knitted nanoﬁber,
causing prolonged neotissue remodeling and foreign
body reaction. Moving forward, we created a cell-free
TEVG for arterial circulation constructed from PLCL
and reinforced by poly(lactic acid) (PLA) ﬁber mesh
(PLA-PLCL grafts) to enhance cell migration into the scaffold. Herein, we used the PLA-PLCL grafts to evaluate the
process of vessel remodeling with implantation in a mouse
abdominal aorta model during a 12-month period.
METHODS
Animals. All animals received humane care in compliance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. The Institutional Animal Care and Use Committee at Yale University approved
the use of animals and all procedures described in this
study. The 8-week old female SCID/Bg mice were purchased from Jackson Laboratories (Bar Harbor, Me).
Scaffolds. PLA-PLCL grafts were constructed with
use of a dual-cylinder chamber molding system from a
nonwoven 100% PLA ﬁber mesh (molecular weight,
120,000; Biomedical Structures, Warwick, RI) and a 50:50
PLCL (molecular weight, 360,000; Gunze Co, Ltd,
Kyoto, Japan) sealant solution on the basis of conventional
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grafts previously described.6 Pore size of the scaffold was
about 30 mm, and wall thickness was about 250 mm. Wall
thickness changed over time according to tissue remodeling. Each scaffold was 3 mm in length, and inner luminal
diameters were between 500 and 600 mm (Fig 1, A). All
scaffolds were sterilized by overnight ultraviolet radiation
preceding implantation.
Graft implantation. Twenty-eight grafts were implanted
as infrarenal aortic interposition conduits with a running
10-0 nylon suture for the end-to-end proximal and distal
anastomoses by standard microsurgical technique (Fig 1, B).
Details of the method for graft implantation were described
in our previous report.5 Neither antiplatelet nor anticoagulant
agents were used during aortic cross-clamping or the perioperative period in this study. Because we observed an entirely
equivalent model with the same graft for 6 weeks in our
previous study,6 we decided the time point for evaluation of
late-term tissue remodeling to be 4, 8, and 12 months.
Five mice were selected randomly and sacriﬁced at each time
point, and harvested grafts were separated in half for different
analysis.
Twelve sham operations were performed (opening and
closing of the abdomen with exposure of the aorta) to evaluate the natural causes of aortic disease, such as aortic calciﬁcation and dilation, for 12 months.
Ultrasound. Serial ultrasonography (Vevo Visualsonics 770; Visualsonics, Toronto, Ontario, Canada) was
used to serially monitor grafts after implantation. Before ultrasonography, mice were anesthetized with 1.5% inhaled
isoﬂurane.
Contrast-enhanced micro computed tomography
(CT) angiography. We selected ﬁve mice at each time
point randomly, and in vivo micro CT angiography was
performed under anesthesia with the GE eXplore Locus
in vivo micro CT scanner (GE Healthcare, Milwaukee,
Wisc). One minute before image acquisition, animals
were given an intrajugular 0.3 mL bolus of Ultravist
(370 mg I/mL; Bayer Healthcare, Wayne, NJ). Micro
CT data were transferred to the Advanced Workstation
(version 4.4; GE Healthcare) for further reconstruction
and quantitative analysis. Measurements of graft length, inner luminal diameter, and graft volume were performed.
Similar measurements were obtained in controls having undergone sham operation.
Histology and immunohistochemistry. Explanted
grafts at 4, 8, and 12 months after implantation and native
abdominal aortas were ﬁxed in 4% paraformaldehyde and
embedded in parafﬁn. Sections 5 mm thick were then
stained by standardized techniques for hematoxylin and
eosin, Masson trichrome, elastica-van Gieson, and von
Kossa.
Identiﬁcation of endothelial cells, smooth muscle cells,
macrophages, and matrix metalloproteinase 2 (MMP-2)
was done by immunohistochemical staining of parafﬁnembedded explant sections with rabbit anti-CD31 (1:50;
Abcam, Cambridge, Mass), mouse anti-smooth muscle actin
(1:500; Dako, Carpinteria, Calif), rat anti-F4/80 (1:1000;
AbD Serotec, Oxford, UK), and rabbit anti-MMP-2
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Fig 1. A, Scanning electron microscopy image of biodegradable scaffold, with porous microstructure allowing cellular
inﬁltration. B, Intraoperative photograph demonstrating tissue-engineered vascular graft during surgical implantation.
Ao, Aorta; IVC, inferior vena cava. C, Survival proportions during follow-up period of poly(lactic acid)-poly(L-lactideco-ε-caprolactone) (PLA-PLCL) graft group compared with sham group.

(1:500; Abcam), respectively. Primary antibody binding
was detected with biotinylated goat anti-rat immunoglobulin G (1:200; Vector, Burlingame, Calif), biotinylated
goat anti-rabbit immunoglobulin G (1:200; Vector), and
biotinylated goat anti-mouse immunoglobulin G (1:200;
Vector), respectively. This was followed by the binding of
streptavidinehorseradish peroxidase and color development with 3,3-diaminobenzidine.
RNA extraction and reverse transcriptionquantitative polymerase chain reaction (RT-qPCR).
Explanted grafts at 4, 8, and 12 months after implantation and
native abdominal aortas were frozen in optimal cutting temperature (OCT) compound (Tissue-Tek; Sakura Finetek,
Torrance, Calif) and sectioned into 20 sections of 30 mm

with a Leica CM 1950 cryostat (Leica Biosystems, Wetzlar,
Germany). Excess OCT compound was removed by centrifugation in phosphate-buffered saline. Total RNA was extracted
and puriﬁed by the RNeasy Mini Kit (Qiagen, Venlo, The
Netherlands) according to the manufacturer’s instructions.
Reverse transcription was performed with a High Capacity
RNA-to-cDNA Kit (Applied Biosystems, Carlsbad, Calif).
All reagents and instrumentation for gene expression analysis were obtained from Applied Biosystems. RT-qPCR was
performed with a StepOnePlus Real-Time PCR System
using the TaqMan Universal PCR Master Mix Kit. Reference numbers for primers are as follows: collagen type I
(Cola1; Mm00801666_g1), collagen type III (Col3a1;
Mm01254476_m1), elastin (Eln; Mm00514670_m1),
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vimentin (vim; Mm01333430_m1), integrin alpha M (Itgam;
Mm00434455_m1), matrix metallopeptidase 2 (MMP-2;
Mm00439498_m1), matrix metallopeptidase 9 (MMP-9;
Mm00442991_m1), transforming growth factor b1 (TGFb1; Mm01178820_m1), and hypoxanthine-guanine phosphoribosyltransferase (HPRT; Mm00446968_m1). The
results were analyzed with the comparative threshold cycle
method and normalized with HPRT as an endogenous
reference and reported as relative values (DD CT) to those
of control native aorta.
Statistical analysis. To decide the sample number, a
power calculation by log-rank test with .05 of a error
and .8 of power was completed. We estimated that the
event-free survival rate at the time point of 12 months after
the implantation was 0.98 for the sham operation group
and 0.3 for the PLA-PLCL implantation group. Results are
expressed as mean 6 standard deviation, and the number
of experiments is shown in each case. Data for RT-qPCR
were statistically analyzed by one-way analysis of variance
followed by Tukey HSD. A probability value of less than
.05 was considered statistically signiﬁcant. All statistical
analysis was done with SPSS (version 20; IBM, Armonk,
NY).
RESULTS
Microsurgical implantation of tissue-engineered
vascular grafts in mice as infrarenal interposition
aortic conduits. Twenty-eight PLA-PLCL grafts were
implanted as infrarenal interposition aortic conduits, and
12 syngeneic mice underwent sham operations. Perioperative survival was 92.9% in the PLA-PLCL graft group and
100% in the sham group. The survival rate of the remaining
26 mice in the PLA-PLCL graft group was 53.8% at
12 months (sham group, 75.0%) (Fig 1, C). Twelve mice
from the PLA-PLCL graft group died of graft rupture, and
three mice of the sham group died of undetermined causes.
These were conﬁrmed by autopsy within 24 hours after
death.
Serial ultrasonographic imaging demonstrated
luminal patency and laminar ﬂow in all grafts through
12 months. Implanted grafts were serially monitored by
ultrasound to assess for both patency and aneurysm.
Doppler ultrasound detected normal blood ﬂow at the
proximal and distal ends of the implanted grafts and also
within each graft (Fig 2, A). The images of implanted
PLA-PLCL grafts with and without aneurysmal change are
shown in Fig 2, B.
Assessment of graft morphometry by micro CT
angiography demonstrated dilation to 12 months after
implantation. In vivo micro CT angiography was performed at months 4 (n ¼ 5), 8 (n ¼ 5), and 12 (n ¼ 5).
Age-matched controls were also analyzed at each time
point (n ¼ 2-3 in each point). Most implanted mice had
evidence of aortic dilation including aneurysmal change
(three of ﬁve mice at 4 months, four of ﬁve mice at
8 months, and two of ﬁve mice at 12 months; Fig 2, C).
Luminal volume calculations with a standard graft length
of 3 mm were as follows: native aorta, 0.8 6 0.08 mm3;
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PLA-PLCL graft, 2.3 6 0.7 mm3 at 4 months, 2.7 6
0.6 mm3 at 8 months, and 2.0 6 0.8 mm3 at 12 months
(Fig 2, D).
Histologic assessment and RT-qPCR demonstrated
cellular inﬁltration and neovessel remodeling. Histologic assessment demonstrated cell inﬁltration within the scaffolding as early as 4 months after implantation with a
concomitant neointima (Fig 3, A). However, abundant
PLA ﬁbers, which may appear as vacuoles or capillaries,
still existed in the scaffold layer at 12 months after implantation. Although the neointimal layer progressively
augmented in thickness during the course of 12 months,
the inner surface of this layer was covered by a conﬂuent
monolayer of endothelial cells (Fig 3, B).
Extracellular matrix (ECM) is the primary determinant
of the biomechanical properties of neovessel. Consequently,
we evaluated ECM components including collagen and
elastin by histology and RT-qPCR. Although PLA ﬁber
remained at 12 months, Masson trichrome staining showed
a gradual increase in deposition of collagen within the polymer scaffolding (Fig 4, A). These qualitative assessments
were quantitatively conﬁrmed with gene expression by
RT-qPCR. Collagen type I increased during the course of
12 months and collagen type III peaked at 8 months, and
these levels were signiﬁcantly higher than those of native
aorta (collagen type I at 12 months: 4.69 6 1.57 vs native
aorta, P < .001; collagen type III at 8 months: 2.30 6
0.38 vs native aorta, P < .01; Fig 4, B). Although elastin
deposition within the neointimal layer was shown on
elastica-van Gieson staining (Fig 4, A), gene expression
of elastin in the PLA-PLCL graft was lower than that
in native aorta (8 months: 0.33 6 0.05 vs native aorta,
P < .05; Fig 4, B).
Smooth muscle cells are the predominant cells in the
arterial wall and are essential for the structural and functional integrity of the neovessel. In the present study,
smooth muscle cells, which were deﬁned by immunohistochemical smooth muscle actin staining, were shown at
8 months in the neointima and augmented at 12 months
after implantation (Fig 4, A). Last, gene expression of
vimentin, a mesenchymal cell marker, increased during
the course of 12 months (12 months: 3.64 6 0.86 vs native
aorta, P < .001; Fig 4, B).
We were not able to collect data comparing the neotissue components between aneurysmal and nonaneurysmal
grafts.
Macrophage inﬁltration and MMP activity in neotissue were elevated during the course of 12 months
after implantation. Previously, we demonstrated that
TEVGs transformed into functional neovessels by an inﬂammatory process of vascular remodeling,11 and macrophages have been shown to play critical roles in this
process.12 MMPs degrade structural components within
the ECM, and MMP-2 and MMP-9 were shown to be
involved in the remodeling process of TEVGs.13
In this study, macrophage inﬁltration into scaffold,
evaluated by F4/80 immunohistochemical staining,
remained at 12 months, localized around the remaining
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Fig 2. A, Serial Doppler ultrasound examinations were performed on poly(lactic acid)-poly(L-lactide-co-ε-caprolactone) (PLA-PLCL) grafts. All grafts remained patent to the experimental end point. B, Ultrasound images of no
dilation and aneurysm of PLA-PLCL graft compared with native abdominal aorta (Ao). The arrows indicate the
anastomoses. C, In vivo micro computed tomography (CT) angiography (n ¼ 5/each time point) was performed at 4,
8, and 12 months. Yellow bar indicates approximate location of PLA-PLCL graft in a three-dimensional reconstructed
micro CT image. The arrows in cross-sectional micro CT images indicate the implanted graft. D, Luminal volume was
calculated by micro CT image processing software. Graft luminal volumes were standardized to a 3-mm segment.
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Fig 3. Representative histologic image of (A) hematoxylin and eosin (HE) staining with low- and high-power magniﬁcations and (B) CD31 immunohistochemical staining. Grafts at 4, 8, and 12 months after implantation and native
abdominal aortas were explanted, and formalin-ﬁxed parafﬁn-embedded 5-mm cross sections were stained with HE or
endothelial cell marker CD31 primary antibody at each time point and analyzed for cell inﬁltration and an endothelial
layer, respectively. Ao, Aorta; PLA-PLCL, poly(lactic acid)-poly(L-lactide-co-ε-caprolactone).

PLA polymer ﬁbers (Fig 5, A). Sustained elevation of
MMP-2 activity was observed at each time point and exclusively at the interface between the graft layer and the
intimal layer at 12 months (Fig 5, A). RT-qPCR analysis
revealed that gene expression of Itgam for macrophage
marker, MMP-2, and MMP-9 was higher than in native
aorta (Itgam at 8 months: 11.75 6 0.99 vs native aorta,
P < .01; MMP-2 at 8 months: 2.68 6 0.41 vs native aorta,
P < .05; MMP-9 at 4 months: 4.35 6 3.05 vs native aorta,
P < .05; Fig 5, B).
TGF-b1 has been shown to play an important role in
tissue repair as it is a key regulator of the production and
remodeling of the ECM through its effect on mesenchymal
cells.14 For evaluation of the ongoing neovessel remodeling, the gene expression of TGF-b1 was measured and

shown to be higher in TEVGs than in native aorta at
each time point, indicating an active and ongoing remodeling process throughout the 12 months (12 months: 3.45 6
0.52 vs native aorta, P < .001; Fig 5, B).
Calciﬁc deposition in neotissue. During the course
of neovessel remodeling, these implants are susceptible to
calciﬁcation, a potentially fatal problem in a long-term
application. von Kossa staining showed that there was no
calciﬁcation in the neointimal layer at all during the course
of 12 months, although a little calciﬁcation was observed
around the remaining PLA ﬁber (Fig 5, A).
DISCUSSION
In this study, we used a mouse aortic implantation
model with a cell-free PLCL scaffold reinforced by PLA
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Fig 4. Neotissue formation of poly(lactic acid)-poly(L-lactide-co-ε-caprolactone) (PLA-PLCL) graft. Collagen and
elastin deposition in neovessels was evaluated by histology and reverse transcription-quantitative polymerase chain
reaction (RT-qPCR). A, Representative histologic image of Masson trichrome staining for collagen deposition,
elastica-van Gieson (EVG) staining for elastic formation, and immunohistochemical smooth muscle actin (SMA)
staining for smooth muscle cells within the neointima at 4, 8, and 12 months after implantation. Ao, Aorta. B, Gene
expression of eight native aortas (control) and ﬁve grafts at each time point was analyzed by RT-qPCR with the DD CT
method. Vimentin was used as a marker of mesenchymal cells including smooth muscle cells. Data are expressed as fold
change over native aorta expression (mean 6 standard deviation; *P < .05, **P < .01, ***P < .001).
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Fig 5. Inﬂammatory process and calciﬁcation of poly(lactic acid)-poly(L-lactide-co-ε-caprolactone) (PLA-PLCL)
graft. Macrophage inﬁltration and matrix metalloproteinase (MMP) activity in neotissue were evaluated by immunohistochemical staining and reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Calciﬁcation in
neotissue was evaluated by von Kossa staining. A, Representative images of immunohistochemical stainings of
macrophage marker F4/80 and MMP-2 and von Kossa staining at 4, 8, and 12 months after implantation. Ao, Aorta.
B, Gene expression of eight native aortas (control) and ﬁve grafts at each time point was analyzed by RT-qPCR with
the DD CT method. Itgam was used as a macrophage marker. Data are expressed as fold change over native aorta
expression (mean 6 standard deviation; *P < .05, **P < .01, ***P < .001). TGF, Transforming growth factor.

JOURNAL OF VASCULAR SURGERY
Volume -, Number -

ﬁber mesh as a biodegradable arterial TEVG. Advantages
of the present investigation, compared with previous
studies,7-10 are that these materials are commonly used
for constructing TEVGs because of their history of successful clinical application, are FDA approved for human
implantation, and possess a broad range of material properties.15 The construction of our graft in this study is
comparable to the TEVG for inferior vena cava implantation that is already accepted for use in a clinical trial in the
United States.16 Furthermore, we observed this model for
12 months.
Neovessel formation is a dynamic process characterized
by progressive degradation of the scaffold due to hydrolysis, cellular inﬁltration into the scaffold, and ECM deposition. The degradation period of our PLCL is approximately
4 to 6 weeks and that of PLA is more than 1 year.6 The
basic concept of our graft is to induce neovessel remodeling
according to the degradation of PLCL while providing
reinforcement by the PLA ﬁber mesh even after the disappearance of PLCL. Our study showed that 4 months after
implantation, the PLCL was completely degraded with
robust cellular inﬁltration, while PLA ﬁbers still remained
at 12 months. The neovessel demonstrated progressive
remodeling, leading to the development of wellcircumscribed tissue with an endothelial inner lining and
a neointima containing collagens, elastin, and smooth muscle cells, although we did not collect data analyzing the
function of these cells.
Whereas the present model of the arterial graft can
achieve our basic TEVG strategy, most grafts experienced
dilation or aneurysmal change from the ﬁrst time point
(4 months). Previously, we observed no aneurysm of
the same arterial PLA-PLCL graft until 6 weeks after implantation.6 These ﬁndings indicate that aneurysmal
degeneration of PLA-PLCL began between 6 weeks and
4 months after implantation. The purported mechanism
of aneurysmal degeneration of the graft is that neotissue
formation in the scaffold was not enough to endure arterial pressure during the course of PLA degradation.
Furthermore, continuous inﬂammation and MMP activity
might be involved in this process. To solve this issue,
TEVG design may require two approaches, including
stronger reinforcement, such as combinational use of electrospinning,7-10 and improvement of cellular growth and
ECM deposition in the scaffold. Heparin coating on
TEVGs has the potential to facilitate cell inﬁltration into
the scaffold as well as to decrease the risk of thrombosis,7
and other cytokines may improve remodeling of TEVGs.
Techniques of local cytokine release from the scaffold
are another option for TEVGs to achieve “off-the shelf”
availability.
The gene expression of elastin in our graft remained
lower than that in native aorta, although elastica-van Gieson
staining suggested the presence of elastin in the neointima
as early as 4 months after implantation. The elastic matrix
is responsible for providing vessels with the necessary
compliance for systolic stretch.17 In the present study, the
elastin observed by histology might be either insufﬁcient

Tara et al 9

or less functional, considering our results that most of the
implants displayed aneurysmal changes. The protein product of the elastin gene is synthesized by vascular smooth
muscle cells and secreted as a tropoelastin monomer,18
and its deposition was enhanced when stimulated by cyclic
stretching.19,20 In the present study, we speculate that mechanical stimulation of the smooth muscle cells by pulsatile
stretching may have been limited by the residual PLA ﬁbers,
thereby reducing elastin production or function in the
neoartery.
Histologic assessments indicated that macrophage
inﬁltration into scaffold peaked at an early phase of neotissue formation, and smooth muscle cells were present
8 months after implantation. MMP activity was assessed
by gene expression of MMP-9 and MMP-2. We found
that MMP-9 expression peaked in the earlier phase of neovessel formation relative to that of MMP-2. MMP-9 is
known as the most prominent type of MMP present in a
foreign body inﬂammatory response,21 and macrophage
inﬁltration is promoted by MMP-9.22 Consecutively,
the migration of smooth muscle cells was shown to be
dependent on MMP-2 and MMP-9.22 MMP-2 is mainly
produced by mesenchymal cells when stimulated by inﬂammatory cells.23 In our previous study using a cellseeded TEVG implanted into the mouse inferior vena
cava, MMP-9 peaked at 1 week after implantation and
decreased thereafter, although MMP-2 increased during
the 4-week observation period.13 These ﬁndings indicate
that the process of foreign body reaction and tissue remodeling in the present arterial model is similar to our previous
venous model but probably prolonged because of the
remaining PLA ﬁber.
The results of this study showed that gene expression of
TGF-b1 was higher than that of native aorta during the
course of the observation period. TGF-b is a multifunctional
cytokine that regulates cell proliferation, differentiation,
adhesion, migration, and apoptosis.24 TGF-b signaling plays
an essential role in vascular remodeling, and its abnormality is
known to cause vascular dysfunction such as aortic aneurysm.24 Our previous study indicated that the PLA-PLCL
graft possessed sufﬁcient mechanical strength and properties
to function as an arterial graft after testing of burst pressure,
suture retention strength, Young modulus, and tensile
strength and demonstrated no aneurysmal formation after
short-term (6-week) follow-up.6 On the basis of these ﬁndings, continuous elevation of TGF-b at later time points
might induce the vascular dysfunction of our grafts followed
by aneurysmal change. Interestingly, angiotensin receptor
blockers are known to inhibit TGF-b signaling and to prevent aortic aneurysm in Marfan syndrome.25,26 This drug
may also have therapeutic potential to prevent aneurysmal
change of the arterial TEVG in our model.
At the beginning of this study, we predicted thrombosis or occlusion of our PLA-PLCL graft with high frequency at the time point of 12 months because our
previous short-term observation using wild-type C57BL/6
mice showed a high-frequency rate of these events. However, our present ﬁnding did not support this initial
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hypothesis. One possible reason is that the SCID/Bg
model may prevent thrombosis and neotissue hyperplasia
of the PLA-PLCL graft. On the basis of this limitation,
we have created an aortic implantation model in the
wild-type C57BL/6 mouse without acute thrombosis by
use of antiplatelet and anticoagulant drugs. Furthermore,
vascular dysfunction followed by aneurysm may be caused
even after complete scaffold degradation. Therefore, we
must evaluate vascular function of arterial TEVGs with a
model of long-term follow-up, such as in large animals.
CONCLUSIONS
We observed a cell-free PLA-PLCL graft for 12 months
in a mouse aortic implantation model. Although wellorganized neotissue was demonstrated, aneurysmal rupture
was observed in 46% of implanted TEVGs. The concept of
a cell-free arterial TEVG was partially proven in an arterial
system with use of FDA-approval materials.
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