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autologous vein grafts via modulation of matrix
metalloproteinase-2 expression
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Abstract: Objectives: The extracellular matrix (ECM) has been widely used in regenerative medicine, obtaining excel-
lent outcomes. However, as a perivenous support material, it has not been studied yet. The current study aimed
to test the effects of ECM external stents (ES) in intimal hyperplasia of vein grafts, exploring its underlying mecha-
nisms. Methods: Thirty-six New Zealand white rabbits were randomized into three groups: no-graft group, graft
group, and ES group (n = 12 in each group). Four weeks after the operation, histological characteristics of vein
grafts were evaluated. Additionally, mRNA and protein levels of proliferating cell nuclear antigen (PCNA), matrix
metalloproteinase-2 (MMP-2), and tissue inhibitor of metalloproteinase-2 (TIMP-2) were measured by quantitative
real-time polymerase chain reaction and Western blotting. Results: Compared with the graft group, the ES signifi-
cantly mitigated intimal hyperplasia (P < 0.05) and inhibited dilatation (P < 0.05) of vein grafts. Similarly, the ES
also markedly inhibited the degradation and remodeling of collagen in the intima and media of vein grafts. In the
ES group, it was found that up-expression of PCNA in the intima and media of vein grafts was inhibited (P < 0.05).
Quantitative mRNA and protein evaluations revealed a lower expression of MMP-2 (P < 0.05) and a higher expres-
sion of TIMP-2 (P < 0.05) in the ES group, compared to the graft group. Conclusion: ECM ES exerts beneficial effects
in the intimal hyperplasia of vein grafts. These beneficial effects may be associated with reducing the proliferation
of vascular smooth muscle cells and maintaining the balance of MMP-2/TIMP-2.
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Introduction proliferation. ECM, secreted by resident cells,
provides physical support to tissues by filling
the intercellular space. It is not only viewed as a
natural scaffold for arranging cells within con-
nective tissues, but also redefined as a dynam-
ic, mobile, and flexible key player defining cellu-
lar behavior [4]. In physiological conditions,
ECM stays in a dynamic equilibrium state with
resident cells. Thus, the ECM structure and
function changes as a response of the resident
cells to the new microenvironment [5]. A large
number of biomolecules are provoked and re-
leased following vein bypass grafting [6]. The-
se include matrix metalloproteinases (MMPs).
MMP-2 and MMP-9 are key enzymes that pro-
mote the phenotype transformation of VSMCs
and the degradation and remodeling of ECM [7,
8]. MMP-2 plays a central role in controlling
In the development of IH, ECM degradation and VSMCs migration from media to intima of vein
remodeling are critical to VSMCs migration and grafts by turnover of basement membrane type

The autologous saphenous vein graft remains
the most popular conduit of coronary artery
bypass grafting. However, it has been reported
that the primary patency rates of vein grafts at
1 and 10 years are approximately 80%-85%
and 30%-50%, respectively [1], causing signifi-
cant morbidity and mortality. After implanta-
tion, the vein grafts undergo necessary “arteri-
alization” to adapt to the arterial circulation [2].
During the remodeling process, the vessel
wall becomes thicker and the vascular lumen
becomes smaller due to migration and prolifer-
ation of vascular smooth muscle cells (VSMCs),
as well as the degradation and remodeling of
extracellular matrix (ECM). This causes intimal
hyperplasia (IH) and vein graft failure [3].
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Figure 1. Experimental grouping. No-graft group (A), Graft group (B), and External stent group (C). N = 12 in each
group.

IV collagen [7, 9]. MMP-9, as a bridge between
VSMCs surface and ECM, stimulates VSMCs
migration and proliferation by degrading and
remolding collagen [10]. Broad-spectrum MMP
inhibitors could effectively reduce IH formation
of arteriovenous grafts in a pig model, probably
by inhibiting ECM degradation [11]. Over-
expression of tissue inhibitors of metallopro-
teinase-2 (TIMP-2), an MMP inhibitor, could
attenuate neointima formation of vein grafts by
inhibiting the activity of MMP-2 and MMP-9
[12].

Several diverse treatments, such as anti-plate-
let therapy, immunosuppressive therapy, and
gene therapy, have been explored to inhibit IH,
reducing the rate of vein graft failure in numer-
ous studies. However, accumulating evidence
shows that the external stent is an effective
surgical intervention to inhibit IH of vein grafts,
according to multiple experimental and clinical
researches [13, 14]. Theories on the effects of
external stents include the modulation of
hemodynamic changes and vein graft remodel-
ing, the control of growth factor and cytokine
release, and the redirecting of VSMCs migra-
tion and proliferation [13, 14]. ECM has been
widely used in regenerative medicine, obtaining
excellent outcomes. However, as a perivenous
support material, it has not been studied yet
[15, 16]. The specific molecular mechanism of
ECM ES inhibiting IH remain unclear. This cur-
rent study presents the hypothesis that wrap-
ping the graft veins with ECM, as an external
stent, could inhibit the development of IH.

This study tested the effects of ECM ES in inhib-
iting IH of vein grafts, exploring its underlying
mechanisms in a rabbit arteriovenous graft
model.
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Materials and methods

Experimental and animal care protocols were
approved by the Institutional Ethics Committee
for Animal Care and Usage of Beijing An
Zhen Hospital of Capital Medical University (ID:
AEEI-2015-144).

External stents

The external stent patch (40 x 20 x 0.5 mm,
the main ingredients are extracellular matrix)
was provided by Shandong Academy of
Pharmaceutical Science (Jinan, China). In the
process of wrapping vein grafts, the long side
of the patch was sutured in an interrupted fash-
ion using 8-0 prolene suture to form a tubular
external stent, with an internal diameter of
approximately 4.5-5.0 mm.

Study design

Thirty-six New Zealand white male rabbits,
weighing 2.0-2.5 kg (Beijing Fang Yuan Farm,
Beijing, China), were randomized into three
groups: no-graft group (only free of jugular vein
and carotid artery, n = 12, Figure 1A), graft
group (interposing reversed jugular vein graft
into the carotid artery without external stent
placement, n = 12, Figure 1B), and the ES
group (arteriovenous graft with ES placement,
n =12, Figure 1C).

Surgical methodology

Previous experiments have described specific
modeling methods [17]. The rabbits were anes-
thetized by abdominal injections (1 mL/kg) and
ear side vein injections (0.5 mL/kg) of 3% pen-
tobarbital sodium. Vital signs were closely
observed during the operation. If the rabbits
developed apnea, mechanical ventilation was
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Table 1. Sequences of polymerase chain
reaction primers

Gene DNA sequence (5’ to 37)

PCNA  Forward GGACTTAGATGTTGAACAGCTTGG
Reverse TTCTCCACTGGCGGAAAACTT

MMP-2 Forward AATGAGGTGAAGAAGAAGATGGAC
Reverse TAATAAGTGCCCTTGAAGAAGTAGC

TIMP-2 Forward GCAGAAGAAGAGCCTGAACCA
Reverse CGTGACCCAGTCCATCCAGA

GAPDH Forward AAGTGCGACGTGGACATCCG
Reverse GGGCGGTGATCTCCTTCTGC

PCNA: proliferating cell nuclear antigen; MMP-2: matrix
metalloprotein-2; TIMP-1: tissue inhibitor of matrix
metalloproteinas-1; GAPDH: glyceraldehyde-3-phosphate
dehydrogenase.

then constructed (DW-3000B; Beijing Zhong-
shidi Science and Technology Development
Co., Ltd, Beijing, China). Next, heparin (500 1U/
kg) was intravenously injected via the ear veins.
The surgical area was disinfected and locally
anesthetized by subcutaneous injections of 2.5
mL of 2% lidocaine. External jugular veins in the
superficial fascia were fully dissociated using
the “no-touch” approach after the skin was
incised under aseptic conditions. Bulldog
hemostatic clamps were placed on the proxi-
mal and distal ends of the veins and arteries.
Next, the external jugular veins (3.0-4.0 cm)
were harvested after ligation of the vein ends
and a section of carotid artery (2.0-3.0 cm) was
removed. The isolated external jugular vein was
anastomosed to the carotid artery reversely
using a vascular anastomosis stapler wheel
(1.5 mm; Shandong Xinhua Surgical Instru-
ments Co., Ltd, Zibo, China). After anastomosis,
hemostatic clamps at the carotid arteries
were released. The quality of anastomosis was
examined carefully. For rabbits in the ES group,
the external scaffold was placed around the
entire external jugular graft, including the two
anastomotic sites. After careful examination,
the incision was closed layer by layer. Penicillin
(4 million 1U) was administered by intramuscu-
lar injections for 5 days and oral aspirin (50 mg)
was administered for 7 days.

Four weeks after the abovementioned opera-
tion, surgery was performed again. After apply-
ing the same anesthesia, the original incision
was reopened. Both ends of the vein grafts and
normal external jugular veins were cut off. One
piece of the veins was placed in 4% paraformal-
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dehyde, while the rest cooled by liquid nitrogen.
It was then stored at -80°C. After drawing, the
rabbits remained feeding.

Histological examination

Samples fixed in 4% paraformaldehyde were
dehydrated, embedded in paraffin, and tran-
sected into 4 uym sections. Next, the sections
were stained with hematoxylin and eosin (HE)
and Masson'’s trichrome stain to examine struc-
tural changes of the vein grafts. Intima, media
thickness, and diameters of vein grafts were
measured using a computer image analysis
system (NIKON NIS-Element imaging system,
Shanghai, China). Each specimen was mea-
sured three times and the average value was
computed.

Immunohistochemical staining

Partial slices were stained using a two-step
immunohistochemical staining technique. Im-
munohistochemical staining used the following
primary antibodies: mouse monoclonal agai-
nst proliferating cell nuclear antigen (PCNA,
Abcam), mouse monoclonal against MMP-2
(Abcam), and mouse monoclonal against TIMP-
2 (Abcam) at dilutions 1:500-1000. Staining
images (40 x objective lens) were acquired and
analyzed using the NIKON NIS-Element imaging
system. Brown-stained cells in the intima and
media were considered positive.

Western blotting

Western blotting (WB) was used to analyze pro-
tein levels of PCNA, MMP-2, and TIMP-2, using
methods previously reported [18]. Previously-
mentioned antibodies were also used. To evalu-
ate total protein levels, the membranes were
probed with a mouse monoclonal against 3-
actin (ImmunoWay), diluted at 1:5000.

Quantitative real-time polymerase chain reac-
tion

Quantitative real-time polymerase chain reac-
tion (PCR) analysis was performed on vein
MRNAs, as previously described [19], using the
primers given in Table 1. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used
as the housekeeping gene. Relative mRNA lev-
els of the target genes to the housekeeping
gene were calculated as 2T CTew)
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Figure 2. The external stent markedly inhibits intimal hyperplasia and reduces collagen deposition in the intima of
the vein graft. Sections stained by HE of the normal vein (A), vein grafts from the graft (B), and External stent (C)
groups. Sections stained by Masson’s of the normal vein (D), vein grafts from the graft (E), and External stent (F)
groups. I: intima, M: media, ES: external stent.

Table 2. Intimal and medial thickness (um), intimal to media ratios (%),

and diameters (mm) of vein grafts

with HE (Figure 2A-C)
showed that the intima

No-graft group

Graft group

External stent group and media of the graft

Intimal Thickness
Medial Thickness

Diameter 2.57 +0.21

33.81+3.37 116.67 + 10.82"
131.25 + 10.06 177.33 £ 15.96"
Intimal to Media Ratios 25.76 + 2.10 66.33 £ 8.77"
4.68 +0.47"

group were dramatica-
lly thicker than those
of the normal veins

59.48 + 5.17"*
155.89 £ 13.05
38.40 + 4.47"*

Results are presented as the mean * standard deviation, n = 12 in each group. P < 0.05

vs No-graft group, *P < 0.05 vs Graft group.

Statistical analysis

All data was analyzed using statistical analysis
software SPSS 17.0. Data are presented as the
mean * standard deviation. Comparisons am-
ong multiple groups were analyzed using one-
way analysis of variance (ANOVA). Bonferroni’'s
method was also performed for comparisons
between two groups. P values < 0.05 indicate
statistical significance.

Results

Intimal hyperplasia and collagen remodeling
of the vein graft

All rabbits survived and all vein grafts were
unobstructed after 4 weeks. Sections stained
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3.85 £ 0.34% (116.67 + 10.82 um vs
— 3381 + 3.37 um,
177.33 + 15.96 ym vs

131.25 + 10.06 um,

respectively, P < 0.05;
Table 2). However, the ES group exhibited sub-
stantially thinner intima and media than the
graft group (59.48 + 5.17 ym vs 116.67 +
10.82 ym, 155.89 + 13.05 ym vs 177.33 +
15.96 um, respectively, P < 0.05; Table 2). For
the intima/media ratio, the ES group, in accord
with the non-graft group, was significantly lower
than that of the graft group (38.40 + 4.47% vs
66.33 £ 8.77%, P < 0.05; Table 2). Similarly,
the external stent can also significantly inhibit
expansion of the graft veins (3.85 + 0.34 mm
vs 4.68 £ 0.47 mm, P < 0.05; Table 2).

Sections stained with Masson'’s staining show-
ed that collagen was specifically displayed in
the wall of normal veins (Figure 2D). However,
much more collagen arranged in disorder was
detected in the intima and media of the vein
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Figure 3. Sections stained by H&E demonstrate that the external stent revived after implantation. The perfect fusion
between external stent and adventitia of vein grafts (A), formation of vasa vasorum in the space between ES and
vein grafts (B), and the infiltration of vascular smooth muscle cells (C). I: intima, M: media, ES: external stent.
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Figure 4. The external stent attenuates increased expression of PCNA. Immunostaining reveals a little expression of
PCNA (brown) in no-graft veins (A), a sizable increase of the staining in graft veins (B), and partly prevented the up-
regulation of PCNA in vein grafts (C). Compared with the no-graft group level, PCNA transcription (D) and translation
(E) of graft group were increased, and they were prevented in the presence of the external stent. N: No-graft group;
G: Graft group; G+S: External stent group. *P < 0.05 vs No-graft group; #P < 0.05 vs Graft group.

grafts in the graft group (Figure 2E). Moreover, strated that the external stent could revive
less well-arranged collagen in the intima and after implantation. The following phenomenon
media was found in the ES group (Figure 2E). was observed: perfect fusion between the ES
Furthermore, sections stained by HE demon- and the adventitia of vein grafts (Figure 3A),
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Figure 5. The external stent attenuates increased transcription and translation of MMP-2. Immunostaining reveals
that the external stent prevents increased expression of MMP-2. A little expression of MMP-2 (brown) in no-graft
veins (A) and up-expression in graft veins (B). The external stent markedly prevented the upregulation of MMP-2 in
vein graft (C). Compared with the no-graft group level, the MMP-2 transcription was increased in graft group. This
change was prevented in the presence of the external stent (D). Western blotting demonstrated that the MMP-2 pro-
tein expression level was consistent with the transcription level (E). N: No-graft group; G: Graft group; G+S: External
stent group. *P < 0.05 vs No-graft group; *P < 0.05 vs Graft group.

formation of vasa vasorum in the space be-
tween ES and vein grafts (Figure 3B), and infil-
tration of VSMCs (Figure 3C).

Proliferation of vascular smooth muscle cells

To better understand structural changes, chan-
ges of PCNA were examined to observe the pro-
liferation of VSMCs. Immunostaining revealed a
sizable increase in PCNA (Figure 4A-C) in the
graft veins, compared with that in the no-graft
veins. In the graft group, there was a significant
increase in the mRNA transcript and protein
expression levels of PCNA, compared with the
no-graft veins that were prevented in the pres-
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ence of the ES (1.64 + 0.15 vs 2.40 + 0.14,
21.66 + 7.77 vs 33.40 + 9.88, respectively, P <
0.05; Figure 4D and 4E).

Expression of MMP-2 and TIMP-2

To further investigate the beneficial effects of
ES, this study tested the effects of ES on ex-
pression of MMP-2 and TIMP-2 in vein grafts.
Immunohistochemical staining revealed that
the ES prevented increased expression of
MMP-2. In physiological situations, there was
only a small amount of MMP-2 expression in
vascular tissue (Figure 5A). After transplanta-
tion, expression of MMP-2 was remarkably

Int J Clin Exp Med 2019;12(5):4850-4859
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Figure 6. The external stent modulates increased transcription and translation of TIMP-2. Immunostaining reveals
that the external stent promotes expression of TIMP-2. Expression of TIMP-2 (brown) in graft veins (B) was in accord
with those in the no-graft graft (A). However, the external stent promoted the upregulation of TIMP-2 in vein grafts
(C). Similarly, the external stent promoted the increased transcription of TIMP-2 in graft veins (D). Western blotting
demonstrated that increased MMP-2 protein expression was only observed in the external stent group (E). N: No-
graft group; G: Graft group; G+S: External stent group. *P < 0.05 vs No-graft group; *P < 0.05 vs Graft group.

increased (Figure 5B). Interestingly, the ES
markedly prevented the upregulation of MMP-2
in vein grafts (Figure 5C). Quantitative assess-
ment of MMP-2 expression after PCR and WB
revealed that, compared with no-graft veins,
levels of MMP-2 mRNA markedly increased.
However, these alterations were averted by the
ES (6.43 + 0.91 vs 13.41 + 0.87, P < 0.05;
Figure 5D), which also partially attenuated an
elevation in levels of MMP-2 proteins (6.30 +
1.26 vs 8.73 + 2.02, P < 0.05; Figure 5E).

The current study also studied expression of
TIMP-2 as a respective regulatory factor of
MMP-2 expression. The intima and media layer
of no-graft veins showed minimal staining for
TIMP-2 (Figure 6A). This staining slightly in-
creased after implantation (Figure 6B). In con-
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trast, the external stent strongly increased
expression of TIMP-2 (Figure 6C). Compared
with the no-graft veins, levels of TIMP-2 mRNA
were increased after implantation (Figure 6D).
Surprisingly, the external stent promoted the
transcription of TIMP-2 (Figure 6D). Further-
more, Western blotting demonstrated that ex-
pression of TIMP-2 proteins in the external
stent group was also higher than those in the
no-graft group and graft groups, indicating that
the ES could enable expression of TIMP-2 pro-
teins (Figure 6E).

Discussion
The present study found that wrapping the graft

veins with a tubular ECM external stent cou-
Id significantly inhibit the development of IH,

Int J Clin Exp Med 2019;12(5):4850-4859
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improving the remodeling of the vein grafts.
Additionally, this study revealed that the struc-
tural alterations were associated with changes
in the proliferation of VSMCs and in expression
of MMP-2 and TIMP-2 genes and proteins.
Results suggest that the ECM ES caused sig-
nificant protection against these changes.

Structural characteristics of the vein grafts
make them prone to IH after transplantation
into the arterial environment [6]. Decellularized
materials, including ECM and individual compo-
nents of the ECM, show promise for regenera-
tive medicine [15]. In addition, many research-
ers have used collagen to create tissue engi-
neered blood vessels to replace vein grafts.
However, the tissue engineered grafts are likely
to have thrombosis after implantation because
of a lack of normal endothelium structure [20].
Thus, the current study wrapped the ECM ES
around the graft veins, mimicking the arterial
medial structure, to make it much more similar
with an artery in the structure. Several funda-
mental experiments and clinical studies have
demonstrated that external support could effi-
ciently prevent the dilation of venous walls and
inhibit IH [13, 14, 19, 21]. On one hand, the
artificial external stent material used in previ-
ous experiments can inhibit IH. On the other
hand, it can cause IH due to poor biocompatibil-
ity and biological activity [22]. ECM, a decellu-
larized native tissue, not only enhances cellular
adhesion but also influences cellular differenti-
ation and regeneration, as it retains basement
membrane proteins, including collagen type |V,
laminin, and fibronectin [23]. Moreover, in pre-
clinical studies and clinical applications, it has
been demonstrated that extracellular ECM
external stents could facilitate the constructive
remodeling of many different tissues [16].
However, to the best of our knowledge, this
study is the first in which ECM was used as a
perivascular scaffold.

The current study demonstrates that the novel
ES was also efficient in preventing IH and
improving the remodeling of the vein grafts in a
rabbit arteriovenous graft model [17]. After
implantation into arterial circulation, vein grafts
must adapt to the abrupt hemodynamic chang-
es with high blood pressure, low wall shear
stress, and turbulent flow, which play vital roles
in the development of IH [14]. Although the
related mechanisms are still not clear, hemody-
namic modulation of ES is one of the mecha-
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nisms of inhibitory effects [13]. It has also been
proposed as one of the mechanisms for the
protective effects of ES, with adventitial angio-
genesis and the promotion of vasa vasorum
around the vein grafts [13, 14, 24]. This study
also found the same phenomenon that the for-
mation of the vasa vasorum in the space
between the ES and the vein grafts, suggesting
that oxygen and nutrients could be supplied to
the vein grafts and hypoxia-induced pathologi-
cal changes could be alleviated [14]. This is an
important reason for the formation of vasa
vasorum. The placement of an ES could stimu-
late inflammatory reaction and regulate expres-
sion of growth factors and cytokine stimulation
of angiogenesis [14, 24]. ECM is another impor-
tant reason influencing the processes of angio-
genesis. It retains angiogenesis-related actors
and bioactive properties [23]. Interestingly, this
study demonstrated that the ES and part of the
adventitia of the vein grafts could be perfectly
fused, indicating that the ES could provide suf-
ficient biomechanical support [13]. This study
also found infiltration of VSMCs into the ES with
degradation, implying that it has become a “liv-
ing” tissue and “real” wall structure of the vein
graft. It was concluded that, by meaningful rein-
forcement of the structure of the vein graft, the
ES provides sufficient mechanical support and
promotes the formation of the vasa vasorum,
uniting the advantages of constrictive and
loose-fitting stents [13]. Additionally, the cur-
rent study found out that the ES could effec-
tively inhibit the degradation and remodeling of
ECM.

Present research also provides cellular and
molecular evidence regarding how the mechan-
ical effects of the ES were translated into pro-
tective effects. Changes in the vein grafts were
associated with the proliferation of VSMCs
within the intima-media layer [19, 25]. Addi-
tionally, imbalance of the proliferation and
apoptosis of VSMCs played an important role in
the development of IH [26]. Present research
demonstrates that there was a significant in-
crease in expression of PCNA within the intima-
media layer of the vein grafts and that it was
prevented by ES. Thus, the ES could effectively
inhibit proliferation of VSMCs. Unfortunately, it
is unknown which one is more important be-
tween proliferation and apoptosis. Phenotypic
switching of VSMCs is described as functional
and structural changes, which translates from
the contractile phenotype to the dedifferentiat-
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ed phenotype during the early phase after im-
plantation. Contractile phenotype VSMCs main-
tains a quiescent state, in which they have a
low rate of proliferation and synthetic activity
[27]. After implantation, the VSMCs changed
the phenotype to migrate into the intima from
the medial layer and rapidly proliferation to
form IH [28].

The ES prevents upregulation of MMP-2 and
keeps expression of TIMP-2. MMP-2 is essen-
tial for the remolding of ECM, allowing room for
VSMCs migration from the medial layer to the
intimal region [29]. In a pig arteriovenous-graft
model, upregulation of MMP-2 expression was
located in the region of VSMCs proliferation
[30]. In an ex vivo experiment, ES decreased IH,
contributing to inhibiting the upregulation of
MMP-2 [25]. TIMPs, especially TIMP-2, are par-
ticularly important in the regulation of MMP-2
activity. One study indicated that IH could be
inhibited through upregulation of TIMP-2 expre-
ssion to modulate MMPs activity [31]. In vein
grafts exposed to an arterial environment, the
current study observed that ES kept the upreg-
ulation of TIMP-2 expression, accompanied by
the downregulation of MMP-2. Thus, there was
a complex regulation of both MMPs and TIMPs
during the development of IH. The ES may inhib-
it the migration and proliferation of VSMCs by
maintaining the balance of MMP-2/TIMP-2.

Present research demonstrates that the ES
could effectively mitigate IH and improve the
remodeling of vein grafts. However, there were
still several limitations to the current study.
First, this was a relatively short-term experi-
ment, with a limited follow-up period. Although
the beneficial effects are promising in the
short-term, it is uncertain whether the protec-
tive effects of the ECM ES could persist for a
longer time. Second, in the animal models, this
study used end-to-end anastomosis rather
than end-to-side anastomosis, which has been
widely used in CABG, to observe the inhibitory
actions of the ES on IH of vein grafts. Therefore,
it is still unclear whether the ES exerts similar
effects in clinic. Despite these limitations, this
study provides a good basis for further re-
search. Compared with rabbits, a porcine arte-
riovenous graft model would be more suitable
for observation of long-term effects of the ES
on the inhibition of IH. Thus, present research-
ers plan to perform further tests in a porcine
arteriovenous-graft model, investigating the
long-term effects of ES.
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