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Aims Although transforming growth factor-beta (TGF-b) is believed to stimulate intimal hyperplasia
after arterial injury, its role in remodelling remains unclear. We investigate whether Smad3, a TGF-b
signalling protein, might facilitate its effect on remodelling.
Methods and results Using the rat carotid angioplasty model, we assess Smad3 expression following
arterial injury. We then test the effect of arterial Smad3 overexpression on the response to injury,
and use a conditioned media experimental design to confirm an Smad3-dependent soluble factor that
mediates this response. We use small interfering RNA (siRNA) to identify this factor as connective
tissue growth factor (CTGF). Finally, we attempt to replicate the effect of medial Smad3 overexpression
through adventitial application of recombinant CTGF. Injury induced medial expression of Smad3; over-
expression of Smad3 caused neointimal thickening and luminal expansion, suggesting adaptive remodel-
ling. Smad3 overexpression, though exclusively medial, caused adventitial changes: myofibroblast
transformation, proliferation, and collagen production, all of which are associated with adaptive remo-
delling. Supporting the hypothesis that Smad3 initiated remodelling and these adventitial changes via a
secreted product of medial smooth muscle cells (SMCs), we found that media conditioned by Smad3-
expressing recombinant adenoviral vector (AdSmad3)-infected SMCs stimulated adventitial fibroblast
transformation, proliferation, and collagen production in vitro. This effect was attenuated by pre-treat-
ment of SMCs with siRNA specific for CTGF, abundantly produced by AdSmad3-infected SMCs, and signifi-
cantly up-regulated in Smad3-overexpressing arteries. Moreover, periadventitial administration of CTGF
replicated the effect of medial Smad3 overexpression on adaptive remodelling and neointimal
hyperplasia.
Conclusion Medial gene transfer of Smad3 promotes adaptive remodelling by indirectly influencing the
behaviour of adventitial fibroblasts. This arterial cell–cell communication is likely to be mediated by
Smad3-dependent production of CTGF.
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1. Introduction

Atherosclerosis, the leading cause of death in the USA, is
currently addressed through several treatment modalities,
including angioplasty, endarterectomy, and bypass. The
success of each of these therapies is, however, limited by
the development of intimal hyperplasia as well as constric-
tive remodelling.1,2 Significant progress has been made
towards the limitation of neointimal hyperplasia using
drug-eluting stents, but therapeutic manipulation of the
phenomenon of remodelling remains unexplored. Although

neointimal hyperplasia is a significant contributor to reste-
nosis, the patency of the angioplastied artery is ultimately
determined by alterations in vessel geometry, collectively
termed remodelling.3–5 ‘Compensatory’ enlargement of
the vessel wall, as measured by changes in external elastic
lamina (EEL) area, often accompanies neointimal thicken-
ing.6 This growth, termed adaptive remodelling, prevents
the neointimal lesion from impinging on the lumen.7,8

Occasionally, the vessel actually shrinks and exacerbates
occlusion, a process called constrictive remodelling.

The adventitia is thought to be central to both adaptive and
constrictive remodelling. Almost immediately after injury,
adventitial fibroblasts transform into myofibroblasts and* Corresponding author. Tel: þ1 608 265 5139; fax: þ1 608 262 3333.
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demonstrate increased proliferation and expression of both
smooth muscle a-actin (SMA) and collagen.9–11 Although the
increases in fibroblast proliferation and SMA expression corre-
spond to an increase in neointimal thickness, the causal
relationship between adventitial fibroblasts and arterial
remodelling remains unclear. Similarly, controversial
reports exist regarding the role of adventitial collagen.
Increased collagen has been reported to be associated with
constrictive as well as adaptive remodelling.12–15

Transforming growth factor-beta (TGF-b) is known to play a
role in the development of restenosis.16–19 Both clinical and
experimental studies demonstrate that TGF-b is up-regulated
at the site of vascular injury.16,17 The effect of TGF-b on the
arterial wall geometry is complex and not entirely clear. In
animal models, administration of exogenous TGF-b at the
time of arterial injury has been found to stimulate neointimal
formation, although Kingston et al.13 found that TGF-b1
inhibited the hyperplastic response. Inhibition of TGF-b via
a number of different mechanisms decreases intimal hyper-
plasia, suggesting that the primary role for TGF-b in injured
arteries is to promote the development of intimal hyperpla-
sia.18,19 In contrast, inhibition of the TGF-b receptor
enhances arterial lumen. Specifically, Smith et al.19 showed
that blocking the TGF-b signal by using a soluble TGF-b recep-
tor inhibitor led to a significant increase in lumen area as well
as EEL length, suggesting TGF-b produces constrictive remo-
delling. Kingston et al.13 reported, however, that adenovirus-
mediated expression of TGF-b3 led to increased luminal area
as well as collagen accumulation. These authors suggested
that TGF-b3 may promote adaptive remodelling through the
induction of collagen. We felt that exploring the role of
specific TGF-b signalling proteins in arterial remodelling
might shed further light on the complex role of TGF-b and
its effects following arterial injury.

The most commonly studied TGF-b pathway is that invol-
ving Smad proteins, classified as receptor-activated Smads
(RSmads: Smad2 and Smad3), a common Smad (coSmad:
Smad4), and inhibitory Smads (iSmads: Smad6 and
Smad7).20,21 TGF-b receptor activation leads to RSmad phos-
phorylation. The phosphorylated RSmad then complexes
with Smad4. The complex enters the nucleus and regulates
transcription of target genes through the Smad-binding
elements in the DNA.22

In an effort to define the role of TGF-b in remodelling, we
first ectopically expressed Smad3 in the rat carotid angio-
plasty model of restenosis. Our findings confirm that
TGF-b/Smad-mediated processes cause adaptive remodel-
ling through a novel pathway involving connective tissue
growth factor (CTGF).

2. Methods

2.1 Cell culture

Aortic smooth muscle cells (SMCs) were isolated from Sprague–
Dawley rat aortas as described by Clowes et al.23 Aortic fibroblasts
were isolated as described previously by Pagano et al.24 as well as in
the Supplementary material online. A rat fibroblast cell line,
NRK-49F, was obtained for use in collagen-luciferase assays.

2.2 Proliferation assay

Proliferation was assayed by measuring DNA synthesis as described
previously. Adventitial fibroblasts were seeded onto 24-well plates

(10 000 cells/well) in 10% foetal bovine serum media overnight,
then starved in 0.5% serum for 48 h, followed by incubation with
conditioned media or agonists as indicated. During the final 6 h of
the assay, tritiated thymidine was added to each well; at the con-
clusion of the assay, incorporation of 3H-thymidine was quantified.25

2.3 Collagen promoter activation assay

A luciferase construct containing the human a2(I)-procollagen
(COL1A2, 2772! þ38 region) gene promoter was constructed as
described previously.26 For purposes of transfection efficacy, a fibro-
blast cell line, NRK-49, was used. Following transfection with this
construct, cells were starved for 48 h and treated with conditioned
media or agonists for 72 h. Luciferase activity in the cell lysate,
indicating collagen promoter activity, was quantified with a
Dual-LuciferaseTM Assay (Promega, Fitchburg, WI, USA).

2.4 Collagen synthesis assay

Collagen synthesis was assayed by measuring incorporation of tri-
tiated proline as described previously. Adventitial fibroblasts were
seeded onto six-well plates, starved for 48 h, and treated with con-
ditioned media or agonists for 72 h. During the final 24 h of the incu-
bation with agonists, tritiated proline was added and samples were
processed as described previously.27

2.5 Small interfering RNA transfection

Transfection of cultured aortic SMCs was performed using
LipofectamineTM 2000 and according to the manufacturer’s instruc-
tions. Confirmation of small interfering RNA (siRNA) effectiveness in
decreasing CTGF expression was confirmed with western blot.

2.6 Balloon injury model and in vivo gene delivery

The investigation conforms to the Guide for the Care and Use of Lab-
oratory Animals published by the US National Institutes of Health,
NIH Publication No. 85-23, 1996 revision. Approval from the Insti-
tutional Animal Care and Use Committee was granted (Protocol
0508-398A). Male Sprague–Dawley rats underwent angioplasty of
the left common carotid artery with viral perfusion as described
elsewhere.23 Immediately following the removal of the catheter,
adenovirus suspended in phosphate-buffered saline (200 mL of 1 �
1010 pfu/mL) was administered intraluminally and allowed to
dwell for 20 min. Construction of an Smad3-expressing recombinant
adenoviral vector (AdSmad3) was described previously.28 An empty
viral vector Adnull was included as a control. The ability of
Adsmad3 to respond to TGF-b with enhanced phosphorylation was
confirmed in cultured SMCs.29

For in vivo studies of periadventitial CTGF, 80 ng of recombinant
CTGF suspended in 200 mL of pluronic gel was applied to the adven-
titial surface of the artery immediately after injury. Control animals
were subjected to application of pluronic gel alone. Fourteen days
after injury, carotid was performed as harvested utilizing perfusion
fixation at a physiological pressure of 100 mmHg.

2.7 Morphometric analysis and
immunohistochemistry

Paraffin-embedded arteries were cut into 5 mm sections for analysis.
Morphometric analysis was carried out on elastic-stained arteries.
For each animal, 10 sections were selected for analysis using
digital software for Dell PC computers (ImageJ and Photoshop
V.7). The areas encompassed by the lumen surface (luminal area),
internal elastic lamina–lumen surface (neointimal area), EEL–
internal elastic lamina (medial area), and EEL length, total vessel
area, and total vessel area–EEL (adventitial area) were measured.
For evaluation of the remodelling index, the EEL was measured
and compared with that of controls, as described previously.5 Immu-
nostaining and quantification was performed as described by Lehr
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et al.30 (for details, please see Supplementary material online).
Picrosirius Red analysis was performed as described by Kingston
et al.18

2.8 Statistical analysis

Values were expressed as fold increase or means+ SE. For in vivo
studies, the differences between AdSmad3- and AdNull-treated
arteries or CTGF-treated and control arteries were analysed using
unpaired Student’s t-test. For in vitro studies, a one-way ANOVA
with multiple comparison tests using the Bonferroni correction
was performed. All experiments were repeated at least three times.

3. Results

3.1 Intraluminal gene transfer of Smad3

We have previously shown that endogenous Smad3
expression is significantly up-regulated following injury.29

We hypothesized that this up-regulation may influence
intimal hyperplasia, arterial remodelling, or both. To test
this, we enhanced Smad3 expression in injured arteries via
adenovirus-mediated gene transfer.

As shown in the Supplementary material online, we first
used an adenoviral vector bearing b-galactosidase to
demonstrate that transgene expression, evident at 3 days
post-injury and persisting for 14 days, was limited to
medial and neointimal cells. Such localized expression of
transgene has been previously observed when similar arter-
ial gene transfer techniques were used.31 It is speculated
that the EEL works as a physical barrier to prevent adeno-
virus from diffusing to the adventitia. Thus, any adventitial
effect of Smad3 overexpression would be indirect, mediated
by infected medial or neointimal cells.

We next used virus encoding either Smad3 (AdSmad3) or
empty vector (AdNull) to infect injured arteries.
AdSmad3-infected arteries exhibited significantly greater
medial Smad3 expression than AdNull controls 3 and 7 days

post-injury and significantly greater neointimal Smad3
expression 7 and 14 days post-injury (see Supplementary
material online, Figure S2).

These results confirmed that intraluminal gene delivery
results in a significant Smad3 induction in the neointimal
and medial portions of the arterial wall.

3.2 Effects of Smad3 gene transfer on arterial
geometry

We evaluated AdSmad3’s effect on arterial geometry
through analysis of arteries harvested 14-day post-injury.
Smad3 overexpression significantly increased the
intima-to-media ratio(AdNull: 0.67+0.06; AdSmad3:
0.89+0.07; Figure 1A–C and F). Despite neointimal enlar-
gement, luminal area was significantly increased compared
with AdNull controls (1.31-fold+0.38, P , 0.05;
Figure 1A–D). This resulted from an Smad3-induced,
1.22-fold expansion of the EEL (P , 0.05; Figure 1A–C and
E). AdSmad3-treated arteries exhibited thicker neointima
but with compensatory remodelling, ultimately leading to
luminal enlargement.

3.3 Effect of Smad3 gene transfer on the arterial
adventitia

We next investigated the Smad3-induced adventitial
changes that corresponded to the observed adaptive remo-
delling. AdSmad3-infected arterial adventitia demonstrated
PCNA positivity almost double that of AdNull controls
(1.94+0.4-fold, P , 0.05), indicating significantly greater
proliferation (Figure 2A). Using Picrosirius Red staining, we
found that Smad3 gene transfer resulted in a 40% increase
in adventitial collagen (1.38+0.09, P , 0.05, Figure 2B).
Associated with Smad3 gene transfer, there was also a sig-
nificant increase in the number of adventitial cells that
stained positive for SMA (Figure 2C). Such SMA-positive

Figure 1 Effects of AdSmad3 on the arterial injury response. (A–C) Representative arterial sections stained with Verhoeff’s Elastin Stain 14 days post-injury and
treatment with no virus (A), AdNull (B), or AdSmad3 (C). Arrows: medial boundaries. �40. (D–F) Morphometric analyses of injured arteries. The luminal area (D),
EEL area (E), and intima/media ratio (F) were determined by microscopic examination of sections from AdSmad3-treated arteries and compared with those of
AdNull controls (n ¼ 6, *P , 0.05).
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cells are referred to in the literature as myofibroblasts, an
adventitial cell population believed to be result from fibro-
blast transformation in response to arterial injury.19

3.4 Smad3 gene transfer produces an indirect
effect on the arterial adventitia

Consistent with previous reports, we found that gene trans-
fer in the rat balloon angioplasty model is confined to the
intima and media.31 We postulated that the adventitial
changes observed with Smad3 overexpression were
indirectly induced by Smad3-infected medial SMCs. We
hypothesized that Smad3 overexpression in medial SMCs
led to the production of a soluble factor capable of stimulat-
ing fibroblasts. We tested this hypothesis in vitro using cul-
tured medial SMCs and adventitial fibroblasts. Both types
of primary cells were isolated from rat aortas and their iden-
tities were confirmed by positive staining for smooth
muscle-specific myosin heavy chain and Thy 1-1, respect-
ively. Vascular SMCs were infected with either AdSmad3 or
AdNull and stimulated with TGF-b (5 ng/mL). The resulting
conditioned media was then applied to fibroblast cultures.
Several functions of fibroblasts that could potentially con-
tribute to adaptive remodelling were evaluated (see Sup-
plementary material online, Figure S6).

We first examined myofibroblast transformation through
SMA expression. As shown in Figure 3A, conditioned media
from AdSmad3 SMCs and TGF-b þ AdSmad3 SMCs increased
SMA expression. Next, we tested fibroblast proliferation as
measured by tritiated thymidine incorporation. Media con-
ditioned by AdSmad3 SMCs significantly increased fibroblast
proliferation (Figure 3B).

As AdSmad3-infected carotid arteries exhibited increased
adventitial collagen, we next tested the ability of

conditioned media to stimulate fibroblast collagen pro-
duction. A tritiated proline assay demonstrated that fibro-
blasts increased collagen synthesis when cultured in media
derived from AdSmad3 or TGF-b þ AdSmad3 SMCs
(Figure 3C). To confirm this, we examined type I collagen
gene expression using a luciferase reporter containing the
proximal promoter of the human IA2 collagen gene
(COL1A2).26 Fibroblasts were first transfected with the
reporter and then stimulated with conditioned media. Con-
ditioned media from AdSmad3 SMCs significantly increased
collagen promoter activity (TGF-b–AdSmad3 over TGF-b–
AdNull: 1.49+0.12-fold, P , 0.05; Figure 3D).

3.5 SMCs influence fibroblast function through
CTGF

We have shown that medial SMCs can influence adventitial
fibroblast behaviour through a TGF-b/Smad3-dependent
soluble factor. This factor may be CTGF, previously demon-
strated to stimulate myofibroblast transformation, prolifer-
ation, and collagen production.32 An abundance of CTGF is
evident in conditioned media derived from
Smad3-overexpressing SMCs. Furthermore, in vitro fibro-
blast studies revealed that recombinant CTGF (100 ng/mL)
mimicked the effects of conditioned media, increasing SMA
expression, proliferation, and collagen synthesis (see Sup-
plementary material online, Figure S4).

To demonstrate this role of CTGF, we used an siRNA to
block CTGF production in SMCs. Compared with scrambled
control, CTGF siRNA significantly reduced the CTGF
detected in conditioned media (Figure 4A). More impor-
tantly, CTGF siRNA effectively blocked the ability of
AdSmad3-infected SMCs to condition media that stimulated

Figure 2 Effect of AdSmad3 on the adventitia. Sections of uninfected, AdNull-, and AdSmad3-infected arteries harvested 14 days post-injury were assessed for
proliferation (A), expressed as the fraction of adventitial nuclei that stained positively for PCNA. Picrosirius staining (B) was used to determine the relative
amounts of adventitial collagen. Sections were also immunostained for SMA (C), a marker of myofibroblast transformation, expressed as fraction of adventitial
area staining positively (n ¼ 6; *P , 0.05). Arrows: EEL. (A) �200, (B) �40, and (C) �200.
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fibroblast SMA expression, proliferation, and collagen syn-
thesis (Figure 4B–E).

3.6 Gene transfer of Smad3 increases CTGF in
arterial wall

Having established the role of CTGF in Smad3-induced SMC
communication with adventitial fibroblasts, we returned to
the arterial injury model to find if AdSmad3 infection
caused significant CTGF expression. Immunohistochemistry
using a CTGF-specific antibody demonstrated increased
CTGF in injured, compared with non-injured, arteries. More-
over, AdSmad3 infection further enhanced arterial CTGF
expression (Figure 5A–E).

We next tested whether periadventitial administration of
recombinant CTGF could reproduce the effects of intralum-
inal gene transfer of Smad3. Immediately following balloon
angioplasty, a pluronic gel suspension of recombinant CTGF
(400 ng/mL) was applied periadventitially to the injured
artery, which was harvested 14 days later.

CTGF’s effect on vessel morphometry was largely identical
to that of AdSmad3. As with AdSmad3, CTGF significantly
increased neointimal thickening (2.32+0.17-fold over
control, P , 0.05). The EEL of CTGF-treated arteries was
significantly larger than that of control arteries treated
with pluronic gel alone (1.36+0.10-fold, P ¼ 0.0027)
(Figure 6A). Thus, periadventitial administration of CTGF
resulted in adaptive remodelling; unlike AdSmad3-treated

arteries, however, CTGF-treated arterial luminal area was
not significantly different from control.

Immunohistochemistry also revealed similarities between
the adventitia of AdSmad3-infected and CTGF-treated
arteries. As with AdSmad3, the adventitia of CTGF-treated
arteries showed a 2.7+0.15-fold increase in collagen com-
pared with control (Figure 6B). Additionally, CTGF stimu-
lated adventitial myofibroblast transformation and
proliferation (1.80+0.04 and 2.46+0.16, respectively;
P , 0.05) (Figure 6C and D).

4. Discussion

TGF-b is recognized for its ability to enhance intimal hyper-
plasia following arterial injury, but conflicting evidence
exists regarding its effect on adaptive remodelling.11,13,18,19

Smad3 is a signalling protein known to mediate many of
TGF-b’s effects, and in these studies, we evaluated its
role in arterial response to injury—specifically, in adaptive
remodelling.

Using the rat carotid balloon angioplasty model, we first
found that arterial injury leads to significant induction of
endogenous Smad3. We also found that Smad3 overexpres-
sion via gene transfer resulted in increased luminal area,
despite enhanced neointimal hyperplasia. Our findings thus
demonstrate that TGF-b/Smad3 pathway activation stimu-
lates intimal hyperplasia as well as adaptive remodelling
that compensates for that hyperplasia. Results from PCNA

Figure 3 Effects on fibroblast function by media conditioned by SMC in vitro. (A) Western blot for SMA in cell lysate of fibroblasts stimulated by conditioned
media taken from SMCs treated as indicated. (B) Proliferation of primary fibroblasts as measured by 3H-thymidine incorporation assay. (C) Collagen production in
primary adventitial fibroblasts in response to conditioned media as measured by 3H-proline incorporation assay. (D) COL1A2 promoter activity in an immortalized
fibroblast cell line in response to conditioned media, as measured with a luciferase reporter construct (n ¼ 4, *P , 0.05).
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immunostaining revealed a significant increase in the
number of proliferating cells in the intima, media, and
adventitia of AdSmad3-treated arteries. The increased
neointimal formation may be related to enhanced SMC pro-
liferation from a direct effect of Smad3 on medial or neoin-
timal SMCs. Moreover, proliferating myofibroblasts from the
adventitia may also migrate into and enhance the formation
of neointima.

Kobayashi et al.33 also recently addressed the role of
TGF-b/Smad3 in arterial injury. Using a photochemical
femoral artery injury model in an Smad3-null mouse, they
found that Smad3 gene deficiency, compared with controls,
leads to a significantly greater intima:media ratio, luminal
loss, and arterial occlusion. These findings would appear to
conflict with ours, in that our data suggest that Smad3 over-
expression increases intimal hyperplasia. There are several
important differences between the two studies.

Kobayashi’s group used a different arterial injury model
than ours; possibly different injury response mechanisms
are elicited by a photochemical vs. the mechanical injury

associated with balloon angioplasty. Moreover, the use of
an Smad3-null mouse results in a global deficiency of the
protein affecting all cells including white blood, endo-
thelial, SMCs, and adventitial cells. Our local gene transfer
resulted in the local overexpression of Smad3, limited just
to the media. However, overexpression may not always
reproduce the true function of an endogenous protein.
Future studies employing targeted gene deletion or ‘knock-
down’ of Smad3 expression in the arterial wall will be
necessary to further clarify the role of endogenous Smad3
in vascular remodelling as well as intimal hyperplasia.

Since gene transfer of Smad3 produced similar effects on
arterial remodelling as TGF-b3, as has been previously
demonstrated by Kingston et al.,13 it is possible that
TGF-b3 actives the Smad3 pathway more profoundly in an
injured artery compared with other TGF-b isoforms.
However, this hypothesis requires validation.

Our findings, furthermore, offer persuasive evidence that
TGF-b/Smad3-induced adaptive remodelling is mediated by
medial SMC production of CTGF. Support for this includes the

Figure 4 Effect of CTGF siRNA on SMC–fibroblast communication. SMCs were infected with AdNull or AdSmad3, allowed to recover for 24 h, and then incubated
with siRNA (33 pM) of either a scrambled control or CTGF-specific sequence for 6 h before TGF-b1 stimulation (5 ng/mL, 72 h) (A) Western blot for CTGF in media
conditioned by SMCs incubated with a scrambled control siRNA or CTGF-specific siRNA. All SMCs were infected with AdSmad3 and stimulated with TGF-b1. (B–D)
Primary fibroblasts were treated with media conditioned by AdSmad3-infected, TGF-b1-stimulated SMCs incubated with no siRNA, scrambled control, and
CTGF-specific sequences. Their SMA expression (B), proliferation (C), and collagen production (D) were then evaluated. (E) Activity of COL1A2 promoter in a
fibroblast cell line in response to the same media as in (B–D) as measured with a luciferase reporter construct (n ¼ 4, *P , 0.05).

Adaptive arterial remodelling via TGF-b/Smad3 331



following: (i) both in vitro and in vivo, Smad3 overexpres-
sion in medial SMCs leads to increased CTGF production;
(ii) blocking CTGF synthesis with siRNA attenuates the cross-
talk between SMCs and adventitial fibroblasts; (iii) appli-
cation of recombinant CTGF to the injured arterial
adventitia causes adaptive remodelling and mimics the
effect of Smad3 gene transfer.

It has previously been shown that TGF-b stimulates CTGF
production via Smad3.34 Moreover, an Smad-binding element
has been identified in the CTGF promoter.34 TGF-b plays a
profibrotic role in a number of disease processes in which
CTGF mediates TGF-b’s effects.24,34,35 A strong relationship
between TGF-b, CTGF, and human disease is therefore pre-
existent. Fibroblasts have been shown to mediate these
pathological effects of TGF-b and CTGF.36 CTGF has also
been shown to stimulate myofibroblast transformation, pro-
liferation, and matrix protein in skin, lung, and kidney
fibroblasts.24,32,35

In the in vitro fibroblast study, medium conditioned by
AdNull-infected TGF-b-treated SMCs stimulated both
a-actin expression and proliferation of fibroblasts compared
with medium conditioned by non-TGF-b-treated SMCs. This
stimulatory effect of conditioned medium is potentially
mediated by the endogenous Smad3 pathway within SMCs.
Consistently, Adnull-infected SMCs responded to TGF-b
with enhanced production of CTGF, presumably mediated
by endogenous Smad3. Alternatively, TGF-b that used to
stimulate SMCs would have remained in the conditioned

media as it was too small to be eliminated by filtering.
The residual TGF-b could directly act on fibroblasts.

Of note, we observed that endogenous CTGF is
up-regulated in the intima, media, and adventitia of
AdSmad3-treated arteries. Since CTGF can be synthesized
by medial SMCs and secreted into the extracellular space,
it is not entirely unexpected that we would detect this
soluble factor in all three layers of the arteries. It should
also be pointed out that our data do not exclude intimal
cells or fibroblasts as sources of CTGF synthesis. However,
the fact that only medial SMCs were infected with
AdSmad3 in this study suggests that Smad3-expressing cells
are the major source of CTGF up-regulation in
AdSmad3-infected arteries.

Jiang et al.37 have recently suggested a role for CTGF in
the vein graft remodelling. Using a rabbit vein graft
model, these authors found that increased intramural wall
stress following vein graft implantation resulted in an
up-regulation of both TGF-b and CTGF. They also observed
that TGF-b and CTGF levels were inversely correlated with
the magnitude of outward remodelling of the vein graft.
They found, as we did, that CTGF production was associated
with myofibroblast transformation and cell migration. Their
data and ours confirm an important role for TGF-b/CTGF in
vessel wall remodelling. Contrary to our findings, however,
these authors have concluded that the effect of CTGF is to
limit, rather than enhance, outward vessel remodelling.
Admittedly, the models are quite different; these authors
have studied an arteriovenous vein graft fistula, and our
studies are after arterial injury. They found an association
between elevated CTGF and diminished outward remodel-
ling but did not demonstrate a causal relationship; we
have shown that direct application of CTGF to the arterial
adventitia produces adaptive remodelling. Nevertheless,
taken together, both studies suggest that CTGF, released in
response to TGF-b, plays a pivotal role in the architectural
changes that follow vessel injury.

Both Smad3 gene transfer and CTGF application led to
similar cellular changes in the adventitia: increased cell pro-
liferation, SMA expression, and collagen accumulation. We
have assumed that it is through these effects that CTGF pro-
duces adaptive remodelling. However, the exact mechan-
isms that lead to adaptive remodelling remain elusive.
Although medial gene transfer of Smad3 and adventitial
application of CTGF produced very similar effects on the
arterial injury response, the link between Smad3 and CTGF
that we observed in cell culture remains to be directly
tested in vivo. Our future experiments will focus on using
CTGF-specific siRNA to test the ability of Smad3 to regulate
arterial remodelling in the absence of CTGF induction.

Myofibroblast transformation, proliferation, and collagen
production appear to be involved, but precisely how is not
clear. Although excess collagen was originally thought to
promote constrictive remodelling, there is increasing evi-
dence, including our current data, suggesting that excess
collagen may lead to adaptive remodelling. We found an
increase in adventitial collagen in AdSmad3- and
CTGF-treated arteries, both of which exhibited adaptive
remodelling.

Our observations in vivo regarding increased collagen
deposition in the adventitia of arteries exhibiting adaptive
remodelling as well as our in vitro evidence of increased col-
lagen synthesis by fibroblasts imply that collagen turnover is

Figure 5 Effects of AdSmad3 on expression of endogenous CTGF. (A–D)
Representative sections, harvested 14 days following balloon angioplasty
with or without viral infection, immunostained for CTGF. (A) No virus, (B)
AdNull, (C) AdSmad3, and (D) AdSmad3 stained with secondary antibody
alone (negative control). (E) Quantification of CTGF-positive immunostaining
expressed as the fold increase from uninjured control (n ¼ 4, *P , 0.05).
�200.
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integral to adaptive remodelling. To this end, matrix metal-
loproteases (MMPs), specifically MMP-2 and MMP-9, which
have been implicated by others in the arterial response to
injury, may play an important role in this process. In
future studies, we will test this hypothesis using this and
similar models.38–40 TGF-b has been shown to induce the
expression of MMP-9 in human meningeal cells and in a

human head and neck squamous cell carcinoma cell
line.41,42 Moreover, using human endometrial carcinoma
cell lines, Van Themsche et al.43 demonstrated that
TGF-b3 (not b1 or b2) increases the invasiveness of
tumour cells through production of MMP-9. It is possible
that TGF-b3 through Smad3 up-regulates the expression of
MMPs in the injured arterial wall which subsequently

Figure 6 Effect of periadventitial application of CTGF on the adventitia. Immediately after injury, 400 ng/mL recombinant human CTGF suspended in F127
pluronic gel was applied periadventitially. Fourteen days post-injury, the injured segments of the CTGF-treated arteries were analysed for (A) change in EEL
area compared with controls (�40), (B) adventitial collagen content, as measured by Picrosirius Red staining (�40), (C) adventitial SMA expression as measured
by immunohistochemistry (�200), and (D) cellular proliferation as measured by PCNA immunostaining. Representative sections of six experiments are shown
(�200). Arrows: EEL (n ¼ 6, *P , 0.05).
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promotes arterial remodelling. In future studies, we will test
this hypothesis in various arterial injury models.

Our finding that CTGF stimulates both intimal hyperplasia
and adaptive remodelling is of interest. We speculate that
the expanded intimal hyperplasia in CTGF-treated arteries
is, in part, caused by myofibroblast migration into the neoin-
tima. It is also possible that exogenous CTGF may diffuse
from the adventitia to the media and directly affect
medial SMCs. CTGF has been reported to directly stimulate
vascular SMC proliferation in vitro.44,45 Stimuli that
produce intimal hyperplasia presumably simultaneously
initiate compensatory expansion. In further support of this
concept is the observation of significantly increased neointi-
mal hyperplasia in the Smad3-overexpressing arteries dis-
playing adaptive remodelling.

A limitation of the current study is our inability to detect
phosphorylated Smad3 in vivo. Phosphorylation of Smad3 by
the TGF-b receptor is a key step in the transduction of
TGF-b signal. Although it would be ideal to prove in vivo
that Smad3 gene transfer leads to an increase in phosphory-
lated Smad3, for a number of reasons, we feel confident
that Smad3 was activated. First, compared with null virus,
in vivo Smad3 expression resulted in a significant change in
arterial morphology. Smad3 would not be able to produce an
effect without being phosphorylated and consequently acti-
vated. Also, it is well established that the rat carotid injury
model produces high local levels of TGF-b, which is the
direct activator of Smad3. Lastly, we have shown, in vitro,
that SMCs overexpressing Smad3 and stimulated with
TGF-b produce increased levels of phosphorylated Smad3.

In conclusion, we have established that TGF-b, through an
Smad3 pathway, can induce adaptive remodelling following
arterial injury. We have established a novel mechanism for
this effect. TGF-b activates Smad3 in medial SMCs, causing
them to secrete CTGF, which in turn stimulates adventitial
fibroblasts to migrate, proliferate, produce collagen, and
transform into myofibroblasts. It is presumably through
these events that changes in the arterial architecture
occur. This process is complex, and our data does not indi-
cate an obvious target that can be manipulated to
enhance adaptive remodelling. For example, accentuation
of Smad3 or CTGF in the arterial wall does produce adaptive
remodelling, but this event is accompanied by the synchro-
nous stimulation of intimal hyperplasia. In the case of
Smad3, there is a modest increase in luminal diameter,
and with CTGF, there is no net change. It is our hope,
however, that these studies will open the door for further
investigations of the precise mechanisms of this process,
with the goal of eventually defining targets that will specifi-
cally enhance adaptive remodelling and diminish the dele-
terious effects of restenosis.

Supplementary material

Supplementary material is available at Cardiovascular
Research online.
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