
Research Article

TRAIL promotes the survival, migration and proliferation 
of vascular smooth muscle cells
P. Secchiero a, *, C. Zerbinatib, E. Rimondia, F. Corallini a, D. Milani a, V. Grill b, G. Forti c, S. Capitania

and G. Zauli b

a Department of Morphology and Embryology, University of Ferrara, Via Fossato di Mortara 66, 44100 Ferrara (Italy),
Fax: +39 0532 207351; e-mail: secchier@mail.umbi.umd.edu
b Department of Normal Human Morphology, University of Trieste, Via Manzoni 16, 34138 Trieste (Italy)
c Division of Cardiac Surgery, Cardiosurgery Complex Structure, Hospital ‘Riuniti of Trieste’, via di Cattinara, 34138
Trieste (Italy)

Received 6 May 2004; received after revision 7 June 2004; accepted 8 June 2004

Abstract. Human and rat primary sub-cultured vascular
smooth muscle cells (VSMCs) showed clear expression
of the death receptors TRAIL-R1 and TRAIL-R2; how-
ever, recombinant soluble TRAIL did not induce cell
death when added to these cells. TRAIL tended to protect
rat VSMCs from apoptosis induced either by inflamma-
tory cytokines tumor necrosis factor-a + interleukin-1b +
interferon-g or by prolonged serum withdrawal, and pro-
moted a significant increase in VSMC proliferation and
migration. Of note, all the biological effects induced by

CMLS, Cell. Mol. Life Sci. 61 (2004) 1965–1974
1420-682X/04/151965-10
DOI 10.1007/s00018-004-4197-6
© Birkhäuser Verlag, Basel, 2004

CMLS Cellular and Molecular Life Sciences

TRAIL were significantly inhibited by pharmacological
inhibitors of the ERK pathway. Western blot analysis con-
sistently showed that TRAIL induced a significant activa-
tion of ERK1/2, and a much weaker phosphorylation of
Akt, while it did not affect the p38/MAPK pathway.
Taken together, these data strengthen the notion that the
TRAIL/TRAIL-R system likely plays a role in the biol-
ogy of the vascular system by affecting the survival, mi-
gration and proliferation of VSMCs. 
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The tumor necrosis factor (TNF)-related apoptosis-in-
ducing ligand (TRAIL)/Apo-2L is a member of the TNF
family of cytokines, which play important roles in regu-
lating cell death and inflammation [1]. TRAIL exists ei-
ther as a type II membrane or as a soluble protein, and in-
teracts with four high-affinity membrane receptors, be-
longing to the apoptosis-inducing TNF-receptor (R)
family. TRAIL-R1 and TRAIL-R2 transduce apoptotic
signals upon binding of TRAIL, while TRAIL-R3 and
TRAIL-R4 lack the intracellular death domain and apop-
tosis-inducing capability and have been proposed to func-
tion as decoy receptors, protecting certain normal cells,
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including endothelial cells, from apoptosis [1, 2]. Despite
its potential as an anti-cancer therapeutic agent both in
vitro and in vivo [3–5], the wide expression of TRAIL
and TRAIL-Rs in many normal tissues [1] suggests that
the TRAIL/TRAIL-R system likely has uncharacterized
biological functions in many tissues. Various groups of
investigators, including our own, have shown that en-
dothelial cells express all four transmembrane TRAIL-Rs
on their surface [6, 7]. On the other hand, although a
study has described TRAIL expression in the tunica me-
dia of big vessels in the mouse [8], the role of the
TRAIL/TRAIL-R system in the biology of vascular
smooth muscle cells (VSMCs) has not been elucidated.
Of interest therefore, was to investigate the effects of



TRAIL on VSMC biology. In particular, we have ana-
lyzed the ability of soluble recombinant TRAIL to modu-
late the survival, proliferation and migration of VSMCs.
Moreover, we correlated these biological end-points with
the ability of TRAIL to activate intracellular signal trans-
duction pathways, which play a key role in VSMC biol-
ogy [9–18]. 

Materials and methods 

Materials 
Recombinant human histidine 6-tagged TRAIL(114–281)

was produced in bacteria, as previously described [7], and
tested for cytotoxicity by using HL-60 cells (American
Tissue Culture Collection, Rockville, Md.). The absence
of endotoxin contamination in the recombinant TRAIL
preparations (< 0.1 endotoxin units/ml) was assessed by
the Limulus amebocyte lysate (LAL) assay (BioWhit-
taker; Walkersville, Md.). Since recombinant human
TRAIL has been previously shown to act on rat cells also
[19, 20], it was used for treatments of both human and rat
cell cultures, as described below. The optimal TRAIL
concentration (10 ng/ml), used in most experiments, was
determined in ancillary preliminary assays in which
scalar TRAIL doses (ranging from 1 to 1000 ng/ml) were
tested. In selected experiments, we also used a recombi-
nant soluble TRAIL (CC-mutant; Alexis Biochemicals,
Lausen, Switzerland), which is characterized by an in-
serted mutation that stabilizes the multimeric conforma-
tion. Recombinant rat interferon-g (IFN-g; 40 ng/ml) and
platelet-derived growth factor (PDGF, 10 ng/ml) were
from Peprotec (London, UK); TNF-a (20 ng/ml) and in-
sulin (1 mM) were from Sigma (St Louis, Mo.), while in-
terleukin-1b (IL-1b; 2 ng/ml) was from Roche Diagnos-
tics (Mannheim, Germany). In neutralization experi-
ments, TRAIL was pre-incubated with TRAIL-R1-Fc
and/or TRAIL-R2-Fc chimeras, according to the sup-
plier’s instructions (R&D Systems, Minneapolis, Minn.).
PD98059 was purchased from Calbiochem (La Jolla,
Calif.). In preliminary experiments, several doses of
PD98059 (from 1 to 100 mM) were tested for their ability
to inhibit ERK phosphorylation. A complete and specific
abrogation of ERK phosphorylation was observed at con-
centrations ranging between 25 and 75 mM. Therefore, in
most of the following experiments, PD98059 was used at
the concentration of 50 mM.
For Western blot analyses, the following antibodies (Abs)
were used: anti-human TRAIL (R&D Systems), anti-rat
TRAIL (ABR Affinity Bioreagents, Golden, Colo.), anti-
TRAIL-R1 (DR4, clone H-130; Santa Cruz Biotechnol-
ogy; Santa Cruz, Calif.) and anti-TRAIL-R2 (DR5,
Chemicon; Temecula, Calif.). The anti-TRAIL-R1 and
anti-TRAIL-R2 are reactive against both human and rat
antigens. We also employed anti-caspase-3 (sc-7148;
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Santa Cruz Biotechnology), anti-caspase-6, -7, -8 and -9
(Cell Signaling Technology, Beverly, Mass.), anti-cas-
pase-10 (Medical & Biological Laboratories, Naka-ku
Nagoya, Japan), anti-Akt (Transduction Labororatories,
Lexington, Ky.), anti-phospho-Akt, anti-ERK1/2, anti-
phospho-ERK1/2, anti-p38, anti-phospho-p38 (all from
New England Biolabs, Beverly, Mass.). 

Immunohistochemistry
Tissue sections of human internal thoracic artery were
obtained in accordance with institutional guidelines and
processed using standard procedures. Briefly, endoge-
nous peroxidase was blocked with 0.3% H2O2 in PBS for
30 min, followed by incubation with avidin and biotin
blocking solutions (Vector Laboratories; Burlingame,
Calif.), before incubation with the primary anti-human
TRAIL mAb (R&D Systems; 1:50 in PBS/1% BSA) for
1 h at room temperature. Slides were subsequently incu-
bated with a secondary biotinylated polyclonal rabbit IgG
before exposure to chromogenic substrates in accordance
with instructions for the Vectastain Elite ABC Kit (Vector
Laboratories). Control tissue sections were developed af-
ter incubation with only the secondary Abs.

Cell cultures 
Primary human aortic VSMCs were obtained from
BioWittaker (Walkersville, Md.) and cultured in SmGM3
medium (BioWittaker) according to the manufacturer’s
instructions. Primary rat aortic VSMCs were isolated as
previously described [21], and routinely maintained in
modified Eagle’s medium (MEM) containing 10% fetal
bovine serum (FBS). Prior to selected experiments, cells
were made quiescent by using serum-reduced medium
(MEM + 0.1% FBS), without affecting cell viability.
VSMCs were used between passages 4 and 8. Induction
of apoptosis was carried out either by treatment for 48 h
with pro-inflammatory cytokines (IFN-g + TNF-a + IL-
1b), followed by cell washing and culture in serum-free
medium for an additional 18 h, or by prolonged (96 h)
culture in serum-free medium. Analysis of VSMC viabil-
ity was performed by light microscopy after Trypan blue
dye staining and by fluorescence microscopy after pro-
pidium iodide (PI) staining of cells cultured in chamber-
slides. Moreover, substrate-attached VSMCs were har-
vested, pooled with floating cells and apoptotic cells were
evaluated by PI/annexin V-FITC staining followed by
flow cytometric analysis (see below).

Flow cytometric analyses
Surface expression of TRAIL receptors was evaluated in
human VSMC, by indirect staining followed by flow cy-
tometric analyses. Surface cell staining was performed at
4°C for 40 min by incubating 3¥105 cells in 200 ml of
PBS (containing 1% BSA and 5% human plasma) with
the primary mAbs anti-human TRAIL-R1, TRAIL-R2,



TRAIL-R3 and TRAIL-R4 (all from Alexis Biochemi-
cals), followed by PE-conjugated anti-mouse secondary
Abs (Immunotech, Marseille, France). Non-specific flu-
orescence was assessed using normal isotype-matched
mouse IgG (Immunotech) followed by secondary anti-
bodies. 
For apoptosis evaluation, substrate-attached rat VSMCs
were harvested, pooled with floating cells and apoptotic
cells were identified by PI/annexin V-FITC double stain-
ing (Trevigen, Gaithersburg, Md.) followed by flow cyto-
metric analysis, according to the manufacturer’s instruc-
tion, and as previously detailed [7]. Flow cytometric
analyses were performed by FACScan (Becton Dickin-
son. San José, Calif.). 

Protein preparation and immunoblotting analysis
Aortas were removed from adult Sprague-Dawley rats,
kept according to the ethical principles and guidelines for
scientific experiments on animals, and homogenized with
a glass Teflon homogenizer in freshly made ice-cold lysis
buffer (50 mM Tris-HCL, pH 7.5, 0.1 mM EDTA, 
0.1 EGTA, 0.1% SDS, 0.1% sodium deoxycholate, 1%
NP40, 10 mg/ml leupeptin, 10 mg/ml aprotinin, 1 mM
PMSF). For the studies of intracellular signal transduc-
tion pathways, rat VSMCs were plated in 10-cm dishes at
a cell density of 20,000 cells/cm2, and grown at sub-con-
fluence before treatments. To minimize activation by
serum, VSMCs were subject to partial FBS reduction (to
0.1%) for 48 h prior to the addition of cytokines. Equal
amounts of protein (50 mg) for each sample were mi-
grated in acrylamide gels and blotted onto nitrocellulose
filters. Specific reactions were then revealed with the en-
hanced chemiluminescence reagent (ECL) detection sys-
tem (DuPont-NEN, Boston, Mass.). Densitometric values
were expressed in arbitrary units and estimated by the 
ImageQuant software (Molecular Dynamics, Piscataway,
N. J.). Multiple film exposures were used to verify the 
linearity of the samples analyzed and to avoid saturation
of the film.

[3H] thymidine incorporation
Rat VSMCs were seeded onto 96-well plates and the next
day the medium was changed to basal medium containing
0.1% FBS (starvation medium) for 36–48 h. Cells were
then incubated with cytokines for 30 h and [3H]thymidine
(1 mCi, Perkin Elmer Life Sciences, Boston, Mass.) was
added to each well during the last 6 h of incubation. When
indicated, cells were pre-treated with PD98059 for 1 h be-
fore treatment with cytokines. [3H]thymidine-labeled
DNA was then measured by liquid scintillation counting.
Assays were done in triplicate.

Cell migration assay
Cell migration was analyzed in a modified Boyden cham-
ber assay [22], using 24-well plates with inserts contain-

ing 8-mm pore size collagen-treated polycarbonate mem-
branes separating the two chambers of each well (Trans-
well, Costar, New York, N. Y.). Briefly, exponentially
growing cells were starved (0.1% FBS) for 18–20 h, then
resuspended in migration buffer (MEM + 0.5% bovine
serum albumin) and placed in the upper compartment of
the chambers. Cell viability was always >95%. When in-
dicated, cells were pre-treated with PD98059 for 1 h be-
fore seeding. TRAIL, insulin or PDGF were added in the
lower chambers. After 5 h incubation at 37°C, cells on the
upper face of the membrane were scraped using a cotton
swab and cells on the lower face were fixed and stained
with Mayer’s hematoxylin solution. The number of mi-
grated cells on the lower face of the filters was counted in
five fields under ¥100 magnification. Assays were done
in triplicate.

Statistical analysis
The medians and ranges, as well as the means ± SD were
obtained for each group of experiments. The results were
evaluated using analysis of variance with subsequent
comparisons by Student’s t test and with the non-param-
etric Mann-Whitney rank-sum test. Statistical signifi-
cance, evaluated by both statistical tests, was defined as
p < 0.05.

Results

TRAIL is expressed in the artery wall
In the first group of experiments, we investigated whether
TRAIL was expressed in human and rat arteries. As shown
in figure 1A, immunohistochemistry demonstrated that
TRAIL was clearly expressed in the wall of human inter-
nal thoracic artery, with expression prevalent in the
smooth muscular layers of the tunica media. Since no re-
liable antibodies are available for performing TRAIL im-
munohistochemistry in rat tissues, TRAIL expression was
analyzed, and detected, in rat arteries by Western blot per-
formed on aortic ring lysates. An ~45-kDa band, corre-
sponding to the glycosylated full form of TRAIL [23],
was clearly detected in rat aortic lysate (fig. 1B). 

VSMCs express TRAIL-R1 and TRAIL-R2, but are
resistant to TRAIL-mediated cytotoxicity 
In parallel experiments, cultured human and rat VSMCs
were analyzed for the expression of TRAIL receptors. In
flow cytometric analysis, human aortic VSMCs showed
significant surface levels of  the ‘death receptors’TRAIL-
R1 and TRAIL-R2, but not of ‘decoy receptors’ TRAIL-
R3 and TRAIL-R4 [1] (fig. 2A). Again, commercial an-
tibodies cross-reacting with rat TRAIL-Rs are available
for Western blot but not for flow cytometric analysis.
Therefore the expression of the ‘death receptors’TRAIL-
R1 and TRAIL-R2 in cultured rat aortic VSMCs was ex-
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amined by Western blot on membrane-cell lysates. As
shown in figure 2B, a clear-cut expression of both
TRAIL-R1 and TRAIL-R2 was also documented in rat
VSMCs. However, despite the expression of both
TRAIL-R1 and TRAIL-R2, treatment for 24–48 h with
recombinant soluble TRAIL did not induce apoptosis
(constantly <5% over background levels) in either hu-
man (data not shown) or rat VSMCs, even when used at
high concentrations (2 mg/ml), while it significantly in-
duced cell death in HL-60 cells (used at only 100 ng/ml
for 24 h) (fig. 2C). Lack of cytotoxicity was noticed even
when a polymeric form of TRAIL (CC-mutant) was used
to enhance the potency of TRAIL (fig. 2C). This lack of
apoptosis induction was not due to a defective expression
of procaspases in these cells (fig. 2D).

TRAIL protects rat VSMCs from apoptosis
Taking into consideration the previous demonstration
that Fas/CD95 ligand (L), a TNF family member closely
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Figure 1. Expression of TRAIL in human and rat arteries. (A) Sec-
tions of a human internal thoracic artery were examined immuno-
histochemically using an anti-TRAIL mAb (a, original magnifica-
tion, ¥20). TRAIL expression is predominantly localized in the
smooth muscular layers of tunica media (b shows a magnification
of the framed region of a, original magnification, ¥80). (B) Cell
lysate of rat aorta analyzed by Western blot with the anti-TRAIL
mAb. Molecular-size markers are indicated on the right. The anti-
body recognizes a protein band of approximately 45 kDa (glycosy-
lated full form of TRAIL). Recombinant soluble TRAIL(114–281)

(rTRAIL; approximately 24 kDa) was used as a positive control. A
representative of three separate experiments is shown.

Figure 2. Expression of TRAIL-Rs and lack of TRAIL cytotoxicity
on primary VSMCs. (A) Surface TRAIL-Rs expression was evalu-
ated in cultured human VSMCs by flow cytometry. Shadowed his-
tograms represent cells stained with Abs specific for the indicated
TRAIL-Rs, while unshadowed histograms represent the back-
ground fluorescence obtained by staining the same cultures with
isotype-matched control Abs. (B) TRAIL-R1 and TRAIL-R2 ex-
pression was evaluated in rat aortic VSMCs by Western blot analy-
sis of enriched cell membrane lysates. (C) Rat VSMCs were treated
with the indicated concentrations of soluble recombinant TRAIL or
with the multimeric TRAIL (CC-mutant; 100 ng/ml) for 24 h before
flow cytometric analysis of apoptotic cells by PI/annexin V stain-
ing. HL-60 cells were used as a positive control for their high sen-
sitivity to TRAIL-induced apoptosis. Data represent the means 
± SD of five independent experiments. (D) Procaspases expressed
by VSMCs were analyzed by Western blot using specific Abs. Mol-
ecular size markers are indicated on the right (kDa). Results re-
presentative of four separate experiments are shown.



related to TRAIL, induces apoptosis of VSMCs after pre-
exposure to a mixture of pro-inflammatory cytokines
[24], in the next experiments, rat VSMCs were cultured in
the presence of IFN-g (40 ng/ml), plus TNF-a (20 ng/ml)
and IL-1b (2 ng/ml) before exposure to TRAIL (10
ng/ml). As expected, pre-treatment with inflammatory
cytokines for 48 h, followed by culture in serum-free
medium for an additional 18 h, significantly reduced the
viability of rat VSMCs. Indeed, at microscopy examina-
tion, these cultures showed morphologic alterations typi-
cal of apoptosis including cell shrinkage, blebbing, frag-
mentation into apototic bodies and detachment from the
substrate (fig. 3A). Surprisingly, pretreatment of rat
VSMCs with inflammatory cytokines for 48 h followed
by addition of TRAIL for the additional 18 h of serum-
free culture significantly (p < 0.01) reduced the apoptosis
levels with respect to control cultures. The pro-survival
effect of TRAIL was even more pronounced when TRAIL
was added simultaneously with the pro-inflammatory cy-
tokines for 48 h before seeding the culture in serum-free
medium (fig. 3A). Comparable results were obtained
also by flow cytometry analysis after PI/annexin V stain-
ing (fig. 3B).
In a different group of experiments, apoptosis was in-
duced in rat VSMCs by serum starvation. At 96 h of
serum withdrawal, apoptosis was approximately 30–
40% in untreated cells, while again it was significantly
(p < 0.05) lower in cultures treated with TRAIL (fig. 3C).
Of note, the specific cell-permeable compound
PD98059, a commonly used inhibitor of the ERK path-
way, did not cause any cytotoxic effect, while it signifi-
cantly (p <0.05) counteracted the protective effect of
TRAIL on VSMC apoptosis (fig. 3C).

TRAIL promotes proliferation and migration 
of VSMCs 
Starting from the observation that TRAIL did not induce
cytotoxicity and, rather, protected rat VSMCs from apop-
tosis in the following next experiments we investigated
whether TRAIL could affect other relevant biological pa-
rameters of VSMCs, such as proliferation and migration.
In these experiments, rat VSMCs were also treated with
insulin and PDGF, two cytokines known to affect VSMC
proliferation and migration [25, 26]. The effect of TRAIL
on VSMC proliferation was initially investigated by
counting the total number of viable VSMCs 36 h after the
addition of the cytokines to subconfluent quiescent cul-
tures. As shown in figure 4A, the total number of VSMCs
significantly (p < 0.05) increased in TRAIL-treated cul-
tures, as well as in cultures exposed to insulin. This effect
was confirmed, and was more evident, by analyzing the
thymidine incorporation: TRAIL, insulin and PDGF in-
duced a 2.3-, 3.5- and 2-fold increase, respectively (fig.
4B). In other experiments, the directed migration re-
sponse of VSMCs toward TRAIL was investigated in

Transwell migration chamber assays. We observed a sig-
nificant increase (> 2.0-fold, p < 0.05) with respect to
control cultures, in directed migration of VSMCs to
TRAIL (fig. 4C). As expected [25], insulin induced a
weak migration activity, while a significantly (p < 0.001)
greater migration occurred in response to PDGF, leading
to a >6-fold stimulation with respect to control cultures.
The specificity of these TRAIL-induced biological ef-
fects was confirmed by pre-incubation of TRAIL with
TRAIL-R1-Fc or TRAIL-R2-Fc chimeric proteins, which
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Figure 3. Protection of VSMCs from apoptosis by TRAIL. (A, B)
Rat VSMCs were either left untreated or treated with pro-inflam-
matory cytokines (20 ng/ml of TNF-a + 2 ng/ml IL-1b + 40 ng/ml
of IFN-g) in the absence or presence of TRAIL (10 ng/ml), before
culture in serum free-medium. Cell viability was analyzed under a
fluorescent microscope after nuclear staining with PI. Viable and
apoptotic cells were counted (A). For each sample, at least 250 cells
were counted in different high-power fields, and the percentage of
apoptosis is reported. Asterisks indicate representative apoptotic
cells (original magnification, ¥20). Apoptotic cells were quantita-
tively evaluated by flow cytometry after PI/annexin-V staining (B).
The percentage of late-apoptotic cells (upper-right quadrant) is in-
dicated. A representative of three separate experiments, which gave
similar results, is shown. (C) Rat VSMCs were subjected to serum
withdrawal and either left untreated or pre-incubated with PD98059
before exposure to TRAIL. Apoptosis was quantitatively evaluated
by flow cytometry after PI/annexin-V staining. Data represent the
means ± SD of three to five independent experiments (* p<0.05 vs
untreated cells).



completely (p < 0.01) abrogated the ability of TRAIL to
promote cell proliferation and migration, without ex-
hibiting by themselves any effect on VSMCs (data not
shown). Of note, ERK activation is known to be an im-
portant step in both insulin- and PDGF-directed [25, 26]
proliferation and migration of VSMCs. Therefore,
PD98059 was used to investigate a possible involvement
of the ERK pathway in TRAIL-induced proliferation and
migration. PD98059 decreased basal cell proliferation as
well as that induced by TRAIL, insulin and PDGF
(p < 0.05) (fig. 4B). Moreover, pre-treatment of VSMCs
with PD98059 also significantly (p < 0.05) inhibited their
migration response toward TRAIL, insulin and PDGF
(fig. 4C). 

Activation of ERK by TRAIL
To corroborate the above findings obtained with
PD98059, suggesting a key role of the ERK pathway in
mediating the biological activity of TRAIL on VSMCs,
we next examined the effect of TRAIL on ERK/MAPK
phosphorylation in VSMCs, by immunoblotting with a
phospho-specific ERK1/2-MAPK antibody that recog-
nizes the dually phosphorylated Thr/Glu region derived
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Figure 4. Proliferation and migration of rat VSMCs in response to
TRAIL. (A) The total number of viable VSMCs was counted 36 h
after the addition of TRAIL (10 ng/ml), insulin (1 mM) or PDGF 
(10 ng/ml) to sub-confluent quiescent cultures. (B) [3H]thymidine
incorporation into DNA was assayed in VSMCs incubated with ve-
hicle (0.1% DMSO) or PD98059, before treatment with TRAIL, in-
sulin and PDGF. [3H]thymidine incorporation is expressed as the
relative fold increase compared with untreated (Untr.) cells. (C)
VSMCs were incubated with vehicle or PD98059 and then plated in
the upper compartment of a 6.5-mm Transwell. TRAIL, insulin or
PDGF were added to the lower wells and cell migration through the
filter was counted after 5 h. Migration induced by each treatment
was evaluated by counting the number of migrated cells in five
high-power fields and is expressed as the relative fold increase
compared with untreated cells. (A–C) Results are the average ± SD
from at least three experiments each performed in duplicate (* p <
0.05 vs untreated cells).

from the active form of MAP kinase enzymes. The
amount of total ERK1/2 was determined in the same cell
extracts using an antibody that recognizes ERK1/2 inde-
pendent of their phosphorylation state. Exposure to
TRAIL of quiescent cells induced ERK1/2 phosphoryla-
tion from 1 min of treatment onwards (fig. 5A). The peak
of activation was observed at 15 min, resulting in a >3-
fold increase in phosphorylated, activated ERK/MAPK
compared with untreated control (p < 0.01). The activa-
tion of ERK1/2 by TRAIL was lower, but comparable to
that induced by insulin and PDGF, used as positive con-
trols (fig. 5A). Pre-incubation with PD98059 blocked the
ability of both TRAIL (fig. 5B), and insulin and PDGF
(data not shown) to activate ERK1/2, confirming that the
concentration of PD98059 (50 mM), used in the survival,
migration and proliferation assays, was effective in sup-
pressing the ERK1/2 pathway. The ability of TRAIL to
activate the ERK1/2 pathway was not paralleled by phos-
phorylation of p38/MAPK (fig. 6A). On the other hand,
this pathway was significantly activated by both insulin
and PDGF (fig. 6A). 
Since the Akt pathway has also been shown to play a sig-
nificant role in VSMC survival, migration and prolifera-



tion [27], we also evaluated the phosphorylation levels of
Akt in response to TRAIL. As shown in figure 6B, only
modest Akt phosphorylation was observed in VSMCs
upon exposure to TRAIL, in contrast to the potent Akt ac-
tivation induced by both insulin and PDGF.

Discussion

Expression of TRAIL and TRAIL-Rs mRNAs has been
clearly documented in several cells and tissues [1], while
much less is known for the protein level. In this study, we
demonstrated for the first time that TRAIL protein is ex-
pressed in both human and rat arteries. In particular, im-
munohistochemistry revealed that TRAIL is predomi-
nantly expressed in the tunica media, as previously sug-
gested for the mouse [8]. Moreover, we demonstrated for

the first time that both human and rat VSMCs express the
‘death receptors’TRAIL-R1 and TRAIL-R2. However, de-
spite the expression of both death receptors, VSMCs did
not undergo apoptosis when treated with recombinant sol-
uble TRAIL, even when these cells were primed with pro-
inflammatory cytokines. This implies the existence of in-
tracellular mechanisms which confer resistance to the pro-
apoptotic potential of TRAIL. One such mechanism is
certainly the activation of the ERK/MAPK pathway. In
fact, the ERK1/2 pathway has previously been demon-
strated to be involved in the inactivation of the pro-apop-
totic protein Bad by phosphorylation and plays a positive
role in VSMC survival following oxidant injury [28–30].
Of note, TRAIL activated the ERK/MAPK pathway in
VSMCs, similarly to insulin and PDGF. On the other hand,
unlike to insulin and PDGF, TRAIL induced only a weak or
no activation of Akt and p38 pathways, respectively. 
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Figure 5. Time-course analyses of ERK1/2 phosphorylation in VSMCs in response to TRAIL. (A) rat VSMCs were stimulated with TRAIL
(10 ng/ml) for 0–120 min and cell lysates were analyzed for ERK1/2 phosphorylation by Western blot analysis. For comparison, analyses
of cells stimulated with insulin (1 mM) or PDGF (10 ng/ ml) are also shown. Protein bands were quantified by densitometry and levels of
P-ERK1/2 were calculated for each time point, after normalization to ERK1/2 in the same sample. Unstimulated basal expression was set
as unity. (B) Cultures were pre-incubated with vehicle (0.1% DMSO) or PD98059, before treatment with TRAIL. Phosphorylation of
ERK1/2 was analyzed in cell lysates at 15 min of TRAIL treatment. Equal loading was confirmed by total ERK1/2 staining. Data are rep-
resentative of three independent experiments that gave similar results.



Our present findings are noteworthy also in light of our
previous data demonstrating that TRAIL also promotes
the survival/proliferation of human umbelical vein en-
dothelial cells (HUVECs) [7], strengthening the notion
that TRAIL plays an important role in vascular biology.
However, several important differences distinguish the
effect of TRAIL on endothelial cells versus VSMCs: (i)
both HUVEC and human aortic endothelial cells express
all TRAIL receptors on their surface [7] while human

VSMCs only express TRAIL-R1 and TRAIL-R2; (ii)
TRAIL potently activates the Akt pathway in HUVECs
[7] while it only modestly activates this pathway in
VSMCs; (iii) inhibition of the ERK pathway by PD98059
does not affect the pro-survival activity of TRAIL in en-
dothelial cells [7], while it counteracts the pro-survival
activity of TRAIL on VSMCs.
Interestingly, other authors have previously shown that
ERK1/2 activity is dramatically induced during VSMC
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Figure 6. Time-course analyses of p38 and Akt phosphorylation in VSMCs in response to TRAIL. Rat VSMCs were stimulated with
TRAIL for 0–120 min and cell lysates were analyzed for p38 (A) and Akt (B) activation by Western blot analysis of phosphorylated p38
and Akt. For comparison, analyses of cells stimulated with insulin or PDGF are also shown. Protein bands were quantified by densito-
metry and levels of P-p38 (A) and P-Akt (B) were calculated for each time point, after normalization to p38 and Akt in the same sample.
Unstimulated basal expression was set as unity. A representative of three separate experiments is shown.



proliferation in injured arteries of the rat [18] and it is
rapidly induced by several cytokines, including insulin
and PDGF [25, 26]. Consistent with the previous data that
the ERK1/2 pathway is a central element in transducing
mitogenic and chemotactic signals in VSMCs [16], we
demonstrated here that TRAIL is able to increase VSMC
proliferation and migration, and that such effects are ab-
rogated by PD98059. TRAIL acted as a chemoattractant
for primary VSMCs at a level comparable to insulin, but
significantly lower than that induced by PDGF, one of the
most potent chemoattractants for VSMCs [16]. Since  the
p38/MAPK pathway has been demonstrated contribute
significantly to the induction of VSMC migration by
PDGF [15–17], the lower activity of TRAIL on the mi-
gration of VSMCs when compard to PDGF is likely due
to its inability to significantly activate the p38/MAPK
pathway in these cells. 
TRAIL promoted VSMC migration and proliferation at
concentrations (10 ng/ml) in the range of those found in
the serum of patients affected by hematological malig-
nancies or HIV-1 disease [31]. Migration and prolifera-
tion of VSMCs are crucial events in the formation of in-
timal thickening in animals and humans with atheroscle-
rosis, which is characterized by additional events,
including endothelial cell dysfunction and increased ex-
tracellular matrix and lipid deposition. The role of single
cytokines or hormones in the pathophysiology of athero-
sclerosis is very complex [32]. For example, insulin stim-
ulates VSMC migration and proliferation, as also shown
in this study, but inhibits migration induced by PDGF
[25, 33, 34]. Moreover, during the prolonged process of
atherogenesis, complex interactions between the vascular
cells and infiltrating immune cells yield local production
of a great variety of biologically active substances, such
as inflammatory cytokines and growth factors. These
bioactive substances may in turn regulate cell functions
(such as apoptosis, migration and replication) in a
paracrine or autocrine fashion and consequently influ-
ence cellularity and morphogenesis of the vessel wall. In
particular, pro-inflammatory cytokines, such as INF-g, a
product of activated T lymphocytes, and TNF-a and IL-
1b, two cytokines elaborated by activated macrophages,
found in atherosclerotic plaques, can profoundly alter the
functions and viability of VSMCs [35–37]. We con-
firmed that the simultaneous exposure to these three cy-
tokines promotes apoptosis of cultured VSMCs, in line
with the hypothesis that in atheromatous plaques, acti-
vated immune cells may trigger apoptosis of VSMCs by
producing these cytokines [32]. Unexpectedly, unlike
Fas/CD95L, which plays an important role in the induc-
tion of apoptosis in atherosclerotic plaques [38, 39], we
demonstrated in this study that TRAIL protected VSMCs
from apoptosis triggered by pro-inflammatory cytokines.
Therefore, although the overall impact of TRAIL on vas-
cular biology needs to be further addressed in more intact

paradigms and in pathological conditions, our findings
strongly suggest that TRAIL, which is expressed in the
tunica media, likely plays an important role in vascular
biology, due to its ability to increase VSMC survival, mi-
gration and proliferation.
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