Apoptosis (2008) 13:634—-640
DOI 10.1007/s10495-008-0199-4

ORIGINAL PAPER

Adenovirus-mediated gene transfer of tissue factor pathway
inhibitor induces apoptosis in vascular smooth muscle cells

Yu Fu - Zhaoying Zhang - Gaigai Zhang - Yue Liu -
Ying Cao - Jinfeng Yu - Jing Hu ‘- Xinhua Yin

Published online: 27 March 2008
© Springer Science+Business Media, LLC 2008

Abstract

Objective  To investigate the pro-apoptotic effect of tissue
factor pathway inhibitor (TFPI) gene transfer mediated by
adenovirus on vascular smooth muscle cells (VSMCs).
Methods Rat VSMCs were infected with recombinant
adenovirus containing either the TFPI (Ad-TFPI) or LacZ
(Ad-LacZ) gene or DMEM in vitro. TFPI expression was
detected by ELISA. Apoptosis of VSMCs was determined
by electron microscopy and flow cytometry. The expres-
sion of cytochrome c, procaspase-3, cleaved caspase-3,
cleaved caspase-9 and inhibitor of apoptosis protein-1(IAP-
1) were examined by western blot and RT-PCR.

Results TFPI protein was detected in the TFPI group after
gene transfer and the peak expression was at the 3rd day.
At the 3rd, 5th and 7th day after gene transfer, the apoptotic
rates in the TFPI group were 11.95%, 71.96% and 37.83%,
respectively, whereas those in the LacZ group were 1.34%,
1.83% and 6.37%, respectively. We observed cell con-
traction, slight mitochondrial swelling, nuclear pyknosis
and apoptotic body formation in TFPI-treated VSMCs
using electron microscopy. Cytochrome c, cleaved cas-
pase-3 and cleaved caspase-9, which are all involved in
mitochondrial pathway, were detected in the cytoplasm on
the 3rd, Sth and 7th day after TFPI gene transfer. Procas-
pase-3 expression was significantly decreased over time in
the TFPI group (each P < 0.05), which were not seen in
the Ad-LacZ and DMEM groups. The expression of IAP-1
mRNA in the TFPI group was also decreased compared
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with the Ad-LacZ and DMEM groups (each P < 0.05) at
the 3rd and 7th day after gene transfer.

Conclusion The results demonstrated that overexpression
of TFPI gene might induce VSMC apoptosis in vitro
through the mitochondrial pathway; meanwhile, IAP-1
expression is decreased. These findings indicated that TFPI
might inhibit restenosis by inducing apoptosis in VSMCs.

Keywords Tissue factor pathway inhibitor -
Vascular smooth muscle cell - Apoptosis - Restenosis -
Caspase - Inhibitor of apoptosis protein-1

Tissue factor pathway inhibitor (TFPI) is the major phys-
iological inhibitor of tissue factor (TF) and plays a critical
role in regulating TF-mediated blood coagulation. TFPI is a
Kunitz-type protease inhibitor, which consists of three
Kunitz-type domains. It inhibits TF activity by forming a
quaternary complex through two steps. First, the Kunitz II
domain binds to factor Xa, and then, the Kunitz I domain
binds to the TF/FVIIa complex. Recent studies have
demonstrated that TFPI is synthesized not only by endo-
thelial cells but also by vascular smooth muscle cells
(VSMCs) in the coronary arteries [1].

Restenosis after percutaneous transluminal coronary
angioplasty (PTCA) or stents is still a limitation in inter-
ventional therapy and occurs in 15-30% of patients after
angioplasty procedures or intracoronary stenting [2, 3]. The
main causes of restenosis are thrombosis, neointimal
hyperplasia and vascular remodeling [4]. Both our and
other previous studies have demonstrated that TFPI gene
transfer or recombinant TFPI (rTFPI) irrigation can sig-
nificantly reduce restenosis by inhibiting thrombosis,
preventing neointimal hyperplasia and reducing remodel-
ing [5-8]. Insufficient VSMC apoptosis is one of the key
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events in restenosis after angioplasty. Hamuro et al. [9] and
Tasiou et al. [10] have demonstrated that TFPI can induce
apoptosis in endothelial cells and malignant human glio-
mas. Lin et al. [11] have also found that the process of
apoptosis triggered by rTFPI is, at least partially, actively
conducted by rat mesangial cells possibly through the PI3-
kinase-Akt signal pathway and not by binding to TF.
However, there are no reports about the effect of TFPI on
VSMC apoptosis.

In this study, we investigated the effect of TFPI on
VSMC apoptosis. For the first time, we have demonstrated
that the TFPI gene induced apoptosis in VSMCs. The
mitochondrion is the target of many signal transduction
molecules that promote cell apoptosis and is the integration
element of the cell death pathway. Our results suggest that
the mitochondrial pathway includes cytochrome c, caspase-9
and caspase-3 activation and may lead to VSMC apoptosis
caused by TFPI gene transfer. We have further proved that
inhibitor of apoptosis protein-1 (IAP-1) was decreased in
the TFPI group when apoptosis appeared.

Materials and methods
Reagents

Anti-f-actin, anti-procaspase-3 and anti-caspase-9(cleaved)
antibodies were purchased from Santa Cruz Biotechnology.
Anti-caspase-3(cleaved) antibody was purchased from Cell
Signaling Technologies. Anti-cytochrome ¢ antibody was
purchased from Neomarker Biotechnology. Adenoviruses
containing human TFPI gene and LacZ gene (both were
5 x 10® pfu/ml) were obtained from Dr. Yin Xinhua.

Cell culture

Rat VSMCs were cultured by the explantation technique
from rat aortic segments and used between passages three
and six. VSMCs were maintained at 37°C, 5% CO, in
DMEM containing 10% FBS (Hyclone).

Adenovirus infection

Vascular smooth muscle cells were grown in 6-well plates
in DMEM containing 10% FBS. When the cells were
nearly 70-80% confluent, the medium was changed to
DMEM without FBS. The Ad-TFPI or Ad-LacZ was added
to the medium, respectively, at a multiplicity of infection
(MOI) of 100. Two hours later, the cells were washed three
times with PBS, and the medium was changed to DMEM
containing 10% FBS. As a control in all experiments, an
identical group of cells was left uninfected but was incu-
bated for 2 h in serum-free DMEM.

ELISA assay

At the Ist, 3rd, S5th and 7th days after gene transfer, cell
culture mediums in each group were collected respectively
each day, and quantitative determination of TFPI expres-
sion was performed using a specific ELISA kit for human
TFPI protein (American Diagnostica Inc.) following the
manufacturer’s instructions.

Apoptosis analysis

Two methods were used to determine the presence of
apoptosis. (a) For electron microscopy, as described pre-
viously [12], cells were seeded in 6-well plates, infected
as indicated, fixed in 2.5% glutaraldehyde in Hank’s
modified salt solution, postfixed in 1% OsO, in 0.1 M
cacodylate buffer, scraped off and dehydrated in a series
of ethanol. Dehydration was completed in propylene
oxide, and the specimens were embedded in Araldite.
Ultrathin sections were produced on an ultramicrotome,
mounted on copper grids and contrasted with lead citrate.
Specimens were analyzed and documented by electron
microscope. (b) An apoptosis detection kit was also uti-
lized. The translocation of phosphatidylserine to the cell
surface was detected by an Annexin V-FITC apoptosis
detection kit (JINGMEI Biotech, China) at the 3rd, 5th
and 7th days after gene transfer. The kit was used
according to the manufacturer’s protocol.

Western blot

Western blot analysis was performed by the method
described previously [13]. At the 1st, 3rd, 5th and 7th days
after gene transfer, the cells were washed with PBS and
resuspended in cold lysis buffer with PMSF. The cell lysate
was incubated on ice for 30 min and centrifuged at 12,000g
for 15 min at 4°C. The protein content of the supernatant
was determined by using a BCA-200 protein assay kit
(Beyotime). Equal amounts of proteins (20-50 pg) were
loaded into the gel and separated on 10%, 12% or 15%
SDS-polyacrylamide gel -electrophoresis (SDS-PAGE).
The resolved proteins were transferred to PVDF mem-
branes. After blocking with 5% nonfat milk in TBST for
1 h at 37°C, the blots were incubated overnight at 4°C with
a primary antibody against f-actin (1:500 mouse mono-
clonal), cytochrome c (1:200 mouse monoclonal), cleaved
caspase-9 (1:200 rabbit polyclonal), procaspase-3 (1:400
rabbit polyclonal) or cleaved caspase-3 (1:500 rabbit
polyclonal) diluted in blocking buffer respectively. The
membrane was washed with TBST and probed with
horseradish peroxidase-conjugated secondary antibody for
1 h at 37°C. The membrane was washed three times in
TBST and then treated with DAB according to the
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manufacturer’s protocol. Protein—antibody complexes
conjugated with secondary antibody were visualized on the
GIS Imaging System.

Reverse transcription-polymerase chain reaction
(RT-PCR) of IAP-1

Approximately 5 x 10° cells were washed with PBS at the
3rd or 7th day after gene transfer in preparation for
extracting total cellular RNA. The cells were then resus-
pended in 1 ml Trizol (Invitrogen), and the total RNA in
each group was extracted according to the manufacturer’s
guidelines. RT was performed with 1 pg of isolated RNA
and a reverse transcription kit (Promega). The RT reaction
was carried out with random primers according to the
manufacturer’s protocol. The cDNA (1 pg) was amplified
using gene-specific primers. Primers were designed to
detect rat IAP-1 (forward: 5-TGGCTACTTCAGTGG
CTCCT-3'; reverse: 5-GCAAAGCAGGCCACTCTATC-
3/, 227 bp) and rat S-actin (forward: 5'-GGCTACAGCT
TCAC CACCAC-3; reverse: 5-GCTTGCTGATCCACA
TCTGC-3', 499 bp) mRNA levels in each group at the 3rd
and 7th days after gene transfer. PCR was performed using
a standard protocol recommended by the manufacturer
with primer concentrations optimized to 1 uM. Analysis
was performed using the GIS detection system.

Statistical analysis

All results are expressed as the mean £ SEM. The vari-
ance analysis was used for statistical analysis, and a P value
<0.05 was considered statistically significant.

Results
TFPI expression

At the Ist, 3rd, 5th, 7th days after gene transfer, TFPI
protein was detected in the TFPI group (Table 1). The peak
expression was at the 3rd day. This demonstrated that the
exogenous TFPI gene was both transferred into VSMCs
and successfully expressed.

TFPI induces apoptosis in rat VSMCs

Morphologically, the cell apoptosis induced by TFPI
met all the classical features of apoptosis (Fig. 1). Early
stages of apoptosis were characterized by cell contracting,
cytoplasm condensing and mitochondria lightly swelling
(TFPI group, the 3rd day). Later stages of apoptosis were
characterized by nuclear pyknosis, mitochondria and
endoplasmic reticulum distension, as well as the formation
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Table 1 TFPI protein expression in each group

Group 1st Day 3rd Day 5th Day 7th Day
Ad-TFPI 1432 £ 0.73 14.49 £ 0.87 12.19 £ 0.30 11.83 £ 1.15
Ad-LacZ ND ND ND ND

DMEM ND ND ND ND

ND indicates not detectable (mean & SD, n = 6)

of apoptotic body (TFPI group, the 5th and 7th day). At the
7th day after Ad-TFPI infection, signs of apoptosis and
secondary necrosis were seen in more than 70% of cells.
However, no significant changes were observed in the
LacZ or control groups.

Also, TFPI expression led to the exposure of phospha-
tidylserine on the outside of the plasma membrane. FACS
analyses of annexin V-FITC and Pl-staining were per-
formed. Cells in the lower quadrant on the right side are
annexin V-FITC positive and PI negative, indicating that
they are in the early stages of apoptosis (Fig. 2). The
apoptotic rates in the TFPI group at the 3rd, S5th and 7th
days after gene transfer are 11.95%, 71.96% and 37.83%,
respectively, whereas the apoptotic rates in the LacZ group
are 1.34%, 1.83% and 6.37%, respectively. At the 7th day,
the early apoptotic rates in the TFPI group decreased, but
later apoptotic rates increased compared with the 5th day.

These results imply that the inhibition of restenosis by
TFPI may be due to its ability to induce VSMC apoptosis.

Molecular mechanisms of TFPI-induced apoptosis
in VSMCs

Recent apoptosis studies have revealed that cytochrome cisa
pro-apoptotic factor released from the inner mitochondrial
membrane at early stages of apoptosis [14, 15]. Cytochrome ¢
leakage from the mitochondria in the cytosolic fraction was
detected when significant apoptosis occurred in the TFPI
group, as shown in Fig. 3, but not in the LacZ group. These
results support the hypothesis that cytochrome c is involved
in TFPI-induced VSMC apoptosis.

In eukaryotic cells, the execution of apoptosis depends
on the activation of a family of cysteine proteases, known
as caspases [16]. Cell lysates from Ad-TFPI- or Ad-LacZ-
transferred VSMCs were probed with specific antibodies.
Decreases of procaspase-3 and increases of cleaved cas-
pase-3 and caspase-9 were observed and indicate that
caspase was activated in the TFPI group. Figure 3 showed
that caspase-3 and caspase-9 were activated initially at the
3rd day after gene transfer. Figures 3 and 4 demonstrated
that procaspase-3 degradation was observed, which is an
indicator of caspase-3 activation, from the 3rd day in the
TFPI group (P < 0.05). These results further suggested that
the mitochondrial signaling pathway was involved in the
TFPI-induced apoptotic process in VSMCs.
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Formation of apoptotic body

Fig. 1 Electron microscopic features of Ad-TFPI induced VSMC apoptosis. VSMCs were infected at 100 MOI with Ad-TFPI. The cells were
fixed and analyzed by electron microscopy at different times after infection (original magnification, A x 4000, B, C, D x 8000)
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Fig. 2 Induction of apoptosis by TFPI in rat VSMCs at different times after gene transfer

Fig. 3 Western blot results of
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Role of IAP-1 during TFPI-induced apoptosis

The levels of rat TAP (RIAP)-1 mRNA were then analyzed by
RT-PCR. Infecting VSMCs with Ad-TFPI at MOI 100
caused substantial down-regulation of RIAP-1 mRNA levels
at the 3rd and 7th days after gene transfer. This was not
observed in the LacZ or control groups (Fig. 5, P < 0.05).
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Discussion

In this study, we demonstrated that TFPI gene trans-
fer can induce VSMC apoptosis and that this effect
is exerted through both activation of cytochrome c,
caspase-9 and caspase-3 and inhibition of IAP-1
expression.
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Fig. 4 Procaspase-3 expression
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Fig. 5 IAP-1 mRNA (a) M TFPI LacZ DMEM (b)M  TFPI LacZ DMEM

expression in different groups at
the 3rd and 7th days after gene
transfer. (a) and (b) are RT-PCR
results. (c) Shows the analysis
of IAP-1 mRNA expression
(*P < 0.05, *P > 0.05)
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Several studies have demonstrated that balloon injury of
vessels induces VSMC apoptosis [17]. A rapid onset of
apoptosis in medial VSMCs was observed within hours
after balloon injury. Kamenz et al. [18] counted the num-
bers of cells in the intima and examined VSMC
proliferation and apoptosis in injured carotid arteries at the
7th, 14th and 28th days after injury. They found that the
cell number was highest at the 7th day. Intimal hyperplasia
was most obvious on the 28th day. VSMC apoptotic rates
were unchanged on the 7th, 14th and 28th days and were
all lower than 1%. These results demonstrated that an
insufficient increase in cell apoptosis, concomitant with
intimal hyperplasia, might be the direct reason for the
increasing intimal cell counts those are seen. Previous
studies have demonstrated that increasing VSMC apoptosis
can reduce neointimal hyperplasia in vivo [19]. Because
TFPI can induce endothelial cell apoptosis, we hypothesize
that it may prevent the occurrence of restenosis through the
induction of VSMC apoptosis.

Malik et al. [20] established the model of balloon-
injured porcine coronary arteries and found that medial
VSMC apoptosis peaked at 18 h after injury and that
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decreased apoptosis was observed on the 3rd and 7th days
but not on the 14th day. Previous studies have demon-
strated that there was weak TFPI expression at the first day
after gene transfer but that expression peaked at the 3rd day
[21]. In this study we also found that the peak expression of
TFPI protein was at the 3rd day by ELISA. As a result, we
examined apoptosis at the 3rd, 5th and 7th days after gene
transfer and observed, both by electron microscopy and
flow cytometry, that TFPI could induce VSMC apoptosis.
In detail, TFPI induces apoptosis by the 3rd day after gene
transfer. The early apoptosis rate is about 11.95%. The
apoptosis rate at the 5th and 7th days are 71.96% and
37.83%, respectively, but the later apoptosis rate is
increased on the 7th day, and there are also some necrotic
cells observed in the TFPI group by electron microscopy.
This is consistent with lower levels of apoptosis on the
vessel wall after injury mentioned above and, therefore,
contributes to the insufficient increase in cell apoptosis in
correspondence with intimal hyperplasia.

The cellular apoptotic process is controlled by both
intrinsic and extrinsic mechanisms. Recent studies have
revealed that cytochrome ¢ is a pro-apoptotic factor.
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Leakage of cytochrome c from the inner mitochondrial
membrane has been proposed as a central event during the
early steps of apoptosis [14, 15]. In particular, cytochrome
c that is released from the mitochondria into the cytoplasm
binds to Apaf-1 during apoptosis [22, 23]. The Apaf-1/
cytochrome ¢ complex promotes the autocatalytic activa-
tion of caspase-9 [24, 25], and activated caspase-9 can
cleave and activate procaspase-3 directly, leading to a
cascade of additional caspase activation and apoptosis.
Studies with cells derived from caspase-9 knock-out mice
indicate that caspase-9 is necessary for apoptosis induced
by multiple stimuli those are known to trigger cytochrome
¢ release from mitochondria [26, 27].

Similar to other cells, VSMCs can also undergo apop-
tosis in response to a broad array of stress via exogenous
and endogenous pathways, such as mitochondria. In this
study, we first hypothesized that TFPI gene transfer might
induce VSMC apoptosis through the mitochondrial path-
way. The increased cytochrome c level in cytoplasm,
decreased expression of procaspase-3 and activation of the
caspases-3 and -9 were detected in TFPI gene transferred
VSMCs but not in the LacZ and DMEM groups. These
results further suggested that the mitochondrial signaling
pathway may be really involved in the TFPI-induced
apoptotic process in VSMCs. George et al. [28] demon-
strated that TFPI-2 increases both the activity of caspase-9
and caspase-3 and the expression of cleaved caspase-9 and
caspase-3 in U-251 cells, which are similar to our results.

On the other hand, we assume that TFPI exerts its cell-
killing activity via a pathway independent of mitochondria.
In this aspect, TFPI might cause apoptosis through the IAP
pathway. Among apoptotic regulators, considerable interest
has been focused on the IAP-1 family, which was first
identified as a family of negative programmed cell death
regulators [29]. Recent studies demonstrated that several
human IAPs (XIAP, c-IAP1 and c-IAP2) inhibit caspases
directly [30, 31]. In the caspase activation pathway, IAPs
bind directly to procaspase-9 and prevent its processing
and activation induced by cytochrome c, both in intact cells
and cell extracts, where caspase activation is induced by
the addition of exogenous cytochrome ¢ [32]. IAPs can also
bind directly to and potently inhibit the next caspase in the
cytochrome c¢/Apaf-1-induced cascade, caspase-3 [22];
therefore, Srinivasula et al. [33] presumed that IAP family
proteins can also interfere with a reported amplification
loop in which active caspase-3 cleaves and activates
additional procaspase-9 molecules. In this study, we
observed that IAP-1 mRNA levels in the TFPI group were
significantly decreased, as compared to those in the LacZ
and control groups at the 3rd and 7th days. Its decrease is
consistent with caspase-9 and caspase-3 activation.

Results from the present study highlight the molecular
mechanisms underlying TFPI-induced anti-restenosis

activity. TFPI-induced cytochrome c leakage from the
mitochondria resulted in caspase-9 and caspase-3 activa-
tion and eventually caused VSMC apoptosis. TFPI also
decreased IAP-1 expression and, therefore, reduced the
inhibitory effect of IAP-1 on caspase-3 activation. Because
TFPI regulates an array of cellular processes including
proliferation, migration and apoptosis [28, 34, 35], which
are essential to neointimal hyperplasia and restenosis,
adenovirus-mediated TFPI gene transfer may provide a
useful tool for the local treatment of these and other
vascular proliferative disorders.

Conclusion

The present results demonstrated that overexpression of
TFPI gene might induce VSMC apoptosis in vitro through
the mitochondrial pathway; meanwhile, IAP-1 expression
is decreased. These findings indicated that TFPI might
inhibit restenosis by inducing apoptosis in VSMCs.
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