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Electric fields (EFs) exert biological effects on promoting
wound healing by facilitating cell division, cell prolifer-
ation, and cell directional migration toward the wound. In
this study, we examined the inhibitory effect of direct-
current (DC) EFs on the formation of neointimal hyper-
plasia and the possible mechanism in an abdominal aorta
balloon injury rabbit model. Sixty rabbits were divided
into normal, control, and experimental groups. After
establishment of the abdominal aorta balloon injury
model, electrodes were implanted into the bilateral psoas
major muscle in control and experimental groups. Only
the experimental group received electric stimulation (EFs
applied at 3 or 4 V/cm for 30 min/day) for 1, 2, and 4
weeks, respectively. Neointimal hyperplasia of the
abdominal aorta and proliferation of vascular smooth
muscle cells (VSMCs) were measured. Expressions of col-
lagen, p27Kip1, and phosphatase and tensin homolog
deleted on chromosome 10 (PTEN) were detected. Results
showed that the ratio of the tunica intima area to the
tunica media area, the expression of type-I collagen in the
neointimal, and the proliferating cell nuclear antigen
index in experimental groups were significantly less than
those in control groups 2 weeks post-operation (P < 0.01).
Expressions of p27Kip1 and PTEN were increased in
experimental groups compared with control groups (P <

0.01). In conclusion, our results suggested that the appli-
cation of DC EFs could inhibit neointimal hyperplasia
and reduce collagen expression after abdominal aorta
balloon injury. This was probably induced by upregula-
tion of PTEN/p27Kip1 expression, thereby inhibiting
VSMC proliferation.
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Introduction

Restenosis after successful percutaneous transluminal cor-
onary intervention remains a major problem limiting the
long-term efficacy of this procedure. Direct and indirect
evidence strongly indicated that intimal hyperplasia or pro-
liferation of medial smooth muscle cells may be one of the
main reasons [1]. Medial vascular smooth muscle cells
(VSMCs) constitute the cardinal component of the arterial
wall. It is believed that restenosis involves the reactivation
of quiescent VSMCs in the arterial wall that induced by
mechanical or inflammatory means [2]. The proliferation of
VSMCs is controlled by a complex interaction between
stimulatory and inhibitory growth factors [3]. When the sti-
mulating growth factors overcome the action of inhibitors,
the proliferative activity of VSMCs is greatly increased and
the healing process occurs [4,5]. The intrinsic proliferative
potential of VSMCs may also play an important role in the
growth regulation.

Currently, treatments for restenosis have focused on the
conventional medicine, gene therapy, interventional
therapy, and surgical procedures. These treatments can
reduce the risk of restenosis to a certain extent, but their
effects on the repair of vascular endothelium and the inhi-
bition of neointimal hyperplasia in the injured vascular are
incompletely understood.

Endogenous electric fields (EFs) are present in physio-
logical and pathophysiological processes such as the
wound healing, tissue regeneration, embryonic develop-
ment, and tumor formation [6]. They also exist around
blood vessels. Researchers have discovered that there are
several types of electric potential difference around the vas-
cular endothelium and that these fields are critical in regu-
lation of the generation and development of thrombosis
[7]. Electric potential difference can be generated when the
vascular endothelium is injured [7]. The electric current
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generated at the wound area and the surrounding epithelial
area is a steady direct current (DC) [8]. These endogenous
EFs exert biological effects on promoting the wound
healing by facilitating cell division, cell proliferation, cell
directional migration toward the wound, and by remodeling
and stimulating the release of various cytokines and growth
factors such as vascular endothelial growth factor [9]. If
endogenous EFs cannot stimulate the wound healing, the
application of DC to the injured and the non-injured
regions could greatly benefit this process. It has been con-
firmed that the healing of bone fractures, chronic injuries
to the soft tissue, intractable skin ulcers, as well as many
other traumatic disorders can be improved (or even treated)
by application of steady-DC EFs [10]. For example, the
degree of local atherosclerosis is alleviated after EF stimu-
lation by local implantation of electrodes in the psoas
major muscle in an atherosclerosis model in rabbits [11].

Here, we examined the inhibitory effects of DC EFs on
neointimal hyperplasia and the possible mechanism in an
abdominal aorta balloon injury rabbit model.

Materials and Methods

Animal experiment
Healthy Japanese white rabbits were provided by the
Laboratory Animal Center of the Third Military Medical
University (Chongqing, China). They were kept in individ-
ual feeding cages at 20–228C and 50–60% relative humid-
ity on a 12-h light/12-h dark cycle. They were provided
with 100 g of food (Nutrition Department of Da-Ping
Hospital, Third Military Medical University) per day and
water ad libitum.

The animal experiment protocol was approved by the
Ethics Committee of Animal Research of China (Beijing,
China). Sixty rabbits (30 males and 30 females; 3 months
old; 1.98+0.23 kg) were used in this study. Rabbits were
randomly divided into normal group (n ¼ 6), control (Con)
group (n ¼ 18), and experimental (Exp) group (n ¼ 36).
The Exp group was then divided into 3.0 V/cm Exp group
(3Exp) and 4.0 V/cm Exp group (4Exp) according to the
different EF intensity. The abdominal aorta balloon injury
model was established in the Con and the Exp groups. The
electrodes were implanted in all rabbits, but only the Exp
group received electrical stimulation. Samples were col-
lected at 1, 2, and 4 weeks post-balloon injury in each
group.

Materials
Evans blue was purchased from Sigma-Aldrich (St. Louis,
USA). Sirius red dye was purchased from Polysciences
(Warrington, USA). The apoptosis kit was from Roche
Pharmaceuticals (Nutley, USA). Mouse anti-collagen I and
III antibodies were obtained from Abcam (Cambridge,

USA) and EMD Chemicals (Darmstadt, Germany), respect-
ively. Anti-rabbit proliferating cell nuclear antigen (PCNA)
polyclonal antibody was purchased from LifeSpan
BioSciences (Seattle, USA). Phosphatase and tensin
homolog deleted on chromosome 10 (PTEN) mouse poly-
clonal antibody and rabbit anti-Kip1 (p27Kip1) polyclonal
antibody were purchased from Cell Signaling (Danvers,
USA) and Upstate Incorporated (Charlottesville, USA),
respectively. The internal standard, anti-glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) monoclonal anti-
body, was purchased from Santa Cruz Biotechnology
(Santa Cruz, USA).

Anesthesia
Rabbits were sedated with xylazine hydrochloride (5 mg/
kg, i.m.; Sigma-Aldrich) and atropine sulfate (0.04 mg/kg,
i.m.; Zhongdan Pharmaceutical Company, Taizhou, China).
Twenty minutes later, general anesthesia was induced with
ketamine hydrochloride (50 mg/kg, i.m.; Xianju
Pharmaceutical Company, Xianju, China) and maintained
with isoflurane (0.5–1% in 100% oxygen; Abbott
Laboratories Limited, Maidenhead, UK).

During the procedure, intermittent bolus doses of fentanyl
(1 mg/kg/30 min, i.v.; Yichang Pharmaceutical Company,
Yichang, China) were given to enhance analgesia. The pedal
reflex was checked every 5 min throughout the surgical
procedure.

Establishment of the rabbit model
After disappearance of the pedal reflex in the hind limbs,
rabbits were placed in the supine position on a heated oper-
ating table. The right femoral artery, the inferior segment
of the abdominal aorta, and common iliac artery were
exposed. A percutaneous transluminal coronary angioplasty
balloon of 2.5 mm � 20 mm was inserted into the inferior
segment abdominal aorta through the right femoral artery.
The distance between the balloon tip and the abdominal
aorta crotch was 3 cm. A pressure of 12 atm was used in
the balloon and released when the balloon was withdrawn
at the crotch. These procedures were repeated three times.
The balloon catheter was then withdrawn and the right
femoral artery was ligated.

A pair of platinum electrodes was inserted into the bilat-
eral psoas major muscle of the abdominal aorta. The elec-
trodes were parallel to the abdominal aorta. The electrode
tips were 2-mm above the abdominal aorta crotch, and the
distance from the electrodes to the abdominal aorta was
1 cm. All local incisions and skin were sutured in a non-
continuous style. Electrodes were fixed on the back of the
neck through a subcutaneous tunnel from the abdominal
cavity. Low-voltage DC stimulation (EFs 3 or 4 V/cm) was
applied using a DC power supply (Shan-Jie Technological
Limited Company, Shanghai, China) for 30 min/day from
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the second postoperative day until the end of the
experiment.

Prophylactic antibiotic treatment (ceftazidime 10 mg/kg/
8 h, i.m., Xianju Pharmaceutical Company) was given for
3 days. The analgesic treatment with tramadol hydrochlo-
ride (1.5 mg/kg, s.c.; Shanghai Pharmaceutical Limited
Company, Shanghai, China) was given every 4 h on the
first day, every 6 h on the second day, and every 8 h on the
third day.

Observation of the neointimal hyperplasia
After the rabbits were sacrificed, the abdominal aorta was
perfused and fixed with 4% paraformaldehyde solution.
Routine dehydration, paraffin embedding, and sectioning
were carried out after the connective tissue of the tunica
externa was sheared. The ratio of the tunica intima area to
the tunica media area was calculated using hematoxylin
and eosin (H&E) staining. Collagens I and III were stained
by Sirius red dye. To minimize the variation across differ-
ent batches of staining, the experiment procedure was per-
formed strictly according to the manufacturer’s
instructions. The concentration of the dyes and the staining
time and exposure time of the photograph should be
coincided all the time. Images were observed using an
Olympus DX71 Micro-image Acquisition System
(Olympus Optical Company, London, UK). The integrated
optical density (IOD) was calculated using Image Pro-plus
6.0 software (Media Cybernetics, Bethesda, USA).

Detection of the apoptosis and proliferation of VSMCs
and reendothelialization
The apoptosis and the proliferation of VSMCs were
detected using the terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling (TUNEL) method and
PCNA immunohistochemistry, respectively. Values of the
apoptosis index (AI) and proliferation index (PI) were cal-
culated as the percentage of positive apoptosis and positive
PCNA cell nuclei vs. the total amount of VSMCs, respect-
ively. Reendothelialization of the injured intima was
observed using Evans blue staining (1%, 1 ml/kg, i.v.,
30 min before rabbit was sacrificed). Images were obtained
using a Finepix S6500 digital camera (Fuji Company,
Sendai, Japan), and IOD values were calculated using
Image Pro-plus 6.0 software.

Immunohistochemistry
Tissue sections (4 mm) were deparaffinized, dehydrated,
and subjected to antigen retrieval using microwave oven
(2 min at 1000 W and 5 min at 200 W) followed by incu-
bation with 0.05% trypsin in phosphate-buffered solution
(PBS) for 15 min at room temperature. The endogenous
peroxidase activity was blocked by incubation in 3%
hydrogen peroxide, and then the slides were treated with

5% bovine serum albumin for 15 min. PTEN or p27Kip1

antibody was added, respectively. The incubation with
primary antibodies was performed at 48C overnight.
Following washes with PBS, the slides were incubated
with secondary biotinylated antibodies and incubated with
avidin–horseradish peroxidase complex (Vector
Laboratories, Burlingame, USA). After counter-staining
with hematoxylin (DakoCytomation, Carpinteria, USA),
the slides were examined.

Western blotting
Total protein of the abdominal aorta segment (�3 cm
above the abdominal aorta crotch) was extracted, and the
protein concentration was determined. Protein samples
were denatured by heating at 958C for 3–5 min. They were
then loaded onto 10% sodium dodecyl sulfate polyacryl-
amide gels (30 mg protein/lane).

After electrophoresis, protein bands were transferred
onto nitrocellulose membranes, incubated in the blocking
buffer (5% defatted milk powder), and washed with 1 �
TBS-T (100 mM Tris–HCl, pH 7.5, 0.9% NaCl, and
0.05% Tween 20). The expression of each examined
protein was identified using the corresponding antibody as
described in the ‘Materials’ section. Images were formatted
and recorded with a gelatin formatter (Bio-Rad, Hercules,
USA). The absorbance of each target protein band and the
internal control (GAPDH) was analyzed using Quantity
One Software (Bio-Rad). The relative expression of each
target protein was expressed as the ratio of the intensity of
the target protein band vs. the one of the GAPDH.

Quantitative real-time reverse
transcription–polymerase chain reaction
Total RNA was extracted from selected arteries by a stan-
dard protocol using Trizol reagent (Invitrogen, Carlsbad,
USA). cDNA was synthesized by reverse transcription
(RT) from 2 mg of total RNA using SuperScript II reverse
transcriptase (Invitrogen). Quantitative RT–polymerase
chain reaction (qRT–PCR) was carried out on a
RotorGene 2000 (Corbett Research, Sydney, Australia)
using an SYBR green detection protocol. After an initial
denaturation step of 5 min at 958C, PCR amplification of
the cDNA fragments corresponding to p27Kip1, PTEN, and
internal GAPDH genes was carried out through 45 cycles
at 948C for 30 s, 608C for 5 s, and 728C for 10 s. The fol-
lowing primers were used: p27Kip1 forward 50-GGG
ACCTGGAGAAGCACTGC-30, reverse 50-TTTTGTTTTG
AGGGGAAGAATC-30; PTEN forward 50-CGACGGG
AAGACAAGACAAGTTCAT-30, reverse 50-GCTAGCCT
CTGGATTTGACG-30; GAPDH forward 50-ACCCAT
CACCATCTTCCAGGAG-30, reverse 50-GAAGGGGCGG
AGATGATGAC-30.
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Statistical analysis
The SPSS11.5 software package for Windows (SPSS,
Chicago, USA) was used for data analyses. Data were
expressed as the mean+SD. The significance of the
means was tested by one-way ANOVA. The least-square
difference (LSD) test, Student’s t-test, and the Dunnett
t-test were used for multiple comparisons. P , 0.05 was
considered statistically significant.

Results

General health of rabbits
Three out of the 60 rabbits, one each from the Con 2
weeks (Con2w), 3Exp1w and 4Exp2w groups, died during
the 4-week experiment. The overall mortality was 5%. The
rabbit in the Con2w group died of the infection of the
abdominal cavity, whereas the rabbit in the 3Exp1w group
died of the intestinal obstruction. The cause of death for
the rabbit in the 4Exp2w group was not known.

The ratio of the tunica intima area to the tunica media
area
The neointimal began to form, and the thickness gradually
increased 1 week after the tunica intima was injured. The
ratios of the tunica intima area to the tunica media area in
the Con1w, Con2w, and Con4w groups were 0.08+0.01,
0.21+0.02, and 0.47+0.06, respectively. In the 3Exp
group, these values were 0.08+0.01, 0.16+0.03, and
0.28+0.04, at 1, 2, and 4 weeks after surgery, respectively,
which were significantly reduced compared with those of the
Con2w and Con4w groups (P , 0.05 and P , 0.01, respect-
ively). Similar findings were observed in 4Exp1w, 4Exp2w,
and 4Exp4w groups with ratios of 0.08+0.02, 0.15+0.02,
and 0.28+0.04, respectively (P , 0.01 compared with the
Con2w and the Con4w groups). There was no significant
difference between the 3Exp and the 4Exp groups at the
corresponding time points [Fig. 1(A,B)].

Apoptosis and proliferation of VSMCs and
reendothelialization
The apoptosis of VSMCs was not observed in the normal
group. AI values in the Con4w, 3Exp4w, and 4Exp4w
groups were 3.22%+1.13%, 2.64%+1.14%, and
3.03%+1.57%, respectively. No significant difference
was observed among these groups. PCNA-positive staining
was not observed in the VSMCs in the normal group but
could be observed in neointimal in the Con and the Exp
groups [Fig. 2(A)]. PI values of the tunica intima
[Fig. 2(B)] and the tunica media [Fig. 2(C)] in the Exp4w
group were comparable with those of the Con4w group,
whereas PI values in the Exp2w and the Exp1w groups were
significantly less than the corresponding Con groups (P ,

0.01). PI values between the 3Exp and the 4Exp groups were
not significantly different at the corresponding time points.
The injured intima showed blue, whereas the intima that was
repaired by endothelia cells did not show blue after Evans
blue staining. No significant differences of the reendotheliali-
zation areas in the neointimal were observed among the three
groups on the same observation point [Fig. 3(A,B)].

Expression of type-I and type-III collagens
Type-I and type-III collagens were stained primarily in the
tunica externa in the normal group (data not shown). The
IOD of type-I collagen began to increase in the neointimal
of the Con1w group. The highest IOD value was observed
in the Con4w group (0.20+0.02). In the 3Exp4w and the
4Exp4w groups, the IOD values were 0.08+0.02 and
0.07+0.01, respectively, which were significantly less
than that of the Con4w group (P , 0.01) [Fig. 4(A,B)].
Staining of type-III collagen in the neointimal was too
weak to be calculated using the immunohistochemical
methods in all the groups.

Expression of p27Kip1 and PTEN
Western blot analysis indicated that the expression of
p27Kip1 protein in the Con groups was similar to that of the

Figure 1 Neointimal formation of the abdominal aorta after balloon injury operation Neointimal formation with H&E staining (A, bars ¼

100 mm) and the ratio of the tunica intima area to media area of the neointimal (B). The dashed line in (A) shows the boundary of the neointimal. The

thickest neointimal of the aorta was formed in the Con4w group, and it was significantly reduced after stimulation using EFs. #P , 0.05, *P , 0.01

compared with the control group at identical time point.
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normal group [Fig. 5(A)]. It was significantly higher in all
Exp groups compared with those of the corresponding Con
groups, with the highest expression in Exp2w (P , 0.01).

Although the expression of p27Kip1 in the 3Exp1w and the
3Exp4w groups was comparable to the corresponding
4Exp groups, this level was much higher in the 3Exp2w

Figure 2 Immunohistochemical PCNA-positive staining The dashed line in the photomicrograph shows the boundary of the neointimal (A, bars ¼

100 mm). The black arrow examples show the PCNA staining positive cells in neointimal. The PI values of neointimal were calculated as the percentage

of positive PCNA cell nuclei of VSMCs vs. the total amount of VSMCs in the neointimal. PI values of the tunica intima (B) and the tunica media (C)

showed that the tunica intima and the tunica media in the Exp4w group were comparable with that of the Con4w group, whereas PI values in the Exp2w

and Exp1w groups were significantly less than the corresponding control groups. *P , 0.01 compared with the control group at identical time point.

Figure 3 Reendothelialization in the neointimal (A, digital photograph) and IOD value (B) No significant differences of the reendothelialization

areas in the neointimal were observed among the three groups on the same observation point.

Figure 4 Expressions of type-I and type-III collagens with Sirius red dye staining Immunohistochemical staining of type-I and type-III collagens

with Sirius red dye (A, bars ¼ 100 mm) and the IOD value of type-I collagen (B) in the neointimal in different groups 4 weeks after surgery. The dashed

line in the photomicrograph shows the boundary of the neointimal. The white arrow examples show the type-I collagens which were stained in red or

orange in the neointimal, whereas type-III collagen was stained green. *P , 0.01 compared with the control group.

Electrical stimulation on aorta neointimal hyperplasia

Acta Biochim Biophys Sin (2010) | Volume 42 | Issue 11 | Page 811

D
ow

nloaded from
 https://academ

ic.oup.com
/abbs/article/42/11/807/752 by guest on 10 April 2024



group [Fig. 5(A,B)]. qRT–PCR data showed that the
pattern of expression of p27Kip1 mRNA was similar to that
of western-blot analysis. The expression of p27Kip1 mRNA
in the 3Exp and the 4Exp groups was significantly higher
than that of the Con groups at the corresponding time
points (P , 0.01 or P , 0.05) [Fig. 5(C)].

PTEN protein was more highly expressed in the normal
group [Fig. 5(A)]. It began to decrease after the vessel was
injured and reached the lowest level in the Con2w group.
Although the expression of PTEN protein was significantly
less in the Exp1w groups than that in the normal group
(P, 0.01), this level increased and reached a normal level
of expression in the Exp2w group and exceeded the
normal level of expression in the 4Exp4w group (P ,

0.01). At all time points, the expression of PTEN protein
in the Exp groups was significantly higher than that of the
Con groups, and the expression in the 4Exp2w and the
4Exp4w groups was higher than that of the corresponding
3Exp groups (P , 0.01) [Fig. 5(A,D)]. qRT–PCR analysis
suggested that the expression of PTEN mRNA returned to
its normal level in the 3Exp2w and the 4Exp2w groups. In
the Con group, the expression of PTEN mRNA was signifi-
cantly less than that of the normal group at corresponding

time points [Fig. 5(E)]. Immunohistochemistry results
showed that the p27Kip1 and PTEN expressions in the
neointimal were increased after the EF application com-
pared with the control group at indicated time points
[Fig. 5(F–I)].

Discussion

Studies have shown that the vessel injury can induce the
proliferation and migration of VSMCs, and/or synthesis of
the extracellular matrix (ECM) such as collagen in the
tunica media and the tunica intima, which results in the
formation of the neointimal [4]. In healthy organism,
VSMCs in adult arteries are in the quiescent (G0) phase of
the cell cycle. After balloon injury, VSMCs most likely
enter the growth cycle in 2 and 3 days, with most prolifer-
ation completed within 7 days [12]. In the present study,
the neointimal was formed at 1 week and peaked at 4
weeks post-balloon injury and was accompanied by the
proliferation of VSMCs and a high expression of type-I
collagen. After the application of DC EFs, the neointimal
thickness and the expression of type I-collagen were
reduced significantly.

Figure 5 Expressions of p27Kip1 and PTEN of the abdominal aorta after balloon injury operation Representative western blots of p27Kip1 (A and

B) and PTEN (A and D) in protein samples isolated from rabbit abdominal aorta segments and the quantitative analysis of expressions of p27Kip1 mRNA

(C) and PTEN mRNA (E). Lanes 1–10 show expressions of p27Kip1 and PTEN proteins in the normal, Con1w, Con2w, Con4w, 3Exp1w, 3Exp2w,

3Exp4w, 4Exp1w, 4Exp2w, and 4Exp4w groups, respectively. Expression of GAPDH was used as an internal control. The amount of protein used in

each lane was 30 mg. #P , 0.05, *P , 0.01 compared with the control group at the same time point; †P , 0.01 compared with the 3Exp group at the

same time point. Immunohistochemistry staining and the IOD values of p27Kip1 (F and G) and PTEN (H and I) showed that expressions of p27Kip1 and

PTEN in the neointimal increased gradually after the EF application. The dashed line in the photomicrograph shows the boundary of the neointimal. The

black arrow examples show the positive p27Kip1 or PTEN staining cells.
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Some studies have suggested that the application of EFs
can enhance neointimal hyperplasia, therefore resulting in
stenosis in blood vessels [13]. The EFs used to produce
such vessel injury were alternating-current (AC) EFs with
electric current .1 mA. In addition, the stimulation elec-
trodes in those studies were placed in direct contact with
the tunica externa. We adopted low-voltage DC EFs with
100-mA stimulation current, and the stimulation electrodes
were surgically implanted in the psoas major muscle
instead of direct contact with vessels. The experimental
application of EFs has been shown to exert a significant
influence on cell migration and cell division. EFs can also
affect cell growth by either decreasing cell proliferation
[14,15] or increasing cell proliferation [16]. All these
effects are depended on the field strengths (e.g. the precise
stimulation parameters), the pattern of electric current (e.g.
DC vs. AC), cell types and even the location where the
stimulation electrodes were implanted. So we hypothesized
that the EFs modifications applied in the present study may
have contributed to the depression of cell proliferation and
the reduction in neointimal formation.

Many cell types can be affected by EFs. Researchers
have shown that EFs of 150–400 mV/mm can induce the
direct migration, reorientation, and elongation of four types
of vascular cells (including endothelial cell and VSMCs)
[17], and also EFs can inhibit proliferation of cultured
mammalian cells [14]. In our early experiments, we had
observed that DC EFs could affect cell lamellipodia and
cytoskeleton of VSMCs, meanwhile increase the
expression of platelet-derived growth factor receptor in
VSMCs and the polar asymmetrical distribution of VSMCs
[18,19]. These results indicated that DC EFs could affect
the migration and the growth of VSMCs. Nevertheless,
recent studies have suggested that a reduction in apoptosis
may be another important mechanism for restenosis for-
mation [20]. And apoptosis is crucial for tunica intimal
hyperplasia because VSMCs depletion is primarily due to
apoptosis [21]. In the present study, apoptotic cells were
not observed in the Con and the Exp groups throughout the
post-operative period. Proliferative VSMCs were not
observed in the normal vessel wall, but they were detected
in the Con and the Exp groups after balloon injury in the
abdominal aorta, and the levels were reduced by interven-
tion using DC EFs. We also observed the reendothelializa-
tion of the injured intima by Evans blue staining in all
groups. We found that there were no significant differences
of reendothelialization areas in the neointimal among the
three groups at the same observation points. So we hypoth-
esized that the inhibition of neointimal hyperplasia under
DC EFs in our present study may be resulted from the sup-
pression of VSMC proliferation rather than the promotion
of VSMC apoptosis or enhancement of endothelial cells
proliferation.

Cell proliferation is regulated by various factors, includ-
ing p27Kip1 and PTEN. p27Kip1 is a broad-spectrum, cyclin-
dependent kinase inhibitor that has an important role in reg-
ulating the cell cycle [22]. It can inhibit cell proliferation by
preventing cells entering the G1 phase. The expression of
p27Kip1 reflects cell proliferation [22]. Overexpression of
p27Kip1 can reduce neointimal thickness in a balloon-injured
artery model [23] and has a key role in vessel remodeling
[24]. p27Kip1 can be regulated by the upstream gene PTEN
via regulating the activity of the PI3K/Akt pathway [25].
PTEN can regulate the signals related to cell proliferation,
therefore stopping cells crossing the G1/S restriction point.
As a potential endogenous inhibitor of VSMCs, overexpres-
sion of PTEN can indirectly inhibit the proliferation of
VSMCs through upregulation of the expression of p27Kip1

[26] and suppression of neointimal formation [27]. The
signal transduction via the PI3K/Akt pathway plays a
pivotal role in regulating cell (including fibroblasts) prolifer-
ation, survival, migration, development, differentiation,
apoptosis, etc. [25]. PTEN can negatively regulate the PI3K/
Akt pathway and also is involved in the ECM remodeling
and collagen expression. PTEN overexpression suppressed
a-SMA expression, proliferation, and collagen production in
myofibroblasts [28,29]. In our present study, we found col-
lagen I in the neointimal was decreased accompanying with
increased PTEN in neointimal. We supposed that there was
a direct association between reduced collagen and increased
PTEN/p27Kip1.

Zhao et al. [30] suggested that PI3Kg and PTEN
mediated directional sensing of cell migration in response
to electric signals and that they were crucial for the
electrotaxis-regulated wound healing of whole tissue. In
this study, p27Kip1 and PTEN were constitutively expressed
in the normal group but decreased after the vessel was
injured 1 week post-operation. After EF intervention,
expressions of p27Kip1 and PTEN in the Exp groups were
significantly increased compared with the Con group
during the entire experimental period and were
accompanied with the reduction in neointimal thickness.
But the peak values of p27Kip1 expressions were in Exp2w
instead of Exp4w whatever the experiment methods were
used, which was contradictory with the changes of PTEN
expressions. PTEN is one of the positive upstream regula-
tors of p27Kip1. But p27Kip1 is regulated by specific tran-
scriptional induction via mitogenic and anti-mitogenic
pathways and proteolysis by the ubiquitin-proteosome
system [31]. It also may be regulated by renin angiotensin
system and cyclin-dependent kinase 2 through many kinds
of signal pathway. Otherwise, there are some other signal-
ing mechanisms such as EGF receptors-ERK1/2 and
integrins-Rac that mediate the electrotactic responds to the
cells [32]. We hypothesized that the p27Kip1 degradation in
our experiment exceeds the p27kip synthesis via some
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special regulatory signal at 4w post-operation, thus result-
ing in that the p27Kip1 expression at Exp4w were less than
that at Exp2w.

When a wound occurs, it disrupts the epithelial barrier,
short-circuits the trans-epithelial potentials and then pro-
duces potential gradients. The potential gradients then form
the laterally orientated wound EFs [32]. Endogenous EFs
are regulated spatially and temporally. Endogenous EFs
will rise to their peak immediately or shortly after wound-
ing and decrease when the wound is healing [32]. In our
present study, reendothelialization of the injured intima
began to form obviously at 1w after the vessel injury. After
4 weeks following vessel injury, reendothelialization of the
injured intima was almost completely formed, indicating
the ‘wound healing’. We speculated that this was the
reason why PTEN was expressed in the normal group but
decreased at 1 week after the vessel injury. But at this time,
applied EFs could strengthen the electrotactic response to
the cells through the PTEN/PI3K pathway

We therefore proposed that the elevation of p27Kip1 and
PTEN, which might be induced by EF application, contrib-
uted to the inhibition of VSMCs proliferation and neointi-
mal hyperplasia. But to our knowledge, the regulation
mechanisms of PTEN under EFs remain unknown. EFs
can alter cell membrane potential, cell membrane per-
meability, cell dielectrophoresis, and cell electrical coup-
ling [33]. As a physical signal of transmembrane
conduction, EFs influence the extracellular and intracellular
signal such as Ca2þ, cyclic adenosine monophosphate, ino-
sitol triphosphate, etc. [34]. Molecules that couple the
extracellular EFs to activation of those intracellular mol-
ecules are yet to be identified. Naþ/Hþ exchange 1 appears
to be the good candidate molecules. Experiments have
shown that directional Naþ/Hþ transport might relay the
electric signal to PI3K/PTEN activation with subsequent
directional migration [35].

DC EF which was used in our research is a resistance–
capacitance electrical circuitry, which is constructed by the
power source, electrodes, and the tissue between the elec-
trodes [36]. Because of the complexity of the EF construc-
tion, AC EF has many differences with DC EF. It is very
difficult to compare the EF interference parameters such as
EF intensity and electric-current density. So we did not
compare the effect of DC EFs with AC EFs on neointimal
formation in our study.

In conclusion, the present study suggested that appropri-
ate application of DC EFs can suppress the neointimal
hyperplasia and the expression of ECM protein. This effect
is probably induced by suppressing proliferation of
VSMCs rather than promoting their apoptosis or enhancing
endothelial cell proliferation. All these effects are probably
achieved via upregulation of the p27Kip1 and PTEN
expression in the balloon-injured vessel.
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