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Abstract: Objectives: A novel temperature-controlled intravascular radiofrequency balloon angioplasty (RFBA) tech-
nique was designed and developed for atherosclerosis (AS) management. Methods: After establishing an AS model
based on a balloon denudation injury of the abdominal aorta and a high cholesterol diet in rabbits, 46 animals
were randomly assigned to the RFBA group (n = 28) or the plain balloon angioplasty (PBA) group (n = 28). The
groups were further subdivided based on post-treatment euthanasia times (1 hour, 7 days, 14 days, and 28 days).
Histopathological changes were observed by hematoxylin and eosin and Masson'’s staining. Immunohistochemistry,
western blotting, and real-time quantitative polymerase chain reaction were used to detect changes in pro-inflam-
matory, anti-inflammatory, and apoptotic factors; TGF-/Smad-2 pathway protein Immune levels; and mRNA lev-
els in tissues, respectively. Results: The vascular lumen area in the RFBA group was larger than that in the PBA
group at the same time points, although the change in the vascular lumen area was not different between groups.
The expression of Bax, TGF-B, Smad-2, and Caspase-3 in the RFBA group was significantly higher than that in the
PBA group. The expression levels of Bcl-2 in the RFBA group were significantly lower than those in the PBA group.
Conclusions: At 28 days, RFBA dilated the atherosclerotic blood vessels and thickened the fibrous cap of atheroscle-
rotic plaques to promote plaque stability. RFBA was also found to activate apoptotic factors and the TGF-/Smad-2
inflammatory pathway.
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Introduction Percutaneous transluminal angioplasty (PTA) is
the primary treatment for AS. However, balloon

Atherosclerosis (AS) is the main cause of car- dilation can cause mechanical damage to the

diovascular disease and is a chronic inflamma-
tory disease with autoimmune components [1].
Drug-eluting stents and balloon angioplasty are
common clinical treatments [2]. The mechani-
cal expansion secondary to stent and balloon
placement opens the narrow arterial lumen,
thereby reducing ischemic events. However,
drug toxicity and mechanical damage may
impair the endothelium and delay re-endotheli-
alization, causing restenosis and very late stent
thrombosis [3-5]. Therefore, alternative treat-
ment strategies are needed.

arterial wall, and there is a high incidence of
postoperative restenosis [6]. It is thus neces-
sary to seek new technologies to reduce post-
PTA restenosis. Studies have shown that radio-
frequency can be used to anastomose blood
vessels, ablate tissues and myocardium that
cause arrhythmias, and recanalize occluded
blood vessels completely [5, 7, 8]. In vivo stud-
ies have shown that radiofrequency balloon
angioplasty (RFBA), which combines mechani-
cal balloon angioplasty with radiofrequency
energy, reduces restenosis compared with bal-
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loon angioplasty alone [8, 9]. There are two
types of radiofrequency balloon catheters,
classified based on various modes of radiofre-
quency energy. One catheter type requires the
attachment of a thin gold foil electrode to the
surface of the balloon, which allows direct
radiofrequency ablation on the apposed blood
vessel wall [10]. The other requires the inser-
tion of the radio frequency electrode into the
balloon and heating of the liquid inside to
create a thermoplastic effect during balloon
expansion [11, 12]. Both techniques circumfer-
entially heat blood vessels, which may lead to
cicatricial contracture and aggravate vascular
restenosis.

In this study, a novel temperature-controlled
intravascular radiofrequency ablation balloon
was designed. A temperature-controlled RFBA
was used for longitudinal linear ablation of ath-
erosclerotic blood vessels in rabbits, and its
effect on atherosclerotic plaques was investi-
gated. This study also investigated the changes
in cytokines such as Bcl2, Bax, transforming
growth factor beta (TGF-B), Smad-2, and
Caspase-3 following temperature-controlled
RFBA of atherosclerotic vessels, which could
serve as a basis for the clinical management of
AS.

Methods
Rabbit AS model

This study was approved by the Institute of
Radiation Medicine of the Chinese Academy of
Medical Sciences. Fifty-six healthy New Zea-
land purebred white rabbits, aged 3-4 months
and weighing 2.5-3.5 kg, were provided by the
Tianjin Yuda experimental animal breeding
company of Wuqing District, Tianjin. The rabbits
were acclimatized with normal feed in a room
at 27°C for 2 weeks, during which they ate and
drank ad libitum. A model of AS was construct-
ed by feeding the rabbits a high-fat diet for 12
weeks and inducing a balloon-based intimal
injury in the ventral aorta. Both groups of rab-
bits were randomly divided into four subgroups
according to euthanasia time after treatment (1
hour, 7 days, 14 days, and 28 days), each with
four rabbits.

Experimental procedure

Each rabbit was anesthetized with 3% sodium
pentobarbital (1 ml/kg) through an ear-margin-
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al vein injection, and heparin sodium 200 U/kg
was administered for anticoagulation. The rab-
bits were fixed on the operating table, and the
fur above the left femoral artery area and either
the back or abdomen were shaved off. The left
femoral artery was cleaned and disinfected
with iodophor. Local skin anesthesia was in-
duced using 1% lidocaine.

The skin along the femoral artery was cut
approximately 4-5 cm in length to bluntly sepa-
rate the subcutaneous tissue and muscle,
allowing the left femoral artery to be fully
exposed and freed. Two suture silk threads
were used to ligate the distal end of the artery.
The proximal end was clamped with a vascular
clamp after sufficient dissection and separa-
tion of the 3-cm femoral artery. A small incision
was made in the femoral artery to insert the
indwelling needle along with a 0.014-inch guide
wire, and the indwelling needle was then with-
drawn at a depth of approximately 18 cm from
the femoral artery rupture. Subsequently, a
temperature-controlled radiofrequency balloon
(3 mm) or normal balloon (3 mm) was inserted
at a depth of 15 cm. The balloons with radiofre-
quency were inflated with a balloon pressure of
8 atm, a target temperature of 55°C, an infla-
tion time of 30 s, and a power limit of 30 W.
After rotating the catheter 180°, we applied
repeated inflation with heating to the same
segment, retracted the catheter by 2 cm, and
repeated the procedure four times from the
proximal to the distal side of the artery. The
PBA group had an ordinary balloon (balloon
pressure of 8 atm and inflation time of 30 s)
inserted from the proximal to the distal end of
the artery, and inflation was repeated four
times. After the balloon was withdrawn, the
artery was ligated, and the incision was sutured.
Finally, the rabbits were fed with ordinary feed
before their abdominal aortae were removed
1 hour, 7 days, 14 days, or 28 days after
treatment.

Histological analysis

The rabbits were sacrificed 1 hour, 7 days, 14
days, or 28 days after treatment. After the
abdominal aorta was removed, it was immedi-
ately rinsed in phosphate-buffered saline at
4°C and fixed with 4% neutral methanol. The
tissues were fixed in formaldehyde for 24 hours
and then embedded in paraffin. Deparaffinized
slides were stained with hematoxylin and eosin
(H&E) and Masson’s stains. Finally, the slides
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were sealed with neutral adhesive, observed,
and photographed under the microscope.

Immunohistochemical analysis

Deparaffinized and rehydrated sections of par-
affin-embedded tissue were microwaved for
antigen retrieval and subsequently doused
in a 3% hydrogen peroxide solution for 15 min
for immunohistochemistry. After 15 min of
blocking with 5% goat serum blocking buffer
and overnight staining with antibodies again-
st E-cadherin (1/200; Cell Signaling) and
a-smooth muscle actin (1/100; Maixin Bio,
Fujiang, China), the sections were incubated
with peroxidase-conjugated secondary anti-
bodies and 3,3-diaminobenzidine (DAB) before
being counterstained with hematoxylin. The
images were viewed using an Olympus BX53
microscope and analyzed using Image J
software.

RNA extraction and quantitative real-time poly-
merase chain reaction (QRT-PCR)

After fixing the tissues in 4% neutral methanol,
they were quickly frozen in liquid nitrogen and
stored at -80°C to study the expression of Bcl-
2, TGF-B, Bax, Caspase-3, and Smad2 in the
arterial wall. Total RNA was extracted from the
abdominal aorta tissue using TRIzol reagent
according to the manufacturer’s instructions.
The concentration and purity of the total RNA
were determined using a NanoDrop ND-2000
spectrophotometer (Thermo Fisher Scientific).
Denaturing agarose gel electrophoresis was
used to measure RNA integrity and gDNA
contamination.

The Reverse Transcription Kit (TakaRa, Dalian,
China) was used to reverse-transcribe RNA into
cDNA. Glyceraldehyde 3-phosphate dehydroge-
nase was used as an internal control. SYBR
Premix Ex Taqg Il (TaKaRa) was used for qRT-
PCR. The 224°t method was used to calculate
MRNA expression in the tissues.

Western blot analysis

The cells were lysed in a radioimmunoprecipita-
tion assay lysis solution containing phenyl-
methanesulfonyl fluoride, and the protein con-
centration was determined using the BCA
Protein Assay Kit (Pierce, USA). The protein
samples were separated by sodium dodecyl

1043

sulfate-polyacrylamide gel electrophoresis and
transferred to polyvinylidene fluoride mem-
branes (Millipore, USA). The membrane was
blocked in 5% skimmed milk powder and incu-
bated overnight at 4°C with the primary anti-
body. After washing, the membrane was incu-
bated for 1 hour at 37°C with a secondary anti-
body conjugated to horseradish peroxidase. An
enhanced chemiluminescence kit (Amersham,
Little Chalfont, UK) was used to visualize the
protein bands. ImageJ software was used to
analyze the protein bands for gray values.

Statistical analysis

All statistical data were analyzed using SPSS
18.0. Data are expressed as mean * standard
deviation. Comparisons between the two gr-
oups were analyzed using paired or unpaired
t-tests. For data with three or more groups,
one-way analysis of variance (ANOVA) was used
for analysis if they conformed to a normal distri-
bution with a uniform variance; otherwise, the
Kruskal-Wallis test was used. Statistical signifi-
cance was set at P < 0.05.

Results
Construction of the AS model

Sixty rabbits were used for atherosclerosis
modeling and fed a high-fat diet for 12 weeks
after modeling. After 12 weeks, two rabbits had
pus and ulceration at the surgical site. They did
not get better with antibiotics and local debride-
ment and eventually died. Another two rabbits
were randomly sacrificed for H&E staining after
12 weeks. As shown in Figure 1, the model
group had obvious arterial plaque formation,
narrowing of the lumen, and intimal hyperplasia
compared with the normal rabbit abdominal
aorta, indicating that the AS model was suc-
cessfully constructed.

Safety of RFBA

In the RFBA group, three rabbits expired: two
died from local wound infection and one from
sudden death. It was later found in the case of
sudden death that there was a large amount of
retroperitoneal hemorrhage and a breach in
the aortic radiofrequency ablation, implying
that the subject died of an aortic rupture.
However, it was proven that the sudden death
of the rabbit was related to radiofrequency
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Figure 1. The abdominal aorta was pathologically stained after 12 weeks of modeling. A: Normal rabbit abdominal
aorta; B: The abdominal aorta of rabbits in the model group.

Table 1. Vascular lumen area, intimal area, and tube wall thickness in each group

Vascular lumen area (mm?)

Intimal area (mm?) Tube wall thickness (mm)

PBA 1 hour 2.52 +0.98
7 days 2.53+0.94
14 days 2.73+0.69
28 days 2.29+0.72
RFBA 1 hour 3.58 £ 0.89
7 days 3.63+0.88
14 days 3.62+1.12
28 days 3.24 £+ 0.92

3.32+0.76 0.71 £ 0.09
3.55+0.71 0.69 £ 0.07
3.21+0.83 0.53+0.14
2.92+0.75 0.58 £0.13
3.42+1.48 0.60 £ 0.19
3.82+1.53 0.61 +£0.17
3.53+1.46 0.58 £ 0.16
244 +1.10 0.48 £ 0.16

PBA: Plain Balloon Angioplasty; RFBA: Radiofrequency Balloon Angioplasty.

ablation, and further investigation into this is
necessary.

Comparison of morphological parameters be-
tween the two groups

At the same time point, the temperature-con-
trolled radiofrequency balloon group had a larg-
er vascular lumen area than the simple balloon
dilatation group (P < 0.05). The vascular lumen
area of the two groups did not change signifi-
cantly before 14 days but decreased after this
time point (Table 1). There were no significant
differences between the two groups.

Interestingly, we found that the intima area of
the RFBA group did not change significantly
during the first three time points (1 hour, 7
days, and 14 days). The blood vessel intima
area significantly decreased at 28 days com-
pared with the previous three time points (P <
0.05) (Table 1). Additionally, there was no sta-
tistical difference in the area of the vascular
intima between the PBA and RFBA groups at
the same time point (P > 0.05).
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The tube wall thicknesses of these groups are
listed in Table 1. The tube wall thickness of the
RFBA group was smaller than that of the PBA
group at 28 days (P < 0.05), but there was no
significant difference at other time points.
Moreover, the tube wall thickness of the RFBA
group gradually decreased with a noticeable
downward trend.

Pathological evaluation

The histopathological images are shown in
Figures 2 and 3. The abdominal aorta tube wall
was significantly thickened in the PBA group,
yet the number of foam and inflammatory cells
in the intima and media cell nuclei did not
decrease. Contrastingly, pathological results
showed that foam and inflammatory cells were
observed in the intima, and vascular smooth
muscle cells in the media were disordered with-
in 1 h post-RFBA. Gradually, on the 7, 14,
and 28" days, the tube wall became thinner,
the number of nuclei in the inner membrane as
well as foam and inflammatory cells decreased,
local fibrosis occurred in the inner membrane,
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14 d 28d

Figure 2. The representative images of hematoxylin and eosin (H&E) staining in each group. Representative images
of H&E staining at 1 h (A), 7 d (B), 14 d (C), and 28 d (D) in the PBA group. Representative images of H&E staining
at1h(E), 7d(F), 14 d (G), and 28 d (H) in the RFBA group. PBA: Plain Balloon Angioplasty; RFBA: Radiofrequency
Balloon Angioplasty.

RFBA 15

Figure 3. The representative images of Masson trichrome staining in each group. Representative images of Masson
trichrome staining at 1 h (A), 7 d (B), 14 d (C), and 28 d (D) in the PBA group. Representative images of Masson
trichrome staining at 1 h (E), 7 d (F), 14 d (G), and 28 d (H) in the RFBA group. PBA: Plain Balloon Angioplasty; RFBA:

Radiofrequency Balloon Angioplasty.

and the smooth muscle cells of the media
disappeared.

Immunohistochemistry staining for Bcl2, Bax,
TGF-B, Smad2, and Caspase-3

Results showed that the expression of Bakx,
TGF-B, Smad-2, and Caspase-3 was higher in
the RFBA group than in the PBA group, where-
as the expression of Bcl-2 was lower in the
RFBA group than in the PBA group (Figure 4).
Furthermore, on the 28" day, Bax, TGF-B,
Smad-2, and Caspase-3 were scattered and
sporadically expressed in the PBA group, pri-
marily in the vascular intima and middle layers,
while they were expressed in all layers in the
RFBA group.
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Expression of Bel-2, Bax, TGF-8, Smad2, and
Caspase-3 mRNA

The mRNA expression levels of Bcl-2, Bax, TGF-
B, Smad2, and Caspase-3 are shown in Figure
5. The expression of Bcl-2 in the rabbit arteries
was lower in the RFBA group than in the PBA
group (P < 0.05). However, the expression of
Bax, TGF-B, Smad2, and Caspase-3 was higher
in the RFBA group than in the PBA group (P <
0.05).

Protein expression of Bcl-2, Bax, TGF-3,
Smad2 and Caspase-3 in each group

The results of western blotting were consistent
with those of immunochemistry. Figure 6 shows
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Figure 4. Immunohistochemical analyses for Bax (A), Caspase-3 (B), Smad2
(C), TGF-B (D), and Bcl-2 (E) in each group. (F) Bax, Caspase-3, Smad2, TGF-B
and Bcl-2 protein expression. “P < 0.05 versus PBA. PBA: Plain Balloon An-
gioplasty; RFBA: Radiofrequency Balloon Angioplasty.

protein expression levels of
Bcl-2, Bax, TGF-3, Smad2, and
Caspase-3. The Bcl-2 expres-
sion in the RFBA group was
lower than that in the PBA
group (P < 0.05). The RFBA
group had higher levels of
Bax, TGF-B, Smad2, and Cas-
pase-3 expression than the
PBA group (P < 0.05).

Discussion

Atherosclerosis is a systemic,
lipid-driven, immune-inflam-
matory disease that is charac-
terized by the appearance of
multiple atherosclerotic pla-
ques in large- and medium-
sized arteries. It is the most
common pathological basis
for cardiovascular and cere-
brovascular diseases [13,
14]. Percutaneous translumi-
nal coronary angioplasty has
been shown to improve coro-
nary stenosis, but this can
lead to complications of intra-
vascular restenosis [15, 16].
RFBA has been proven to be a
treatment for atherosclerotic
arterial diseases [17, 18]. In
this study, a novel tempera-
ture-controlled intravascular
radiofrequency ablation bal-
loon was designed to investi-
gate the effects of RFBA on
atherosclerotic plaques, as
well as changes in apoptosis
factors and TGF-/Smad-2 in-
flammatory pathways, to pro-
vide a new treatment app-
roach for AS.

RFBA has a temperature de-
pendence on the blood vessel
wall [9, 19, 20]. Brasselet et
al. found that local heating
can significantly inhibit in-
stent restenosis and neointi-
mal hyperplasia without de-
laying re-endothelialization of
blood vessels or increasing
the risk of in-stent thrombo-
sis after moderate heating
(50°C). While high tempera-
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Figure 5. Expression of Bax (A), Caspase-3 (B), Smad2 (C), TGF-B (D), and Bcl-2 (E) mRNA in each group by RT-PCR. “P < 0.05 versus PBA.
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Figure 6. The protein expression of Bax (A), Caspase-3 (B), Smad2 (C), TGF-B (D), and Bcl-2 (E) in each group by Western blot. “P < 0.05 versus PBA. PBA: Plain Bal-
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tures (80°C and 100°C) also reduced in-stent
neointimal hyperplasia, they were frequently
associated with severe in-stent thrombosis.
This is consistent with current study findings
[11]. At a moderate temperature (55°C), the
luminal area of the abdominal aorta of the rab-
bits in the RFBA group remained higher than
that in the PBA group after 28 days.

Vascular smooth muscle cells (VSMCs) are an
important component of the arterial wall, and
their main functions include maintaining nor-
mal tension in the lumen and generating an
extracellular matrix that constitutes the skele-
ton of the vessel wall [21]. VSMCs are the pri-
mary drivers of vascular pathological changes,
such as intimal hyperplasia, which may occur
naturally or as a result of interventional therapy
[22]. This study found that the VSMC content in
the vascular intima and media in the RFBA
group was lower than that in the balloon dilata-
tion group. It has been reported that the reduc-
tion of VSMC content may not be conducive to
plaque stability, but the proliferation of VSMCs
is associated with restenosis after coronary
heart disease stenting [23-25]. In this study, it
was found that although the reduction of
VSMCs is not conducive to plaque stability, it
may also reduce the probability of vascular
restenosis. Additionally, the volume of AS pla-
que was reduced, and fibrous tissue proliferat-
ed due to radiofrequency injury, thus thickening
the fibrous cap of an atherosclerotic plaque,
which is conducive to plagque stability.

From the perspective of transcription and pro-
tein levels, the overall expression of TGF- and
Smad-2 in the rabbit arteries of the RFBA group
was significantly higher than that in the PBA
group. Temperature-controlled radiofrequen-
cy balloon amplification may upregulate the
TGF-B/Smad signaling pathway. This may be
caused by the stimulating effect of dilation on
the blood vessels, which produces a stress
response. Compared with PBA, RFBA has weak-
er stimulation of blood vessels under suita-
ble temperatures and stimulation conditions.
Therefore, the advantages of RFBA over PBA
also emphasize the importance of clinically
selecting suitable surgical conditions.

Moreover, immunohistochemistry evaluation
showed that Bax and Caspase-3 levels were
higher after RFBA than after PBA. The Bcl-2
level in the RFBA group was lower than that in
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the PBA group. Similar results were found for
protein expression and mRNA levels. In the
RFBA group, Bax and Caspase-3 levels in-
creased, Bcl-2 levels decreased, and the Bax/
Bcl-2 ratio increased. The level of apoptosis
increased after RFBA dilation of the atheroscle-
rotic plaques. Caspase-3 is the ultimate execu-
tor of apoptosis, and the Caspase-3 levels
increased at the tissue or protein and transcrip-
tional levels [26, 27]. This also suggests an
increase in apoptosis, which promotes the
compliance of blood vessels. Under the action
of arterial blood pressure, arterial vasodilation
may be maintained so that an increase in the
lumen area of arterial vessels can be main-
tained. However, excessive apoptosis can also
damage blood vessels, making them suscepti-
ble to rupture and aneurysm-like expansion
[28]. Furthermore, there were a few animals
that died suddenly. Necropsy revealed that the
abdominal aorta was ruptured, and a large
amount of blood accumulated in the retroperi-
toneum. This may be related to the excessive
apoptosis of arterial wall cells, which is associ-
ated with the inhibition of Caspase-3 and a
Bax/Bcl-2 increase. If RFBA is to be applied in
clinical practice, further research on radiofre-
quency temperature, time, and power is need-
ed to improve clinical safety and therapeutic
effects.

This study has a few limitations. First, only
the short-term outcomes from RFBA were as-
sessed; long-term effects were not evaluated.
Second, arteriography was not performed; th-
us, it was not possible to assess arterial vascu-
lar changes in vivo. Moreover, owing to the lack
of imaging data, the appropriate balloon diam-
eter was not definitively selected, which may
have interfered with the study findings. Third,
the results of pathological materials are rela-
tively limited, and it was impossible to system-
atically and comprehensively compare molecu-
lar types and expression differences between
the RFBA and PBA groups on blood vessel
walls. Finally, this study did not explore the role
of RFBA in stent implantation, which may limit
the clinical utility of the results.

Conclusions

RFBA has the ability to increase the lumen
area of the atherosclerotic blood vessels.
Additionally, atherosclerotic plaques at the
ablation site may undergo fibrosis, which can
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help stabilize atherosclerotic plaques. How-
ever, RFBA can also activate apoptotic factors
and the TGF-B/Smad-2 inflammatory pathway.
Therefore, if RFBA is performed clinically, in-
flammatory responses must be suppressed to
maintain a long-term therapeutic effect from
the temperature-controlled radiofrequency ba-
lloon.
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