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Abstract: Purpose: Combining in vivo and in vitro experiments, we explored the function and mechanism of
piperonylic acid inhibiteing excessive proliferation of vascular smooth muscle cells, and intimal hyperplasia and
luminal stenosis after blood vessel injury.

Methods: A model of rat thoracic aorta restenosis after balloon injury was constructed, intragastrically adminis-
tered with piperonylic acid. 21days later, their thoracic aortas were subjected tests of morphology, SM-a-actin,
proliferating cell nuclear antigen (PCNA), and expression levels of P21 and P27 by HE staining, immunohisto-
chemistry, and computer image analysis.

Results: The proliferation of vascular smooth muscle cells induced by fetal calf serum was active, and the ex-
pressions of P21 and P27 were low. Piperonylic acid obviously promoted the protein expressions of P21 and
P27 while inhibiting proliferation and DNA synthesis. After the injury of rat thoracic aorta, the cells moved towards
the intima and proliferated excessively, leading to evident neogenesis of intima and luminal stenosis. The SM-
a-actin immunohistochemistry confirms that the intima contained abundant smooth muscle cells and that the
expression of PCNA was high while the expression of P21 and P27 was low. The intervention of piperonylic acid
significantly facilitated the gene expressions of P21 and P27, lowered the PCNA expression, and inhibited the
formation of intima and the reconstruction of pathological vessels, thus remarkably suppressing luminal stenosis.
Conclusion: Piperonylic acid can inhibit the excessive proliferation of vascular smooth muscle cells and the lu-
men narrowing after injury of blood vessels, the mechanism of which is associated with the promoted gene ex-

pressions of cell cycle key regulators P21 and P27 (Tab. 4, Fig. 4, Ref. 22). Text in PDF www.elis.sk.
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The excessive proliferation of vascular smooth muscle cells
(VSMCs) is the main pathological mechanism of vascular prolif-
erative diseases such as atherosclerosis (AS) and restenosis (RS)
after percutaneous coronary interventional therapy (PCI). Cells
proliferate through the cell cycle which is thus the ultimate com-
mon pathway for various stimulating factors to induce the prolifera-
tion of VSMCs. P21 and P27, as cyclin-dependent kinase inhibitor
(CKls) exert negative regulation on cell cycle. However, prolif-
eration cell nuclear antigen (PCNA) may be considered as a reli-
able indicator to reflect the degree of cell proliferation, increased
expression of which indicates stronger proliferation capacity, and
vice versa (1-4). It is still the focus of current medical research and
development to search for a more efficient and low-toxic medicine
that can prevent and cure such vascular proliferative diseases.

At present, pure natural medicine has aroused particular at-
tention owing to the unique curative effect, low prize and low
toxicity. Piper nigrum contains 6070 % of piperonylic acid that
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is therapeutically valuable. Separated and purified piperonylic
acid is water-soluble, secure and nontoxic. Recent researches
have verified that piperonylic acid not only inhibited the growth
of cancer cells and regulated the immunity, but also improved the
lipid metabolism, enhanced endothelial function, and resisted ath-
erosclerotic proliferation. However, related experimental studies
are still limited (5-7).

Based on combined in vivo and in vitro experiments, this
study observed the effects of piperonylic acid on rat VSMCs pro-
liferation, intimal hyperplasia after aortic balloon injury, vascular
remodeling, and luminal stenosis. We also tested the regulation
effects of piperonylic acid on the VSMCs DNA synthesis as well
as the expressions of key regulators in cell cycle (PCNA, P21,
and P27), aiming to explore the influences of piperonylic acid
on inhibiting the VSMCs excessive proliferation and the luminal
stenosis after injury of blood vessels.

Materials and methods

Materials

The main materials and apparatus in this study included: piper-
onylic acid, Beijing Donghua Rio Tinto Technology Development
Co., Ltd.; male SD rats, Shanghai Slac Laboratory Animals Co.,
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Ltd.; DMEM culture medium, fetal bovine serum (FBS), trypsin,
tritiated thymidine (*H-TdR), SP and SLABC kit, Beijing Wanyu
Meilan Technology Development Co., Ltd.; DAB and SM-a-actin
monoclonal antibody, PCNA mouse monoclonal antibody, P21
monoclonal antibody and P27 rabbit polyclonal antibody, Shanghai
Youlong Biotech Co,. Ltd. UV spectrometer and 3K30 high-speed
low-temperature refrigerated centrifuge, Shanghai AoXi Technol-
ogy Instrument Co., Ltd.; 311 CO, incubator, Shanghai CIMO
Medical Instrument Co., Ltd.; 2F balloon catheter, OLYMPUS
optical microscope and automatic camera system, and VIDAS
computer image analysis system.

Cell experiments

Culture of VSMCs

Under aseptic conditions, the thoracic aortas of rats (Wistar
rats, 180-200 g, male, about 8 weeks old) were disconnected.
The medial smooth muscle tissue blocks were transferred into
a culture bottle according to the tissue piece method, into which
DMEM culture medium was added containing 5 % FBS and cul-
tured in at 37 °C in 5 % CO, incubator, and the growth of tissue
block edge cell was observed under an inverted microscope. The
cells were passaged and cultured after trypsin digestion. Under the
light microscope, the cells presented typical “peak-valley”, which
were then identified by the actin antibody immunohistochemical
method as VSMCs. The experiments used 5—7 generations of cells.

Experimental grouping

Control group: VSMCs in the stationary phase; FBS group: 5
% FBS was added,; the intervention group of piperonylic acid (pi-
peronylic acid+ FBS) was divided into 4 subgroups: 5 % FBS and
piperonylic acid (20, 40, 60, 80 mg/L) were added simultaneously.
Six parallel sampling wells were set for each group.

Determination of ®H-TdR incorporation efficiency

VSMCs were inoculated on 96-well culture plates (1x10°L),
and the culture medium was refreshed after 48 h and then discard-
ed when 90 % of the cells fused, with serum-free DMEM culture
medium used instead. The cells were then starved for 48 h to be
synchronized in the GO phase. 50 ul of pH7.4 PBS was added into
each well of the control group, 5 % FBS was added into the FBS
group, and piperonylic acid solutions (final concentrations: 20,
40, 60, 80 mg/L) were added into each well of each experimental
group respectively. 48 h later, *H-TdR (3.0x10° Bq/L) was added,
48 h after which the cells were collected. Then the cell membrane
was broken, and 3 ml of scintillating solution were added. The ra-
diation intensity (7) was measured by liquid scintillation counting.

Western blot

The proteins of cells in each group were extracted and quanti-
fied. After being separated by 10 % SDS-PAGE, the products were
electrically transferred to a nitrocellulose film and blocked by 5
% bovine serum albumin. After washed, anti-rabbit P21 and P27
polyclonal antibodies (working concentration, 1:50) were added
to be cultured for 2 h. After another washing, goat anti-rabbit IgG
labeled by horseradish peroxidase (HRP) (working concentration,
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1:100) was added to be culture for 2 h. Then DAB was used for
development within 30 min. Optical density (A) was determined
on a gel image analysis system (VIDAS21).

Animal experiments

Animal grouping and treatment

24 male SD rats weighing 300-350 g were selected. The rats
were randomly divided into 3 groups: (1) Piperonylic acid treat-
ment group: The rats were subjected to balloon-injured thoracic
aorta surgeries by being intragastrically administered with 3 ml
of piperonylic acid (10 g/L) daily since the preoperative day 3.
(2) Surgery control group: The rats were subjected to balloon-
injured thoracic aorta surgeries by being intragastrically adminis-
tered with normal saline. (3) Normal control group: The rats were
subjected to sham-operations without inserting balloon catheters
while maintaining other surgical conditions unchanged and by
being intragastrically administered with normal saline. The rats
were executed 21 days later.

Modeling of rat balloon-injured thoracic aorta and prepara-
tion of samples

The piperonylic acid treatment group and the surgery control
group were anesthetized with pentobarbital sodium (20 mg/kg,
ip), and 2F balloon catheter was inserted through the left com-
mon carotid artery. The part from the renal artery bifurcation to
the opening of aortic arch and carotid artery was subjected to bal-
loon injury to establish the animal model with exfoliated artery
endothelium and injured tube wall. 21days after the operation,
the chest was opened to expose the aorta, from which vascular
segments 2-3 cm beyond the diaphragm were taken and put in
5 % neutral buffered formaldehyde solution, fixed for 12h, and
embedded in paraffin (8).

Morphological analysis

The paraffin sections were stained by HE to measure the be-
low values in the artery cross section by the optical image ana-
lyzer: luminal area (LA), intima area (IA), the media area (MA),
intima/media area ratio (IA/MA), and internal or external elastic
lamina area (IEL, EEL).

Immunohistochemical staining

Immunohistochemical staining kit was used. First antibody
was the rabbit anti-human SM-a-actin/PCNA/P21/P27 protein
monoclonal antibody. Cytoplasts (SM-a-actin) or cell nuclei
(PCNA, P21, P27) stained brown (brown-yellow, brown, sepia)
were positive. We used image analyzer to randomly measure the
average optical density and the percentage of positive cells in 6
visual fields of each section, which were averaged, respectively.
Their product multiplied by 100 was utilized as the positive ex-
pression index to indicate the expression level of protein. First
antibody was replaced with PBS as the negative control.

Statistical analysis
All data were analyzed by t test and analysis of variance via
SPSS 13.0 and expressed as x+s.
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Results

Effects of piperonylic acid on the synthesis of VSMCs DNA

The experimental results (Tab. 1) of *H-TdR incorporation
efficiency show that 5 % FBS obviously increased the *H-TdR
incorporation of VSMCs while piperonylic acid (20, 40, 60, 80
mg/L) apparently decreased the *H-TdR incorporation of VSMCs.
In addition, the inhibitory effects enhanced with rising concentra-
tion. The results suggest that piperonylic acid inhibited the DNA
synthesis and proliferation of VSMCs.

Effects of piperonylic acid on the expressions of P21 and P27
(protein grayscale, OPTDI)

The Western blot and image analysis results show (Tab. 2 and
Fig. 1) that the VSMCs of the control group barely proliferated, out
of which P21 was lowly expressed and P27 was highly expressed.
FBS augmented the proliferation of VSMCs, with increased P21
expression and obviously decreased P27 expression. After add-
ing piperonylic acid solutions (20, 40, 60, 80 mg/L), the protein
expressions of P21 and P27 remarkably increased, indicating that
piperonylic acid increased the expression of cell cycle inhibitors
P21 and P27 to significantly suppress the excessive proliferation
of VSMCs.

Vascular morphologies after balloon injury

The normal control group had smooth interior walls and com-
plete endothelium while the inner membrane comprised single-lay-
er endothelial cells and few extracellular matrix. 21days after the
operation, the surgery control group experienced obvious intima
formation and lumen stenosis. The SM-a-actin immunohistochemi-
cal results verify that the new intima was rich in VSMCs (Fig. 2A).
Compared with the surgery control group (Fig. 2B), the 1A of the pi-
peronylic acid treatment group (Fig. 2C) was reduced by 70.39 %,
IA/MA was evidently decreased, IEL and EEL were significantly
augmented, and LA was elevated by 23.29 % (p < 0.01) (Tab. 3).

Tab. 1. Effects of piperonylic acid on the synthesis of VSMCs DNA.

Group 3H-TdR (dpm/well)
Control 1351.35+365.15
FBS 9518.36+491.58*

7565.30+430.26*#
6215.22+505.61%#
4913.29+391.54*#
3536.85+428.27*#

*p <0.01 vs the control group; # p < 0.01, compared with FBS group + pipero-
nylic acid

FBS+20 mg/L piperonylic acid
FBS+40 mg/L piperonylic acid
FBS+60 mg/L piperonylic acid
FBS+80 mg/L piperonylic acid

Tab. 2. Effects of piperonylic acid on the expressions of P21 and P27.

Group P21 (OPTDI) P27 (OPTDI)
Control 11.25+3.64 67.55+8.19

FBS 35.6149.60%  29.58+9.15*
FBS+20 mg/L piperonylic acid 49.514836%#  43.35+8.54%#

62.36+9.42%#

83.42+9.45%# 69.48+9.38#
102.25+10.67*#  91.5248.17*#
*p <0.01 vs the control group; # p < 0.01, compared with FBS group + pipero-
nylic acid

FBS+40 mg/L piperonylic acid 57.25+9.18*#
FBS+60 mg/L piperonylic acid

FBS+80 mg/L piperonylic acid

Control FBS 20mg/L 80mg/L

P21 (14Ku)

Control FBS 20mg/L 30mg/L
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Fig. 1. Effects of piperonylic acid on the expressions of P21 and P27.

Effects of piperonylic acid on PCNA expression after balloon in-
jury

The vessel wall of the normal control group did not express
PCNA. 21days after the operation, considerable intima was ex-
pressed in the surgery control group. The intimal positive indices
of the piperonylic acid treatment group were significantly lower
than those of the surgery control group (p < 0.01) (Tab. 4).

Changes of P21 expression after balloon injury

P21, which was not expressed in the normal control group, was
slightly expressed in the surgery control group 21 days after the
operation. A few brown-yellow or brown positive VSMCs were
found in the evidently thickened endometrial cavity surface. Con-
trarily, piperonylic acid treatment dramatically promoted the P21
expression, which was 2.06 times higher than that of the surgery
group (p < 0.01) (Tab. 4 and Fig. 3).

Effects of piperonylic acid on P27 expression after balloon injury

P27 was apparently expressed in the normal control group,
manifested as brown positively expressed nuclei. 21 days af-
ter the operation, only a few brown-yellow or brown positive
VSMCs were discerned in the evidently thickened endometrial
cavity surface, indicating significantly reduced expression. The
P27 positive index in the neointima of piperonylic acid treatment
group was 2.03 times higher than that of the surgery group (p <
0.01), suggesting a significantly enhanced P27 expression (Tab.
4 and Fig. 4).

Tab. 3. Effects of piperonylic acid on the formation of new intima and
the reconstruction of lumen after balloon injury.

Feature (mm?) Surgery control  Piperonylic acid

LA 1.324+0.148 1.726+0.151*
1A 0.358+0.054 0.106+0.018*
Medium area 0.451+0.061 0.436+0.025
TA/MA 0.794+0.086 0.243+0.072*
Internal smooth muscle area 1.521+0.084 1.823+0.103*
External smooth muscle area 1.735+0.125 2.015+0.116*

*p <0.01 vs the surgery control group

Tab. 4. Effects of piperonylic acid on the expressions of PCNA, P21
and P27 after balloon injury.

Group PCNA P21 P27
Normal control No expression ~ No expression 17.28+2.66
Surgery 18.24+3.54 7.55+1.36 8.95+1.36
Piperonylic acid 5.29+1.25%* 15.58+2.64* 18.15+2.81*

*p <0.01 vs the surgery control group
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Fig. 2. Vascular morphologies after balloon injury. A: immunohistochemical staining of SM-a-actin; B: intima of the surgery group; C: intima

of the piperonylic acid treatment group (p < 0.01 vs the surgery group).

Fig. 3. P21 expressions in vessel wall after balloon injury. A — normal control group; B — postoperative 21st day status of the surgery group;
C — postoperative 21st day status of the piperonylic acid treatment group (p < 0.01 vs the surgery group).
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Fig. 4. P27 expressions in vessel wall after balloon injury. A — normal control group; B — postoperative 21st day status of the surgery group;
C — postoperative 21st day status of the piperonylic acid treatment group (p < 0.01 vs the surgery group)

Discussion

Stimulated by various factors, VSMCs have transformed from
the non-proliferative contractile phenotype (high differentiation) to
the proliferative type and they also have moved from the middle
level to the intima. Excessive proliferation leads to the reconstruc-
tion of negative vessel and luminal stenosis. Besides, excessive
proliferation of VSMCs contributes to the occurrence and devel-
opment of many vascular proliferative diseases (9—11). Therefore,
molecular biology studies regarding the proliferation and regula-
tion of VSMCs have been spotlighted. Many factors stimulate the
VSMCs proliferation through different pathways, which cooperate
in the distribution pattern of network. The activated VSMCs com-
plete division following the cell cycle, the blocking of which will
effectively prevent and treat VSMCs proliferative diseases (12, 13).
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Cyclin dependent kinase inhibitors (CKIs), which exist in the
cell nucleus, dominate in negatively regulating the VSMCs prolif-
eration cycle. CDKIs are highly expressed in static cells. However,
the expression level plummets in case of division factors and injury
of blood vessel, thus allowing PRB phosphorylation and normal
cell cycle. On the other hand, P21 and P27 are the key members of
CKI family. The overexpression of P21 inhibits the cell prolifera-
tion of mammals (14, 15). Mitrea et al. found that there was no P21
in normal or repaired artery, and P21 only existed in hyperplastic
VSMCs. P21, which was transfected to VSMCs, was significantly
expressed, which inhibited the proliferation of more than 90 %
of VSMCs. P27 mainly responds to the signals that accelerate or
inhibit the proliferation outwards. It can specifically suppress the
activation of cyclin/cyclin dependent kinase (CDK) complexes
and block the progress of cell cycle (16). Some researches show
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that the expression levels of P27 vary depending on the phase of
cell cycle. It is higher during the stationary phase and plummets
in the midst of proliferation. Meanwhile, PCNA is the accessory
protein of DNA polymerase §. It will promote the lengthening of
DNA chain during DNA synthesis, so it is necessary for the cells
to enter and survive the S phase. The expression of PCNA during
the late G1 phase and S phase may be considered as a reliable in-
dicator to reflect the degree of cell proliferation (17, 18).

Recently, people also have paid particular attention to the bio-
logical activity of piperonylic acid. Gomez-Garre et al confirmed
that piperonylic acid regulated the blood lipid of an atherosclerosis
animal model (19). Moreover, Gijsen et al worked on the mecha-
nisms of piperonylic acid purification and antitumor activity (20).
In addition, piperonylic acid can regulate lipid metabolism, cell
cycle and apoptosis as well as protect vascular endothelial cells,
suggesting that piperonylic acid can resist atherosclerosis. Never-
theless, relevant mechanisms remain limited (21, 22).

In summary, we found in this study that: 1) Piperonylic acid
inhibited VSMCs excessive proliferation induced by FBS. Besides,
the inhibitory effect was enhanced (20-80 mg/L) with increasing
concentration. 2) In static VSMCs, P27 was highly expressed while
P21 was lowly expressed. FBS suppressed the expression of P27
protein and obviously facilitated the VSMCs proliferation. 3) Pi-
peronylic acid dramatically up-regulated the expression levels of
P21 and P27 proteins, thus inhibiting the VSMCs proliferation and
the neointimal hyperplasia after vascular injury, boosting the vas-
cular reconstruction, and suppressing luminal stenosis eventually.

As a result, we have demonstrated that piperonylic acid re-
sisted luminal stenosis of VSMCs excessive proliferation and we
have also preliminarily explored the mechanism, verifying that
piperonylic acid can reduce the PCNA expression and inhibit the
G1/S phase of cell cycle by up-regulating the gene expressions of
P21 and P27, thereby evidently inhibiting the VSMCs excessive
proliferation. Given that endothelial cell injury, VSMCs prolif-
eration signal transduction, and immunologic injury are the key
mechanism and intervention targets for atherosclerosis, establish-
ing atherosclerosis models, such as those of coronary atheroscle-
rosis and balloon injury or restenosis after stent implantation for
ApoE gene deficient mice and miniature pigs, will provide novel
concepts and protocols for the prevention and treatment of athero-
sclerotic proliferative diseases by figuring out the optimum thera-
peutic dose of piperonylic acid and studying on the intervention
targets on the levels of genes and molecules.
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