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Pentoxifylline Prevents Restenosis by
Inhibiting Cell Proliferation via p38MAPK

Pathway in Rat Vein Graft Model
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Abstract

Coronary artery bypass grafting remains the gold standard in the therapy of advanced-stage patients. But the vein grafts
are prone to restenosis or failure. Pentoxifylline (PTX) is a methylxanthine derivative with a function of inhibiting cell
proliferation. We thus applied PTX locally to the vein grafts to study its effect on the inhibition of graft restenosis using a
rat vein graft model. Morphometric results showed a significant decrease in the thickness of vein grafts intimal and medial at
day 28 after the bypass operation. Results from Western blot and immunohistochemistry showed that PTX also significantly
reduced the proliferating cell nuclear antigen (PCNA), alpha-smooth muscle actin (c.-SMA) expression, and phosphorylation
of p38 in vein grafts. These results firstly discovered the positive role of PTX in preventing the vein grafts restenosis and the

mechanism may be inhibition of vascular smooth muscle cells (VSMCs) proliferation via the p38MAPK pathway.
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Introduction

Coronary artery disease (CAD) is a leading disease with
increasing morbidity and mortality in the world!. Coronary
artery bypass grafting (CABG), the method aimed to bypass
the occluded coronary arteries, remains the gold standard in
the therapy of advanced-stage patients?. The saphenous vein
is the most commonly used (up to 50%) conduit for CABG,
which is reasoned by its convenience of harvesting, suffi-
cient length, and its character of rarely affected by competi-
tive coronary blood flow**. But the grafted saphenous vein is
prone to restenosis with a patency rate of 65% to 80% in 5
years after operation™®. Therefore, how to attenuate the reste-
nosis of vein grafts is under challenge.

Intimal hyperplasia (IH) plays a causal role in the resteno-
sis of vein graft. The proliferation of endothelial cells (ECs)
and vascular smooth muscle cells (VSMCs), also the migra-
tion of VSMCs to intimal, plays a vital role for IH%7. After
sudden exposure to the high-pressure and pulsatile arterial
system, the endothelium is vulnerable to be damaged?®. The
vasodilation after vein grafting and endothelial injury will
activate the release of inflammatory factors, leading to the
proliferation and remodeling of both ECs and VSMCs®!°.
Thus, inhibiting the proliferation of ECs and VSMC:s to alle-
viate the IH process is promising for attenuating vein grafts
restenosis.

Pentoxifylline (PTX) is a methylxanthine derivative, with
properties similar to theobromine, caffeine, and theophylline.

Initially, it was used to treat the intermittent claudication.
Later studies discovered its role of inhibiting tumor necrosis
factor-a. (TNF-a)!"12, More notable is that recent researches
found the role of inhibiting cell proliferation, such as glia
and breast cancer cells'>'*, These remind us of the potential
function of PTX in the inhibition of vein grafts restenosis.
According to these findings, we hypothesize that PTX
may prevent vein grafts restenosis by inhibiting cell prolif-
eration. Thus, we investigated the role of PTX on vein graft
restenosis through local delivery of PTX to the vein grafts.
The results show that the PTX significantly decreased the
intimal and medial thickness of vein grafts. In addition, PTX
inhibited cell proliferation in vein graft and decreased the

' Department of Cardiac Surgery, The First Affiliated Hospital of USTC,
Division of Life Sciences and Medicine, University of Science and
Technology of China, Hefei, China

Submitted: October 27, 2021. Revised: August 9, 2022. Accepted: August
14, 2022.

Corresponding Authors:

Yangming-Fan, Department of Cardiac Surgery, The First Affiliated Hospital
of USTC, Division of Life Sciences and Medicine, University of Science and
Technology of China, Lujiang Road 17, Hefei 230001, Anhui, China.

Email: fym1984@163.com

Jianjun-Ge, Department of Cardiac Surgery, The First Affiliated Hospital
of USTC, Division of Life Sciences and Medicine, University of Science and
Technology of China, Lujiang Road 17, Hefei 230001, Anhui, China.

Email: zkdgjj@ustc.edu.cn

@ @@ Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 License (https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and
distribution of the work without further permission provided the original work is attributed as specified on the SAGE and Open Access pages

(https://us.sagepub.com/en-us/nam/open-access-at-sage).


https://us.sagepub.com/en-us/journals-permissions
https://journals.sagepub.com/home/cll
mailto:fym1984@163.com
mailto:zkdgjj@ustc.edu.cn

Cell Transplantation

phosphorylated-p38 (p-p38) level. These results first discov-
ered the role of PTX in preventing vein grafts restenosis and
lightened the potential mechanism.

Methods

The details for experiments have been shown in previous
studies'>"!7. Sprague Dawley (SD) rats (male, aged 10-12
weeks, body weight 275-325 g) were purchased from
Anhui Lab Animal Research Center and were randomly
assigned to sham group (sham operated without bypass),
control group (bypass only), vehicle gel treatment group
(bypass + pluronic-F127 gel), and PTX treatment groups
(bypass + pluronic-F127 gel + PTX) (n = 10 per group).

Perivascular Drug Delivery Constructs

The Pluronic F127 gel (Sigma, St. Louis, MO, USA) was
used as vehicle gel for local delivery of PTX; 0.3 mg PTX
(Aladdin, Shanghai, China) was dissolved with 150 pl dis-
tilled water, then resuspended into 300 pl of pluronic-F127
gel (30%, w/v) for local delivery to the vein grafts (PTX
group). An equal amount of pluronic-F127 gel was smeared
to grafts in the vehicle gel group (gel group). The pluronic-
F127 gel was taken out from a 4°C environment until it was
used, which aims to maintain its liquid form.

Rat Autologous Vein Graft Model

SD rats were anesthetized with 10% chloral hydrate
(300 mg/kg) first and administered heparin (200 U/kg) via
caudal vein injection (Qilu Pharmaceutical Co., Ltd, Jinan,
Shandong, China). The left jugular vein was harvested for
use as a carotid interposition graft. The bypass was per-
formed to be an anastomotic cuff model, as previously
described'>!”. Specifically, 2 mm cuffs were cut from a 20 G
arterial puncture needle (BD Company, Franklin Lakes, NJ,
USA). The carotid artery was isolated, the proximal and dis-
tal ends of the artery were then placed; suture traction lines
and hemoclips were used to block blood flow before a cut in
the middle. Both ends of the arteries were then pulled
through the cuff. Then the arteries were everted and secured
to the cuff with 60 silk suture (Ethicon, Cincinnati, OH,
USA). The cuffs were then inserted into and secured to the
vein with a 6-0 silk suture.

Harvest of Implanted Grdfts

Rats were euthanized at day 28 after bypass operation to har-
vest vein grafts and were cut into two sections. One segment
was immediately fixed by 4% formaldehyde after perfusion
with heparinized saline for hematoxylin and eosin (H&E)
staining, while the other was placed at —80°C for Western
blot analysis. Animals were sacrificed by sodium pentobar-
bital overdose.

Morphometric Analysis

After fixation in 4% formaldehyde and processing in 70%
ethanol, specimens harvested at day 28 were paraffin embed-
ded; 3-um sections were taken throughout the graft, exclud-
ing regions immediately adjacent to the anastomotic cuffs.
Sections were stained with hematoxylin kit (Gefan Biological,
Shanghai, China), and staining sections were observed by an
Olympus-1X73 microscope (Olympus, Tokyo, Japan). At
least three equally spaced sections of the bypass grafts were
analyzed for each specimen. Standard morphometric mea-
surements were recorded, including intimal thickness and
medial thickness. These data were then calculated by ImageJ
(National Institutes of Health, Bethesda, MD, USA).

Western Blot Assay of PCNA, a-SMA, p38, and
p-p38 Protein Expression Analysis

Total protein was isolated from grafted veins. After electro-
phoresis and electrotransfer, membranes were blocked with
5% skimmed milk and were incubated at 4°C with primary
antibodies overnight (with anti-proliferating cell nuclear
antigen (PCNA) monoclonal antibody 13110 Cell Signaling,
1:1000 dilution; anti-alpha-smooth muscle actin (a-SMA)
antibody ab134047, Abcam, 1:3000 dilution; anti-a-SMA
antibody, ab7817, 1:3000 dilution; anti-p38 antibody,
ab170099, Abcam, 1:3000 dilution; anti-phosphorylated
p38-antibody, 4511, Cell Signaling, 1:1000 dilution). After
being incubated with a secondary antibody, the bands were
processed by Odyssey v1.2 software (Li-COR Biosciences,
Lincoln, NE, China). Gray values were measured based on
the internal reference of glyceraldehyde-3-phosphate dehy-
drogenase 2 (GAPDH-2).

Immunohistochemical Analysis

The paraffin-embedded tissue was sliced into 3 pum sections.
The antigen was recovered with citrate buffer for 20 min,
followed by deactivated endogenous peroxidase with 3%
H,0, for 20 min and sealing with 5% bovine serum albumin
for 10 min. The sections were then treated overnight at 4°C
with anti-PCNA monoclonal antibody (13110, Cell Signaling,
1:50 dilution), anti-a-SMA antibody (ab134047, Abcam,
1:500 dilution), anti-p38 antibody (ab119871, Abcam, 1:100
dilution), and anti-phosphorylated p38-antibody (4511, Cell
Signaling, 1:100 dilution). Horseradish peroxidase conju-
gated secondary antibody was added to the slices after wash
with phosphate-buffered saline (PBS). The diaminobenzi-
dine tetrahydrochloride (DAB) was used to visualize. All
images were acquired by an Olympus-IX73 microscope
(Olympus, Tokyo, Japan). At least three sections per graft
were analyzed for all markers.

Statistical Analysis

Data were presented as mean * standard error (SEM) and
were processed by SPSS v.20.0 software (IBM, Chicago,
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USA). Because data followed a normal distribution, com-
parisons among multiple groups were analyzed by analysis
of variance (ANOVA). A P value < 0.05 was considered sta-
tistically significant.

Results

As shown in Fig. 1A, the vein grafts were fully filled and
beat well after the operation, which means successful trans-
plantation of the jugular vein. The incision was closed after
the operation. The incision status and rats’ activity were
checked every day after the operation, and one, two, three
rats for sham, control, and PTX group died because of inci-
sion infection or vein graft hemorrhage. In the control group
at day 28, the vein grafts were still fully filled and were
slightly stiff. And the grafts were adhesive with surrounding
tissues. In comparison, grafts in the PTX group were easy to
separate from surrounding tissues (Fig. 1B).

PTX Alleviates the Hyperplasia of Graft
Intimal and Medial

From H&E staining, we can see that the vein grafts of
the control group were obviously thickened (Fig. 2A).
Quantification analysis of the intimal and medial thickness
was performed by at least three sections for each bypass
graft. In view of the graft thickness at day 28, the intimal
and medial for the vehicle gel group were not significantly
different from the control group (Fig. 2B, Table 1), which
means that the application of Pluronic F-127 gel as the
vehicle of PTX will not affect the pathophysiology changes
of vein grafts.

In specific, the thickness of grafts intimal and thickness
of medial for control group were significantly higher than
the sham group (intimal: 59.52 * 523 vs 2.35 £ 0.16, P <
0.001; medial: 134.89 = 15.48 vs 23.60 = 1.78, P < 0.001).
These mean significant hyperplasia of intimal and medial
for vein grafts at day 28. For the PTX group, the intimal
thickness of vein grafts at day 28 was significantly reduced
when compared with the control group (4.17 £ 0.60 vs
59.52 = 5.23, P < 0.001). Similarly, the medial thickness
for the PTX group was significantly decreased when com-
pared with the control group (88.34 = 10.46 vs 134.89 =
15.48, P = 0.01). This means that the PTX inhibited the
hyperplasia of intimal and medial in vein grafts. The medial
of PTX group was still thicker than the sham group (88.34
* 10.46 vs 23.60 = 1.78, P < 0.001). The intimal of PTX
group was also thicker than the sham group but was not sig-
nificant (4.17 = 0.60 vs 2.35 = 0.16, P = 0.0734). We also
measured the value of intimal-to-medial, which showed a
significant decrease for the PTX group than the control
group (0.05 = 0.01 vs 0.48 = 0.06, P < 0.001). Even it was
slightly smaller than the sham group (0.05 = 0.01 vs 0.10 =
0.01, P = 0.345).

Intraoperation

Figure |. Photographs of vein grafts. (A) Intraoperative
photographs for control and PTX groups, grafts were fully filled
and beat well. (B) Postoperative photograph at day 28, the vein
grafts were still fully filled and were adhesive with surrounding
tissues in control group. PTX: pentoxifylline.

PTX Decreased Cell Proliferation of Vein Grafts
Through p38MAPK Pathway

To evaluate the cell proliferation, we measured the PCNA and
a-SMA (a VSMCs specific maker) level of vein grafts by
immunohistochemical and Western blot. The immunoreactiv-
ity to anti-PCNA in vein grafts of control and gel groups were
higher than in the sham group. With the local delivery of PTX,
the PCNA expression of grafts at day 28 was reduced (Fig. 3A).
The Western blot confirmed the efficacy of PTX (Fig. 3B and
C), which means a significant inhibition of PTX to the cell pro-
liferation in vein grafts. Also, the immunohistochemical and
Western blot results for the control and gel groups showed an
increment of a-SMA when compared with the veins in the
sham group. And the a-SMA level decreased after the interven-
tion of PTX (Fig. 3A—C), which means that the local delivery
of PTX inhibited the proliferation of SMCs in the vein graft.
To investigate the mechanism underlying the inhibition
role of PTX to vein graft restenosis, we measured the p38
and p-p38 levels. As shown in Fig. 3A, the p38 levels seemed
to be the same between the sham, control, gel, and PTX
groups. This tendency was also observed in Western blot
results (Fig. 3A and C). While, the p-p38 level of grafts was
obviously higher for the control and gel groups than the veins
for the sham group. The p-p38 level of grafts for the PTX
group was higher than the sham group, but more notably was
that the p-p38 level for the PTX group was significantly
decreased when compared with the sham group (Fig. 3A-C).
These results indicated that PTX may inhibit the restenosis
of vein graft through decrease the phosphorylation of p38.

Discussion

Restenosis, or failure of vein grafts, challenges patient’s
health and medical advances in the world'. Many researchers
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Figure 2. PTX reduced the intimal and medial thickness of vein grafts. (A) Micrographs of H&E stained sections of vein grafts at
4X (first line), 10X (second line), and 20X (third line) objective lens. (B) The effects of PTX on intimal, medial thickness, and I/M ratio.

H&E: hematoxylin and eosin; PTX: pentoxifylline. *P < 0.05, **P < 0.01, ***P < 0.0001.

Table I. Thickness of Intimal, Medial, and I/M for Sham, Control, Vehicle Gel, and PTX Groups.

Groups Shamn =9 Controln = 8 Geln =10 PTXn =17
Intimal (um) 235+ 0.16 59.52 + 5.23### 51.27 + 4.46### 4.17 = 0.60%**
Medial (uwm) 23.60 = 1.78 134.89 = |5.48### 129.62 * 12.3|### 88.34 + [0.46%###
I'M 0.10 = 0.0l 0.48 * 0.06%## 0.42 = 0.04### 0.05 = 0.0

The values of thickness are presented as mean = SEM. PTX: pentoxifylline.
*Compare with control group.

#Compare with sham group.

*P < 0.05, ¥P < 0.01, *¥P < 0.0001, #P < .05, ##P < 0.01, ###P < 0.0001.

tried to better understand the underlying mechanisms of the =~ medial thickness at day 28 after the operation. PCNA and
pathological changes and to identify new approaches to  a-SMA results indicate an inhibition role of PTX in cell pro-
avoid them'®!?. Our research here showed that local delivery liferation. Moreover, the PTX also reduced the p-p38 level in

of PTX to the vein grafts significantly reduced intimal andin ~ vein grafts.
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Figure 3. Effects of PTX on PCNA, a-SMA, p38, and p-p38 level. (A) The immunohistochemical section of PCNA, a-SMA, p38, and
p-p38 in vein grafts at day 28 for sham, control, gel, and PTX groups. (B) Expression PCNA, a-SMA, p38, and p-p38 in vein grafts at
day 28 with Western Blot detection. (C) Histograms of PCNA, a-SMA, p38, and p-p38 levels in vein grafts at day 28 calculated from
Western Blot. PTX: pentoxifylline. *P < 0.05, **P < 0.01, ***P < 0.0001.
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The remodel of grafted vein including the intimal, medial,
and adventitia results in restenosis of the vein grafts and fail-
ure in long term, but the mechanism is still puzzling. Previous
studies have shown that the process of restenosis concerns
thrombosis, neointimal formation, intimal, and medial hyper-
plasia in early stage and later atherosclerosis®. After vein
transplanted to artery system, the increased pressure, changed
stress, and shear force will destroy the endothelia, accompa-
nied with inflammatory cytokines release (such as endothe-
lium-derived growth factors, interleukin 8, and monocyte
chemotactic protein 1), interacts with platelets, and so on,
which directs to VSMC proliferation and migration to inti-
mal?*22, In this study, the pathology results also showed the
thickening of graft intimal and medial after 28 days of bypass,
which is consistent with previous studies!>!7.

PTX is one derivative of methylxanthine. Initially, it was
used to treat the intermittent claudication. Recent researchers
found that it can also inhibit cell proliferation, such as pro-
moting the lysis of cancer cells. Thus, it has been introduced
to cancer therapy!>!*2?3. With the delivery of PTX locally to
the vein grafts here, we found that both the intimal and medial
thickness decreased. These results indicate the role of PTX in
the inhibition of vein graft restenosis. Through measurements
of PCNA and a-SMA, we further confirmed that the PTX
attenuates the restenosis of vein grafts by inhibiting VSMCs
proliferation. Moreover, we found here that the application of
PTX also inhibited the activation of the p38MAPK pathway,
which is consistent with Gregory’s work on astrocytes
that PTX induced the p38MAKP phosphorylation'®. These
introduce that the PTX attenuates vein graft restenosis by
inhibiting VSMCs proliferation via the p38MAPK pathway.
p38MAPK signaling pathway is induced by stress stimuli and
proinflammatory cytokines, and TNF-a. is kind of a activator
of p3813,%. Also, previous studies have shown a positive
relationship between TNF-o and vein graft restenosis'®%.
Thus, PTX may reduce the TNF-a expression to suppress the
p38MAPK pathway for attenuation of restenosis.

Pluronic F127 is a non-ionic triblock copolymer of poly
(ethylene oxide)-b-poly (propylene oxide)-b-poly (ethylene
oxide) (PEO-PPO-PEQ) with very good biocompatibility*?’.
And it is a thermo-responsive polymer, which can form the
hydrogel in-situ at the body temperature. These properties
make it widely used for drug delivery to treat diseases. For
example, Wang et al.?®?° loaded the traditional Chinese drug
Cortex moutan with Pluronic F127 to fight against atopic der-
matitis. As a drug delivery system, it showed a better release
of docetaxel than free docetaxel in the cancer treatment®.
Also, our previous studies have shown that the Pluronic F127
can be used to locally deliver drugs for anti-vein graft reste-
nosis'>3!. This research proved its role again.

The pharmacokinetic properties of PTX have been exten-
sively researched. In both animals and humans, it can be
rapidly absorbed from the stomach and intestine’?33. In
dogs, the maximal plasma concentration can be obtained
within 1 h after oral dosing. Humans have also experienced
similar findings***>. In our investigation, the PTX was

loaded with Pluronic F127 gel and administered locally to
the periphery of grafting. We believe that this system will
have no effect on PTX release or diffusion into vein graft
tissue even in intimal layer.

Conclusion

In the present study, we found that local delivery of PTX can
attenuate vein grafts restenosis in the rat carotid bypass
model. This effect appears to be mediated by decrease in
VSMC:s proliferation through inhibiting the p38MAPK path-
way activation. Thus, PTX is a promising candidate for the
prevention of restenosis and failure of vein grafts.
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