
Contents lists available at ScienceDirect

Bioactive Materials

journal homepage: http://www.keaipublishing.com/biomat

Significant difference between sirolimus and paclitaxel nanoparticles in anti-
proliferation effect in normoxia and hypoxia: The basis of better selection of
atherosclerosis treatment
Youlu Chena,1, Yong Zengb,1, Xiaowei Zhua,c, Lifu Miaod, Xiaoyu Lianga, Jianwei Duana,
Huiyang Lia, Xinxin Tiana, Liyun Panga, Yongxiang Weib,∗∗, Jing Yanga,e,∗
a Tianjin Key Laboratory of Biomaterial Research, Institute of Biomedical Engineering, Chinese Academy of Medical Science and Peking Union Medical College, Tianjin,
300192, PR China
b Beijing Institute of Heart Lung and Blood Vessel Disease, Beijing Anzhen Hospital, Capital Medical University, Beijing, 100029, PR China
cHenan Center for Patent Examination and Cooperation of the Patent Office of the State Intellectual Property Office, Henan, 450002, PR China
dHeart Center, The First Hospital of Tsinghua University, Beijing, 100016, PR China
e Biomedical Barriers Research Center, Institute of Biomedical Engineering, Chinese Academy of Medical Sciences & Peking Union Medical College, Tianjin, 300192, PR
China

A R T I C L E I N F O

Keywords:
Atherosclerosis
Sirolimus
Paclitaxel
Hypoxia
HIF-1α
Glycolysis

A B S T R A C T

Compared with paclitaxel, sirolimus has been more used in the treatment of vascular restenosis gradually as an
anti-proliferative drug, but few basic studies have elucidated its mechanism. The anti-proliferative effects of
sirolimus or paclitaxel have been demonstrated by numerous studies under normoxia, but few studies have been
achieved focusing hypoxia. In this study, porcine carotid artery injury model and classical cobalt chloride hy-
poxia cell model were established. Sirolimus nanoparticles (SRM-NPs), paclitaxel nanoparticles (PTX-NPs) and
blank nanoparticles (Blank-NPs) were prepared respectively. The effect of RPM-NPs on the degree of stenosis,
proliferative index and the expression of PCNA after 28 days of porcine carotid artery injury model was eval-
uated. Compared with saline group and SRM groups, SRM-NPs group suppressed vascular stenosis, proliferative
index and the expression of PCNA (P < 0.01 and P < 0.05). Endothelial cell (EC) and smooth muscle cell
(SMC) were pre-treated with cobaltous chloride, followed by SRM-NPs, PTX-NPs, Blank-NPs or PBS control
treating, the effects on cell proliferation, HIF-1 expression and glycolysis were detected. SRM-NPs could inhibit
EC and SMC proliferation under hypoxia, while PTX-NPs couldn't (P < 0.001). Significant differences between
sirolimus and paclitaxel NPs in anti-proliferation effect under normoxia and hypoxia may due to the different
inhibitory effects on HIF-1α expression and glycolysis. In conclusion, these results suggest that sirolimus can
inhibit the proliferation of hypoxic cells more effectively than paclitaxel. These observations may provide a basis
for understanding clinical vascular stenosis therapeutic differences between rapamycin and paclitaxel.

1. Introduction

Cardiovascular disease (CVDs) remains the leading cause of death
worldwide [1]. Atherosclerosis is at the root of the most life-threatening
CVDs [2]. Percutaneous coronary intervention (PCI) reopens the cor-
onary arteries by balloon or stent and keeps the arteries that have been
narrowed by arteriosclerosis unobstructed [3]. However, restenosis

often occurs due to abnormal cell proliferation, and then anti-pro-
liferative drugs are used to reduce cell proliferation and alleviate vas-
cular stenosis [4,5]. Both sirolimus and paclitaxel are commonly used
anti-proliferative drugs, but in clinical studies (such as RAVEL, SIRIUS,
TAXUS trials and so on), sirolimus-eluting stent (SES) is superior to
paclitaxel eluting stent (PES) in restenosis rate [6,7]. Due to the ad-
vantages of sirolimus, the second-generation drug-eluting stent carries
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sirolimus or its derivatives [8].
Sirolimus replaced paclitaxel gradually, but few studies have been

done to elucidate the mechanism. In previous studies, sirolimus, de-
veloped as an mTOR inhibitor and antibiotic with potent im-
munosuppressive properties, inhibits the various processes of restenosis
cascade, and it can also regulate cell proliferation cycle arrest at G1/S
phase [9]. Paclitaxel, developed as an anti-neoplastic drug, inhibits the
disassembly of micro-tubules which blocks mitosis progression and thus
G2/M-phase arres [10]. To some extent, both sirolimus and paclitaxel
inhibited cell proliferation. But these studies are usually carried out
under normoxia. In fact, advanced vascular stenosis shows areas of
severe hypoxia and is rich in angiogenesis [11]. These microenviron-
ments have been neglected, and further researches could begin with
hypoxic microenvironment.

Differences of anti-proliferation between sirolimus and paclitaxel
may relate to hypoxia microenvironment of atherosclerosis, because
there are a series of changes in cells during hypoxia. Firstly, HIF-1α as
the main regulator of cellular response to hypoxic environment will be
expressed in Hypoxia microenvironment quickly [12]. Then, HIF-1α
promotes the development of atherosclerosis through promoting the
expression of vascular endothelial growth factor (VEGF), proliferation
of endothelial cell (EC) and smooth muscle cell (SMC), glycolysis and so
on [13]. Therefore, HIF-1α expression and glycolysis under hypoxia
will reflect the anti-proliferation ability of drugs from another side
[14].

Both sirolimus and paclitaxel are lipid-soluble drugs. The combi-
nation of nanotechnology could improve solubility, enhance bioavail-
ability and prolong action cycle of them [15]. Therefore, in this study,
3S-PLGA was used as carrier to prepare paclitaxel and sirolimus nano-
drug delivery system. The effects of sirolimus and paclitaxel on EC and
SMC under normoxic and hypoxic microenvironment were compared in
terms of cell proliferation, HIF-1α expression and glycolysis, which may
provide a possible theoretical basis for the selection of therapeutic
drugs for vascular restenosis. Hopefully, this study will stimulate more
thinking and research, and contribute to the treatment of vascular
restenosis in the future.

2. Materials and methods

2.1. Materials

Cobalt (II) chloride hexahydrate was purchased from Sigma (St.
Louis, MO, USA); Anti–HIF–1α, Anti-beta Actin, IgG H&L (DyLight 488)
and IgG H&L (HRP) were obtained from Abcam (Cambridge, UK);
Paraformaldehyde, DAPI, MTT, RIPA Lysis Buffer, 5 × SDS-PAGE
Sample Loading Buffer, 20 × TBST buffer, ECL Western Blotting
Substrate and Color Mixed Protein Marker were from Solarbio (Beijing,
China); SDS-PAGE gel preparation kit and Lyso-Tracker were bought
from Beyotime (Jiangsu, China).

2.2. Animal experiments

Chinese Experimental Mini-pigs (CEMPs) (weight 20–23 kg, 5–7
month) were purchased from China Agricultural University Animal
Center (Beijing, China). The Administrative Committee on Animal
Research in the Chinese Academy of Medical Science approved all the
protocols for animal experiments. Also, all the animal experiments were
performed in compliance with the Guiding Principles for the Care and
Use of Laboratory Animals, Peking Union Medical College, China.

2.3. Preparation of NPs

Paclitaxel (or sirolimus) was encapsulated in 3s-PLGA by ultrasonic
emulsification and solvent evaporation technology to prepare SRM-NPs
and PTX-NPs. The specific process is as follows: first, weigh 30 mg
paclitaxel (or sirolimus) and 100 mg 3S-PLGA accurately, and add

1.5 mL dichloromethane to dissolve them. Then, prepare 1% PVA (w/V)
aqueous solution, drop the solution above into 1% PVA aqueous solu-
tion under constant ultrasound (shear force 30%, 10 min, ice bath). At
that time, paclitaxel (or sirolimus) was encapsulated in the NPs formed
by 3s-PLGA and nanoparticle suspension was formed. Next, the nano-
particle suspension was stirred for 2 h at room temperature to remove
the volatile dichloromethane. Then, the suspension was centrifuged and
washed with distilled water twice to remove PVA (23,000 r/min, 4 °C,
30min). The preparation methods of Blank-NPs and coumarin 6-NPs
were similar to the above steps. The differences were that coumarin 6-
NPs were prepared with 8 mg coumarin 6 instead of paclitaxel (or
sirolimus), and Blank-NPs were not loaded any drugs.

2.4. Size distribution, zeta potential, stability and morphology of NPs

Take 2 mL of Blank-NPs, SRM-NPs and PTX-NPs suspensions, and
use dynamic light scattering (DLS) method to measure the average
particle size, particle size distribution and zeta potential on zeta sizer
nano ZS (Malvern instruments, UK).

Keep the Blank-NPs, SRM-NPs and PTX-NPs suspensions that have
been tested for particle size, and measure the particle size every 6 d to
test the stability of NPs.

100 μl Blank-NPs, SRM-NPs and PTX-NPs suspensions were uni-
formly dispersed in 1 mL distilled water and dropped on the copper
mesh. After drying, the morphology of NPs was observed by trans-
mission electron microscopy (TEM). (h-6009iv, Hitachi).

All measurements are made in triplicate. The average particle size is
represented by the volume average diameter, and the reported value is
represented by the average ± standard deviation (n = 3).

2.5. Drug loading, encapsulation and releasing of NPs

Weigh 2.5 mg of drug-loaded NPs accurately, suspending them with
4 mL PBS(1 mol/L) and placing them in constant temperature shaking
table for release experiment (37 °C, 130 r/min). The release solution
was taken out on 1 d, 3 d, 5 d, 8 d, 12 d, 16 d and 20 d respectively, and
the same amount of fresh PBS was added to replace the release solution.
After the release liquid was extracted by dichloromethane, the drug
content was determined by High performance liquid chromatography
(HPLC), and the cumulative release curve was drawn. The cumulative
release curve is calculated as follows.

After weighing 5 mg NPs accurately, the NPs were completely dis-
solved in 1 mL dichloromethane. Volatilize dichloromethane in the
fume hood until the solution was completely volatilized. Then, adding
1 mL acetonitrile to dissolve released drugs, the content of drugs was
determined by HPLC. The calculation formula of drug loading is as
follows.

Paclitaxel (or sirolimus), which is not encapsulated in NPs, would
remain in the supernatant solution. Therefore, in the preparation of
NPs, the supernatant obtained after the first centrifugation needs to be
preserved for the detection of encapsulation efficiency. The calculation
formula of enveloping rate is as follows.

HPLC: 20 μL samples were injected into a reverse C18 column (150
4.6 mm, 5 m) with a mobile phase ratio of acetonitrile: water (50:50, v:
v) at a flow rate of 1 mL/min. The absorption was determined by UV at
λ = 227 nm (PTX) or λ = 278 nm (SRM). The results were expressed as
average ± standard deviation (n = 3).

= ×Cumulative release Cumulative release of drug
Total mass of loaded drug

(%) 100%

= ×Drug loading Total mass of drug
Total mass of NPs

(%) 100%
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=

×

Encapsulation rate
Total mass of drug drug mass in supernatant solution

Total mass of drug

(%)
—

100%

2.6. Cellular uptake of NPs

Cells were inoculated in a confocal dish at a density of 1 × 105 cells
per well, with 1 mL medium per dish. After 24 h of culture, Coumarin-
NPs were added, and the NPs were added to the confocal dish at a
concentration of 100 μg/mL. At 24 h, the culture medium was gently
sucked out, and each dish was washed with 1 mL PBS three times. Each
well was filled with 500 μL 4% paraformaldehyde for 20 min at RT.
Removed polyformaldehyde gently, then each dish was washed three
times by PBS, 5 min each time. After that, used 400 μL Lyso-Tracker
Red to incubate overnight. DAPI dye solution of 300 μL per dish was
used for nuclear staining at RT for 5 min, each dish was washed with
1 mL PBS three times, 5 min each time. Then 300 μL PBS was added to
each dish, and the distribution of NPs in cells was observed under a
laser confocal microscope.

2.7. The curative effect of SRM-NPs on swine

Before surgery 1 day, Chinese Experimental Mini-pigs (CEMPs)
(weight 20 to 23 Kg) were administrated aspirin (325 mg) till were
sacrificed. CEMPs were anesthetized using Ketamine(15 g/kg) and
Atropine (0.5 mg), then were binded on operating table with the re-
al–time dynamic ECG monitoring system. At groin, through a midline
neck incision the right common, external and internal carotid arteries
were exposed and swilled with heparin saline. The endothelium of the
right common carotid artery was distended by Judkin catheter. The mid
and distal portions were temporarily tied off to form a close segment.
Twenty-eight CEMPs were divided by four groups, group A B C D were
separately infused different therapeutic solution, A is saline, B is blank
NPs, C is SRM, D is SRM-NPs, therapeutic solution was infused into the
temporarily closed left common carotid segment using the Dispatch
local delivery infusion balloon under 1 ATM pressure for 10 min before

the ties were removed and the flow was restored, the left external
carotid artery was ligated and the skin was closed. Penicillin were ad-
ministered 3 days after surgery. Morphometric analysis was performed
on the H&E-stained sections and immunohistochemical staining sec-
tions of swine carotid arteries that were collected on day 28 after bal-
loon angioplasty. Histologically, the degree of stenosis, proliferative
index and the expression of PCNA were tested by IPP4.0 true-color
image processing software and image j software.

2.8. Cytocompatibility and cell proliferation inhibition of NPs

EC (or SMC) were seeded into 96-well plate in 100 μL medium
(5 × 103 cells/well) under normoxia. EC (or SMC) were cultured for
24 h to achieve 90% fusion. NPs were set in 6 parallel wells of each
group (concentrations were 0.01, 0.05, 0.1, 0.5, 1, 5, 10, 50, 100 μg/
mL, respectively), The negative control group cells were added with the
same amount of serum-free medium. Cell viability was analyzed by
MTT (5 mg/mL) assay after cultured 24 h, 48 h and 72 h. The OD value
of each well was detected at the wavelength of 490 nm.

Construction of hypoxia environment: EC (or SMC) were seeded into
96-well plate in 100 μL medium (5 × 103 cells/well). EC (or SMC) were
cultured for 24 h to achieve 90% fusion. Then, EC (or SMC) were cul-
tured for 24 h in a serum-free medium containing 200 μmol/L cobal
tdichloride. And the concentrations of added NPs were 1, 5, 10, 50, 100,
500, 1000, 2000 μg/mL, respectively. The process of other experiments
and detection is the same as normoxia.

= ×Cell viability OD value of NPs group
OD value of negative control group

(%) 100%

2.9. Cellular immunofluorescence

The cells were immobilized with 4% paraformaldehyde for 20 min
and washed by PBS for 3 times. Then, 0.5% Triton X-100 was used to
infiltrate for 20 min at RT, and was rinsed 3 times by PBS. After 30 min
of blocking with 300 μL goat serum (5%) at RT. Then 300 μL primary
antibody (200 × dilution) was added to incubate at 4 °C overnight and
washed with PBS for 3 times. The cells were incubated with fluorescent

Fig. 1. Characterization of Blank-NPs, SRM-NPs and PTX-NPs in vitro. (A) The particle size of them was (204.7 ± 1.1) nm, (214.3 ± 0.6) nm and (216.9 ± 0.6)
nm, the PDI value was (0.099 ± 0.008), (0.098 ± 0.022) and (0.129 ± 0.046), and the surface potential was - (12.05 0.35) mV, - (12.10 ± 0.14) mV and -
(14.35 ± 0.21) mV. (B) Stability test showed that the Blank-NPs, SRM-NPs and PTX-NPs had good stability within 21 d. (C) In vitro release results showed that the
system could achieve relatively similar release of SRM-NPs and PTX-NPs. (D) Typical images of three kinds of nanoparticles under TEM, NPs were spherical.
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antibody (200 × dilution) at 37 °C for 1 h and washed by PBS for 3
times. The cells were incubated with 300 μL DAPI for 5 min, washed for
3 times with PBS, and then 500 μL PBS was added. They were observed
and photographed under a confocal laser microscope.

2.10. Western blotting

Total protein was extracted and quantified. The protein samples
were diluted with dilution buffer and denatured at 95 °C or above for
10 min. Samples were added into SDS-PAGE colloidal pore and elec-
trophoresis was carried out at 80 V 2 h. After membrane metastasis
(90 V, 60 min), 2% BSA was used to block the nonspecific site for 1 h.
After 4 rinses with TBST, the primary antibodies (200 × dilution) were
incubated overnight at 4 °C. TBST was used to wash the second

antibody for four times and incubate the second antibody (5000 × di-
lution) for 1 h at 37 °C. After cleaning four times with TBST and re-
acting for 1 min, the developer was added to the imaging system for
exposure and image acquisition.

2.11. Inhibition of cell glycolysis

The cells were seeded into cell plate with 100 μL medium, the
density of cells was 5 × 105/mL. Then the cells were adhered to the cell
plate wall for 4 h and the culture medium was discarded. Cells were
incubated overnight at high and low doses of NPs (1000 μg/mL and
100 μg/mL) under hypoxia conditions. In addition, adding 1 mL
Calibrant to each hole of probe plate, then insert the probe, incubating
in 5% CO2 incubator at 37 °C overnight. Preheating the working

Fig. 2. Cytocompatibility of Blank-NPs and
uptake of Coumarin-6 NPs by cells.
Cytocompatibility testing and cell uptake of
Blank-NPs were detected. Within 24 h–72 h,
Blank-NPs had almost no inhibitory effect
on the growth of EC and SMC in normoxia
(A, a) and hypoxia (B, a), and the cell sur-
vival rate was basically above 75%.
Coumarin-6 NPs can be successfully swal-
lowed into cells by EC and SMC under
normoxia (A, b) and hypoxia (B, b), and
lysosomal escape has been achieved. (A,b &
B,b)The white bars represent 20 μm, blue
stands for DAPI and green represents cou-
marin 6. (For interpretation of the refer-
ences to color in this figure legend, the
reader is referred to the Web version of this
article.)
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solution (PH 7.4, 5 mM glutamine) and removing the old medium
containing NPs in cell plate. Washing cells with 1 mL working solution
twice and adding 500 μL working fluid to each hole of cell plate. Cells
were observed under a microscope and are required to adhere to the
wall. After that, the cell plate was placed at 37 °C without CO2 in-
cubator for 1 h. Glucose, Oligomycin and 2-DG were added to the A, B
and C pores of the probe plate in sequence. Put the probe plate above
the cell plate for about half an hour at 37 °C without CO2 incubator.
After incubation, remove the probe plate tray and cover. The cell cul-
ture plate was taken out, and the probe plate was inserted into the cell
culture plate and placed into the instrument for detection.

2.12. Data analysis and statistics

All experiments were performed in triplicate. Values are expressed
as the mean of average ± standard deviation. The statistical differ-
ences were evaluated by using ANOVA (one-way ANOVA and two-way
ANOVA). Differences with a value of P < 0.05 were considered sta-
tistically significant. A Dunnett's test was used for post hoc analysis
when required.

3. Results

3.1. Preparation and characterization of Blank-NPs, SRM-NPs and PTX-
NPs

We prepared a nano-delivery system by using lipid-soluble polymer
(3S-PLGA) as a carrier. The size, stability, cytocompatibility and drug
release kinetics of NPs were characterized (Fig. 1&2). The particle sizes
of Blank-NPs, SRM-NPs and PTX-NPs were (204.7 ± 1.1) nm,
(214.3 ± 0.6) nm and (216.9 ± 0.6) nm, the PDI value was
(0.099 ± 0.008), (0.098 ± 0.022) and (0.129 ± 0.046), and the
surface potential was -(12.05 0.35) mV, -(12.10 ± 0.14) mV and
-(14.35 ± 0.21) mV (Fig. 1 A). For 21 days, the sizes of Blank-NPs,
SRM-NPs and PTX-NPs were tested. Almost no change in particle size
indicated that NPs were relatively stable (Fig. 1 B). Both SRM-NPs and
PTX-NPs showed similar drug release kinetics which manifested as a 21-

day slow release (Fig. 1C). Under TEM, three kinds of NPs were all
spherical (Fig. 1 D). In addition, drug loading of SRM-NPs and PTX-NPs
were (21.8 ± 0.8) % and (17.0 ± 0.7) % respectively and the en-
capsulation rate of them were (98.7 ± 0.0) % and (99.5 ± 0.1) %
respectively.

Under different microenvironments of normal and hypoxia, NPs
successfully entered EC and SMC through endocytosis and the cell
viability exceeded 75%, showing good cytocompatibility (Fig. 2 A, a &
B, a). NPs could also escape from lysosome through the interaction with
lysosomal membrane, which will help to improve the bioavailability of
sirolimus and paclitaxel (Fig. 2 A, b & B, b). The phagocytic and release
behavior of SRM-NPs and PTX-NPs was consistent. Therefore, it's ap-
propriate to compare the efficacy of sirolimus and paclitaxel basing this
NPs and further explore their mechanism.

3.2. The curative effect of SRM-NPs on Chinese Experimental Mini-pigs

In previous studies, Konstantinos spargias et al. Showed that pacli-
taxel can inhibit the expression of proliferating cell nuclear antigen
(PCNA) and reduce vascular stenosis [16]. Our previous studies have
shown that paclitaxel can inhibit neointimal hyperplasia more effec-
tively by delivering paclitaxel through nano delivery system [17]. Si-
milarly, we examined the inhibitory effects of sirolimus on vascular
stenosis and cell proliferation (Fig. 3). Degree of stenosis of SRM-NPs
group was (23.4% ± 5.35) %, in contrast to (46.07 ± 18.33) % of
saline group (P < 0.01) and (39.32% ± 9.91) % of SRM group
(P < 0.05). The proliferative index of SRM-NPs group was
0.39 ± 0.03, in contrast to 0.89 ± 0.18 and 0.78 ± 0.20 of saline
group and SRM (P < 0.05). In SRM-NPs group, the expression of PCNA
was (29.32% ± 10.1) %, which compared with (47.9% ± 15.4) % of
SRM group (P < 0.01) and (66.7% ± 13.3) % of saline group re-
spectively (P < 0.05). Comparatively speaking, the SRM-NPs group
had mild intimal hyperplasia and large residual vascular lumen area.
PCNA, as proliferative nuclear antigen, was significantly more ex-
pressed in the normal saline group, Blank-NPs group and SRM group
than in SRM-NPs group. The results showed that sirolimus could inhibit
vascular stenosis and cell proliferation successfully. After sirolimus was

Fig. 3. The result of histopathological evaluation. (A), the condition of intima hyperplasia; (B), degree of stenosis; (C), proliferative index; (D), the expression of
PCNA.
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delivered by nano delivery system, the ability of inhibiting vascular
stenosis and cell proliferation was enhanced.

3.3. Comparison of cell proliferation inhibition under normoxia and
hypoxia

Both sirolimus and paclitaxel used as anti-proliferative stent drugs
in the treatment of restenosis, but the effects were different [18]. For a
deeper understanding of treatment differences, MTT assay was per-
formed to detect cell proliferation and we have carried out the fol-
lowing exploration. Firstly, under normoxia, cell viability was mea-
sured after EC and SMC were treated with different concentrations of
SRM-NPs and PTX-NPs (Fig. 4A), ranging from 0.3 to 3000 ng/mL for
24 h, 48 h and 72 h. The results showed that both SRM-NPs and PTX-
NPs could anti-proliferation on cells in a time- and dose-dependent way
under normoxia. Then, considering that most studies ignored the drug
resistance of cells caused by hypoxic microenvironment of athero-
sclerosis [19], further comparisons had been made under hypoxia in
this study. In further experiments, under the same NP-concentration
and treatment time, both EC and SMC showed drug resistance to SRM-
NPs and PTX-NPs under hypoxia. But surprisingly, when we increased
the doses of NPs, SRM-NPs exhibited time- and dose-dependent anti-
proliferative effects on hypoxic EC and SMC (containing 0.03–60 μg/mL
sirolimus), while PTX-NPs couldn't inhibit cell proliferative at the same
concentration (Fig. 4 B). The differences between SRM-NPs and PTX-

NPs were striking in this situation (***P < 0.001).
It can be seen from the results that PTX-NPs were slightly superior

to SRM-NPs in anti-proliferation ability of normoxic cells. This is in line
with previous results that paclitaxel has a better pro-apoptotic effect on
normoxic cells than sirolimus [20]. However, this study suggested that
compared with SRM-NPs, anti-proliferative effect of PTX-NPs on hy-
poxic cells was noticeably weakened. This may suggest that using of
sirolimus is superior to paclitaxel in vascular restenosis.

3.4. Comparison of HIF-1α expression under hypoxia

The main mechanism of cells dealing with hypoxia is stabilization
and overexpression of hypoxia inducible factor 1 (HIF-1) [21–23]. HIF-
1 can target multiple genes and regulate cell metabolism, which play a
key role in the development of atherosclerosis by acting on the cell-
specific responses of EC and SMC [24–26].

HIF-1 is composed of HIF-1α and HIF-1β. HIF-1α is a functional unit
regulated and controlled by oxygen content, while HIF-1β is a structural
unit unaffected under hypoxia. HIF-1 α regulates cells to adapt to hy-
poxia environment by activating genes to change energy metabolism
[27,28]. Therefore, we explored the effects of SRM-NPs, PTX-NPs and
Blank-NPs on HIF-1 expression in hypoxic cells. Firstly, the results
showed that Blank-NPs had no effect of the expression of HIF-1α under
hypoxia. Secondly, expression of HIF-1α in SRM-NPs group was sig-
nificantly weakened, which means that SRM-NPs could inhibit the

Fig. 4. Comparison of cell proliferation inhibition under normoxia and hypoxia. At 24 h, 48 h and 72 h, the inhibitory effects of SRM-NPs and PTX-NPs on EC and
SMC proliferation were compared under normoxia (A) or hypoxia (B) within 24 h–72 h. The results suggested that paclitaxel seemed only inhibited the proliferation
of normoxic cells. On the contrary, sirolimus-eluting stents could inhibit the proliferation of both hypoxic and normoxic cells.
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expression of HIF-1α in hypoxic EC and SMC. However, PTX-NPs could
hardly inhibit the expression of HIF-1α at the same concentration under
hypoxia (Fig. 5B&C). Cellular immunofluorescence assay also supported
similar conclusion (Fig. 5A).

3.5. Comparison of glycolysis under hypoxia

When HIF-1α is up-regulated with low and stable oxygen content,
the glycolysis in hypoxic cells changes, which allows cells to maintain
ATP synthesis under hypoxic conditions [29–32]. Thus, the glycolysis
regulated by HIF-1α is very important for proliferation of hypoxic cells
in atherosclerotic sites. Basing on this, we also explored the effects of
Control, SRM-NPs, PTX-NPs and Blank-NPs groups on glycolysis of EC
and SMC under hypoxia.

The experiment firstly created a state in which cells almost stopped
metabolizing. The medium contained only a little amount of glutamine
to maintain cell survival. After the first injection of glucose, the cells
began to metabolize glucose (including aerobic oxidation and anaerobic
glycolysis). The result showed that the glycolysis process treated by
SRM-NPs in SMC and EC was weaker than the other three groups, and
the inhibitory effect of SRM-NPs increased when dose increased
(Fig. 6). The second injection of oligomycin inhibited mitochondrial
aerobic oxidation, and the energy supply of cells was completely con-
verted to glycolysis, which showed the maximum glycolysis capacity of
cells. It could be seen that the glycolysis processes of control, PTX-NPs
and Blank-NPs groups were promoted after oligomycin was added, but
the promotion effects were not strong. This may due to the fact that the
construction of hypoxia environment inhibited most of the aerobic
oxidation process (Fig. 6). It's well known that glycolysis provides ATP
for cells to survive in hypoxia. Sirolimus could inhibit the proliferation
of hypoxic cells by inhibiting glycolysis, while paclitaxel couldn't. This
result may also indicate that sirolimus had an advantage over paclitaxel

in prevention of restenosis. For the convenience of understanding, the
relevant mechanism of this study was also shown in Fig 7.

4. Discussion

Decrease of oxygen tension in tissues plays an important role in the
progression of atherosclerosis [33]. With the development of athero-
sclerosis, the arterial wall becomes thicker and the diffusion of oxygen
to intima is reduced. In fact, in both human and animal models, ad-
vanced atherosclerotic plaques show areas of severe hypoxia [34,35].
However, most of the mechanism research seems to ignore the change
of oxygen microenvironment, which is obviously inappropriate.
Therefore, we attempted to compare the effects of sirolimus and pa-
clitaxel on hypoxic cell proliferation and explore their mechanism.

In atherosclerosis, the angiogenesis of atherosclerotic plaque is re-
lated to the progression and instability of atherosclerotic plaque [36].
Neovascularization mainly occurred in the deep part of the thickened
intima and media, and associated cells are hypoxic. With the increase of
plaque hypoxia, microvessel density increased [37]. It is of great sig-
nificance to inhibit angiogenesis in plaque to stabilize plaque and in-
hibit plaque rupture. Therefore, microvascular-related EC and SMC
were used as cell models in this study.

In addition, we established the porcine carotid arty injury model to
evaluate the effects of SRM-NPs on vascular stenosis, proliferation
index and PCNA expression. The results showed that SRM-NPs could
successfully reduce the loss of vascular lumen area, which may be re-
lated to the inhibition of PCNA expression. Sirolimus has a better
therapeutic effect after being delivered by nano delivery system.

Afterwards, we compared the effects of sirolimus and paclitaxel on
the proliferation of hypoxic and normoxic cells. The results showed that
PTX-NPs seemed to have a stronger inhibitory effect under normoxic
conditions. In fact, previous studies have shown that sirolimus and

Fig. 5. Effect on HIF-1α expression of SRM-NPs
and PTX-NPs under normoxia. The expression of
HIF-1α was detected by cellular immuno-
fluorescence assay and Western blot. The in-
hibition of HIF-1α expression by Blank-NPs,
SRMS -NPs and PTX-NPs at low-dose (100 μg/
mL) and high-dose (1000 μg/mL) was detected
by laser confocal microscopy. (A), at various
concentrations (50, 100, 500, 1000, 2000 μg/
mL) was detected by Western blot (B) and
quantified by Image J software(C). (A)The white
bars represent 20 μm, blue stands for DAPI and
green represents HIF-1α. Our results suggested
that PTX-NPs couldn't inhibit the expression of
HIF-1α, but RPM-NPs can achieve this. Cellular
immunofluorescence assay also supported si-
milar conclusion. (For interpretation of the re-
ferences to color in this figure legend, the reader
is referred to the Web version of this article.)
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paclitaxel had similar inhibitory effects on the proliferation of normoxic
EC and SMC, but paclitaxel had stronger pro-apoptotic effects [38]. The
inhibitory effect of SRM-NPs on the proliferation of hypoxic cells was
time- and dose-dependent, while the anti-proliferation effect of PTX
NPs was significantly weakened. Although the effect of paclitaxel in this
study was weakened, paclitaxel may still inhibit the proliferation of
hypoxia cells after increasing the dose. However, this will lead to in-
creased systemic toxicity of paclitaxel, even life-threatening. This may
also explain why paclitaxel has such a narrow treatment window. It
could be seen that the change of oxygen-containing microenvironment
seems to have a significant effect on the anti-proliferation ability of
drugs. After observing the superiority of sirolimus in inhibiting hypoxic
cell proliferation, we further explored the possible molecular me-
chanism of this phenomenon.

Cells deal with hypoxia by stabilizing transcription factors known as
hypoxia inducible factor (HIF-1). At low oxygen levels, HIF-1 enters the
nucleus to drive target gene expression. Among hundreds of verified
HIF-1 target genes, there are multiple genes that regulate cell meta-
bolism. Over-expressed HIF-1 could lead to the proliferation of SMC,
and the proliferation rate of SMC cultured at low oxygen (3% O2) was
113.6% higher than that under normal conditions [39]. HIF-1 also leads

to gene transcriptional induction in EC under hypoxia, such as Glut-1,
VEGF, iNOS, etc., so that cells can survive and proliferate in hypoxic
environment [40]. Therefore, the inhibition of HIF-1 expression by
drugs would be helpful for anti-proliferation. The results of this study
showed that RPM NPs could significantly inhibit HIF-1 α expression in
ECs and SMCs in a dose-dependent manner, while PTX NPs could hardly
inhibit HIF-1a expression at the same concentration. This may indicate
the possible reason that PTX-NPS could not inhibit cell proliferation
under hypoxia.

Blood flow characteristics of atherosclerotic lesions change from
unidirectional flow to disturbed flow. Disturbed flow is related to lower
shear stress, which can improve cell metabolism and reduce the in-
tegrity of vascular barrier [41]. Studies have shown that low shear
stress activates specific genes and regulates cell processes: hypoxia and
glycolysis [42]. What's more, further molecular analysis showed that
HIF-1 promoted glycolysis and the increase of glycolysis sometimes
cause vascular inflammation [43].

Increased glycolysis may cause vascular inflammation and cellular
mitochondrial dysfunction, and with the enhancement of glycolysis,
cell proliferation is promoted [44]. The inhibition of glycolysis by anti-
proliferative drugs will help to limit the complex progress of

Fig. 6. Effects on cell glycolysis of Blank-NPs,
SRMS -NPs and PTX-NPs under hypoxia. The
effects of Blank-NPs, SRMS -NPs and PTX-NPs on
EC, SMC glycolysis at low-dose (100 μg/mL) and
high-dose (1000 μg/mL) were detected by real-
time hippocampal energy metabolism analyzer
X24. Among them, the left column is real-time
measurement curve of cell glycolysis metabo-
lism, and the right column is quantitative ana-
lysis result. Wave software was used for quan-
titative analysis. The results showed that
glycolysis ability of SRM-NPs group was lower
than that of both Blank-NPs and PTX-NPs groups
at high doses. In addition, there was no sig-
nificant difference in glycolysis among PTX-NPs,
Blank-NPs and Control groups.
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atherosclerotic anoxic sites. The results of this study showed that SRM-
NPs inhibited glycolysis of hypoxia EC and SMC, while PTX-NPS did
not. This may be due to the inhibitory effect of SRM-NPS on HIF-1.

Therefore, according to the experimental results, the reason why
sirolimus-eluting stent gradually replaced paclitaxel eluting stent may
be related to the stronger anti-proliferation effect of sirolimus on hy-
poxic cells than paclitaxel. Similarly, paclitaxel is the main drug cur-
rently used in drug coating balloons. In the future, sirolimus may be
used instead of paclitaxel in drug coated balloon to obtain better
therapeutic effect. There are metabolic abnormalities in the cells of
hypoxic area of atherosclerosis. We compared the therapeutic effect of
paclitaxel and sirolimus on hypoxia cells by constructing hypoxia mi-
croenvironment in vitro. However, there are still significant differences
between the hypoxic cells in vitro and in vivo. In this study, the re-
lationship between the dose gradients of NP-based sirolimus and pa-
clitaxel under normoxia or hypoxia and their therapeutic effects was
clarified. However, due to the influence of carrier polymer, diffusion
rate, internal environmental interference and individual differences,
the dose of this experiment may not directly correspond to the dose of
stent or balloon drug. At present, although we have opened up a new
field of vision in comparing the differences between sirolimus and pa-
clitaxel, more researches are still needed to provide complete theore-
tical support for the selection of vascular restenosis. It is hoped that this
study will inspire more thinking and research, and contribute to the
treatment of vascular restenosis in the future.

5. Conclusion

In conclusion, sirolimus has a stronger anti-proliferation effect on
atherosclerosis related hypoxic cells than paclitaxel, which may make
sirolimus more suitable for the treatment of vascular restenosis.
Therapeutic advantage of sirolimus seems related to inhibitions of HIF-
1α expression and glycolysis. This study aims to further explore the
anti-proliferation mechanism of sirolimus and paclitaxel in vitro and
hope to stimulate more thinking and research of drug selection to
promote the and further treatment of vascular restenosis.
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