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Purpose: Oxidative stress is one of the main pathogenic factors of atherosclerosis. However, no antioxidants have brought positive
effects on the treatment of atherosclerosis. To selectively treat atherosclerosis, various means such as antioxidation, anti-apoptosis, and
M2 polarization are used. The ultimate goal is that multiple regulatory pathways can help to treat atherosclerosis.

Patients and Methods: In this study, Simvastatin (SIM) as a model drug, EGCG as an antioxidant agent, and distearyl phospha-
tidylcholine (DSPC) as major carriers were used to make liposome nanoparticles (SE-LNPs). The cytotoxicity, phagocytosis,
antioxidant, and anti-apoptotic properties of nanoparticles were tested in vitro. ApoE—/— atherosclerotic mice were treated with
nanoparticles. The changes of aortic Oil red staining, blood lipid, HE, and Masson sections of the aortic root were observed.
Results: SE-LNPs exhibited a sustained release profile, potentially enabling the accumulation of the majority amount of drugs at the
atherosclerotic plaque. The phagocytosis effect was stronger in RAW. The anti-oxidative and anti-apoptotic effects of the formulation
were verified in vitro. SE-LNPs promoted the polarization of M2 macrophages. The therapeutic effect of SE-LNPs was assessed in the
ApoE—/— mice model of atherosclerosis. SE-LNPs reduced reactive oxygen species and lipids in vivo. The results of Qil red staining,
blood lipid, HE, and Masson sections of the aortic root showed the recovery of the focus.

Conclusion: Studies have shown that SE-LNPs could resist oxidation, and apoptosis, promote M2 polarization, and reduce blood
lipids and lesions, which is a reliable and selective treatment for atherosclerosis.

Keywords: scavenging ROS, reduce apoptosis, macrophage polarization, inhibit inflammation

Introduction

Atherosclerosis is the main cause of coronary heart disease, stroke, and peripheral vascular disease. At present, the
efficacy of drugs used in prevention and treatment is very limited, and there are many adverse reactions. Atherosclerosis
is accelerated by many factors, such as the production of reactive oxygen species (ROS).! Oxidative stress is one of the
main pathogenic elements of atherosclerosis. Statins are the most commonly used drugs to regulate blood lipids in
clinical applications. Their side effects are the most common such as serious muscle toxicity and liver toxicity. However,
small molecule antioxidants have not brought positive effects on the prevention and treatment of atherosclerosis.
Therefore, exploring new antioxidant strategies has become the key to preventing oxidative stress.

Epigallocatechin gallate (EGCQ) is the main component of green tea polyphenols. It is a catechin monomer isolated
from tea. It has antibacterial, antiviral, antioxidant, anti-arteriosclerosis, antithrombotic, anti-vascular proliferation, anti-
inflammatory, and anti-tumor effects. Bernhard Hennig proved that pretreatment with EGCG blocked fatty acid-induced
caveolin-1 and COX-2 expression in a concentration-dependent manner.” Their data provided evidence that EGCG may
play a critical role in regulating vascular endothelial cell activation and protection. Another study shows EGCG
controlled many cardiovascular health-promoting activities by regulating various pathways. EGCG has a wide range
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of therapeutic effects, including anti-atherosclerosis, anti-inflammatory, and antioxidant functions.” These therapeutic
effects are mainly related to the inhibition of low-density lipoprotein cholesterol, the reduction of inflammatory markers,
and the inhibition of ROS and cell apoptosis.* Animal studies proved that EGCG can reduce the markers of athero-
sclerosis and lipid peroxidation, especially the concentration of oxidized low-density lipoprotein and malondialdehyde,
and also reduce postprandial blood lipids in hypercholesterolemic subjects.’

Macrophage function in atherosclerosis is also important. Macrophages can mainly differentiate into M1 macro-
phages and M2 macrophages through different activation pathways.®’ The two cell subtypes have great differences in
function. M1 macrophages are mostly involved in inflammation-related diseases, such as colitis, viral myocarditis,
arthritis, and acute peritonitis, and release a large number of pro-inflammatory cytokines, causing serious inflammatory
damage in the lesions. M2 macrophages are mostly involved in tissue healing and angiogenesis. M2 macrophages create
an immunosuppressive environment by releasing anti-inflammatory cytokines and inhibiting the immune effect of T cells.
Feiyang Cai’s group showed that EGCG inhibited the polarization of M1 macrophages, but promoted the polarization of
M2 macrophages. These effects may be because EGCG inhibits macrophage nuclear factor- kB signal and glycolysis.®
Several studies support that EGCG has several benefits for heart diseases and obesity.” Nevertheless, EGCG is not very
stable in water and physiological solutions which has low bioavailability and no target specificity and is easily
metabolized by enzymes in the liver, kidneys, and other tissues.'® It constitutes the main drawback to using this molecule
in prevention and therapy. Nanotechnology is an ideal solution that may increase the applicability of EGCG to
atherosclerotic treatment."’

Liposomes are particles composed of the lipid bilayer, which can mediate the passage of drugs through the cell
membrane. Liposomes have many advantages, including lymphatic targeting, and are used as passive targeting materials
for the liver spleen reticular system.'? For the treatment of parasitic diseases and mononuclear macrophage systems,
liposome formulation is a valuable approach.'® Liposomes have a sustained-release effect, which can slow-release, and
delay renal excretion and metabolism, thus prolonging the time of drug action.'* Liposomes can also reduce the toxicity
of drugs, such as amphotericin B liposomes can effectively reduce the toxicity of the heart. Liposomes improve the
stability of the drug, such as insulin liposomes, vaccines, etc., which can significantly improve the drug effect.'” In
addition, liposomes act as cholesterol receptors and mobilize cholesterol deposition from atherosclerotic arteries to the
liver for excretion.'® The scientific and clinical evidence are relating to the use of liposomes in the diagnosis and
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management of AS.!” Kee Woei Ng’s group indicated that cationic liposomes and distearyl phosphatidylcholine (DSPC)
liposomes were internalized more by both macrophages and foam cells.

In this study, we addressed the oxidative stress and inflammation issue of atherosclerosis by developing a stable,
intravenously injectable SIM and EGCG-loaded liposome nanoparticles (SE-LNPs) that exhibit a sustained release
profile, potentially enabling the accumulation of the majority amount of drug at the targeted atherosclerotic plaque.
We investigated the anti-oxidative and anti-apoptotic effects of the formulation in vitro. Furthermore, we assessed the
accumulation of SE-LNPs in the atherosclerotic plaque in vivo. Eventually, the therapeutic effect of SE-LNPs was
assessed in the ApoE—/— mice model of atherosclerosis. Studies have shown that it is a reliable and selective treatment
for atherosclerosis.

Materials and Methods

Preparation of SE-LNPs

The liposomes were composed of DSPC (Sigma, P1138, Thermo Fisher Scientific, USA), and 1,2- distearoyl- sn-glycero
—3-phosphoethanolamine- N- [methoxy (polyethylene glycol)-2000] (ammonium salt) (DSPE-PEG2000) (Sigma, 880127,
Thermo Fisher Scientific, USA) and other phospholipid excipients. The liposomes were prepared by a thin-film hydration
approach.'® Briefly, phospholipids and model drug Simvastatin (SIM, 10 mg) and antioxidant EGCG (1 mg) were weighed
and dissolved in chloroform/methanol (2:1, vol/vol) regent in a round bottom flask. The volatilizable regent was removed
by rotary evaporator (N-1300D-WB, EYELA, Japan) at 50 °C. Then, the flask was rotated at 100 rpm for 1 h. The drug-
loaded lipid film yielded was subsequently hydrated with phosphate-buffered saline (PBS) (0.01M, pH 7.4) at 60 °C to form
multilamellar vesicles (MLVs). The MLVs were extruded (10 times) through polycarbonate filters (0.4 um) fitted on
a benchtop extruder (Avestin, LF-1, Ottawa, Canada) to form the liposome nanoparticles (SE-LNPs). Rhodamine-DPPE
(Rho) (Sigma, Atto 594 DPPE, 40924, Thermo Fisher Scientific, USA) (0.1 mol%) was used for imaging by the same
preparation.

Characterization of SE-LNPs

200 pL fresh prepared SE-LNPs were diluted to 1 mL, added to the standard sample pool, and tested on the machine; The
measurement conditions were: the balance time was 1 min, the measurement interval was 10s, and the measurement
temperature was 25°C. Replaced the special sample cell for Zeta potential measurement.

5 mg SE-LNPs were prepared by cash withdrawal to 0.1 mL, gently dropped onto the copper mesh, dried at room
temperature to remove water vapor, and then observed the morphology of nanoparticles with the transmission electron
microscope (TEM, HT7700, Hitachi, Japan).

The release behavior was observed in PBS or hydrogen peroxide (H,O;). The SE-LNPs were resuspended in two
groups of PBS solution. Three days later, a group of PBS liquid was changed into an H,O, solution, and the observation
was continued. Finally, the drug content in the supernatant was tested.

The drug SIM loading of SE-LNPs was tested by high-performance liquid chromatography (HPLC, Waters2695,
USA). Octadecyl-bonded silane was used as filler, and acetonitrile-0.025mol/L sodium dihydrogen phosphate solution
(PH 4.5) (65:35) was used as the mobile phase. The detection wavelength was 238 nm.

We also determined the content of EGCG of SE-LNPs. We used reversed phase high-performance liquid chromato-
graphy (RP-HPLC, Waters510, USA) for testing. Chromatographic column: L-Bondpak C18; mobile phase: methanol-
water glacial acetic acid 18:60:12 (volume ratio), PH 6.2—6.5; mobile phase was filtered before use, degas for 15-20 min;
detection wavelength: 280 nm; nanoparticle sample was extracted three times with ethyl acetate, and combined extraction

solution for precise determination.

Cell Lines
The macrophages (RAW264.7) and human umbilical vein endothelial cells (HUVEC) were purchased from Procell Life
Science&Technology Co.,Ltd.
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Cytotoxicity Study of SE-LNPs

The RAW264.7 were treated with different liposome formulations (LNPs, SE-LNPs) and free drugs at different concentrations
(12.5, 25,50, 100 pg/mL) for 24 h. Untreated cells served as a control. The cytotoxicity of liposomes was examined in terms of
cell proliferation using MTT methods according to the manufacturer’s instructions. Collected cells in logarithmic phase,
adjusted the concentration of cell suspension and added 100 pL to each well / 5000 cells (96-hole flat plate). Incubated with
5% CO;, at 37 °C for 24 h. Added the drug with a concentration gradient of 100 pL per hole and incubated for 24h. Added 20
uL MTT solution (5 mg/mL) into each well and continued to culture for 4 h. Stopped the culture and carefully sucked out the
culture medium in the hole. Added 150 pL dimethyl sulfoxide into each hole, placed it on the shaker, and shake it at low speed
for 10 min to fully dissolve the crystals. Measured the absorbance value of each hole at OD490 nm.

Phagocytosis Selectivity of SE-LNPs

The RAW264.7 and HUVEC were treated with liposome formulations (Rho-LNPs) and free drugs (Rho) at 100 pg/mL
for 2 h. The steps are as follows: The cells were subcultured, observed as logarithmic growth, diluted to10°/mL, and
inoculated into a confocal dish. After 24 h of culture, the Rho and Rho-LNPs were dissolved in a serum-free medium and
cultured for 3 h. The original culture medium was removed. Washed twice. 500 pL of 4% paraformaldehyde was added
and fixed at room temperature for 20 min. The supernatant was discarded. Washed 3 times for 5 min each time. At last,
added 300 puL DAPI at room temperature for 3 min, and washed with PBS 4 times, 5 min each time. Finally, the laser
confocal microscope (LSM900, ZEISS, Germany) was used for observation.

Antioxidation of SE-LNPs

Preparation of 1 mM H,0O, solution: dilute 30% hydrogen peroxide 100 times to prepare 100 mM solution, and then
dilute the stock solution 100 times to prepare | mM H,0, solution. The solution is ready for use. Take 0.2 mL of the
prepared nano solution with different concentrations (12.5, 25, 50 pg/mL) and put it in 1 mL of PBS solution and H,0,
solution respectively. After 2 hours, investigated whether the nanoparticles can respond to the H,O, solution. Dissolved
the H,O, detection reagent (Beyotime, S0038) on ice. Added 50 uL. sample or standard into the test tube. Added 100
uL H,O, detection reagent into each test. Shook gently and left at room temperature for 30 min. Immediately measured
A560. Calculated the concentration of H,O, and converted the removal percentage.

Effect of SE-LNPs on Scavenging ROS

2x10°/well RAW264.7 cells were inoculated in 12 well plates and cultured overnight to adhere to the wall. Replaced
the original culture medium with EGCG and SE-LNPs (100 pg/mL) for 2 h. PMA was used to stimulate cells to
produce oxidative stress responses in vitro. Therefore, the research group selected PMA to stimulate cells to produce
high-level ROS as the model control group. Discarded the medium, added the medium containing 100 ng/mL PMA
and continued to culture for 4 h. Then replace the medium with a 10 uM DCFH-DA serum-free medium that was
incubated for 30 min. The cells were washed with PBS 3 times. After the cells were scraped off, they were centrifuged
and resuspended with PBS for detection by flow cytometry (BD FACS Cantoll, Becton, Dickinson and
Company, USA).

Effect of SE-LNPs on Inhibition of Apoptosis
Macrophages engulf a large amount of oxidized low-density lipoprotein to form foam cells and finally form a necrotic
core. Both inflammatory microenvironment and high levels of ROS can promote apoptosis. SE-LNPs have ROS
scavenging function, so they are expected to reduce ROS-induced apoptosis.

2x10°/well RAW264.7 cells were inoculated in 12 well plates and cultured overnight. Replaced the culture
medium with 200 puM H,0,, and continued to incubate for 24 h. Then added and incubated with free drug and
SE-LNPs (100 pg/mL) for 24 h. Subsequently, a TUNEL staining apoptosis detection kit was added for staining,
and flow cytometry was used for observation.
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Induction of M2 by SE-LNPs

2x10°/well RAW264.7 cells were inoculated in 12 well plates and cultured overnight. Replaced the culture medium with
SIM, EGCG, LNPs, and SE-LNPs (100 pg/mL) and continued to incubate for 48 h. IL-4 (20 ng/mL) serves as a positive
control. Then CD206 was added for staining. To prevent the binding of a non-specific protein antigen, blocked with the
serum to weaken the background coloration. The time of serum blocking could be adjusted, generally 10-30 min.
Washed 3 times. The first antibody was incubated for 4°C overnight. Reheated at roommate for 45 min. Washed 4 times.
The second antibody was incubated for 1 h. Washed 4 times. Finally, DAPI anti-fluorescence extraction glycerol covered
the slides. A laser confocal microscope and flow cytometry was used for observation.

Effect of SE-LNPs on Inhibition of Inflammatory Cytokines

Atherosclerosis is not only accompanied by an increase in ROS level but also triggers an inflammatory response. 2x10°/
well RAW264.7 cells were inoculated in 12 well plates and cultured overnight. Replaced the culture medium with 200
uM H,0,, 100 ng/mL LPS and continue to incubate for 24 h. Then added and incubated with free drug and SE-LNPs
(100 pg/mL) for 24 h. Next, inflammatory cytokines (TNF-a, IL-6, IL-13, MCP-1) were tested by ELISA. ELISA Steps:
coating process (pay attention to setting blank control and negative control): diluted the used antigen 500 times with
coating diluent, and added 100 pL antigens to each well 4 °C overnight; Plates were washed 3 times;10% FBS was used
to block at 37 °C for 1h; Added the diluted sample into the enzyme-labeled reaction hole, 100 pL per hole; Placed at 37
°C for lh; Plates were washed 5 times; Enzyme labeled antibody: diluted 500 times 100 uL per hole. Placed at 37°C for 1
h; Plates were washed 6 times; Added substrate solution (currently used and prepared): TMB solution, 100 uL per well.
Kept it away from light at 37°C for 3—5 minutes; Added stop liquid 50 uL Stop solution and determined the experimental
results within 20 min. Measured at 450 nm wavelength absorption by a microplate reader.

Animal Model Construction and Evaluation

SPF male Apolipoprotein E (ApoE) —/— mice (6—8 weeks old, weight 18-20 g) are derived from the Animal Experiment
Center of Southern Hospital, Southern Medical University, approval number: NFYY-2021-0623. Animals comply with
the “Regulations on Animal Protection and Use of Southern Hospital of Southern Medical University”.

ApoE —/— mice combined with a high-fat diet (HFD, Cocoa butter, D12108C) were used to induce as the model. They
were randomly divided into 4 groups: high-fat diet group (ApoE—/— + HFD), SIM, LNPs, and SE-LNPs. Each group was
administered by intravenous injection. After 8 weeks of feeding, the mouse as the model was identified by detecting the
general condition, blood lipid level, Oil red O staining of the aorta, and hematoxylin-eosin (HE) staining of aortic
pathological sections.

In vivo Therapeutic Study

In the therapeutic study, mice (n=6 per group, 8 weeks on a high-fat diet) were injected intravenously with 0.9% NaCl
(control), free SIM (10 mg/kg), EGCG (1 mg/kg), LNPs, SE-LNPs (drug-containing was equal to free SIM) twice a week
for three consecutive weeks while maintaining the high-fat diet. Mice were weighed once per week throughout the
experiment. The mice were sacrificed 24 h after the last injection. Take 400 puL of whole blood was allowed to stand at
room temperature for 30 min, 3500 g was centrifuged for 10 min, and the serum was taken for detection of total
cholesterol (TC), triglyceride (TG), high-density lipoprotein cholesterol (HDL-C) and low-density lipoprotein cholesterol
(LDL-C). Plasma inflammatory cytokines (TNF-a, IL-6, IL-1B, MCP-1) were tested by ELISA.

Oil Red O Staining of the Aorta

A sampling of the whole aorta: carefully cut the whole aorta together with the heart, and separate the adipose tissue from
the aortic root to the perivascular area of the iliac artery under the posture microscope. Cut the blood vessels long-
itudinally to form a Y-shaped shape and stain with Oil red O for 30 min. After 60% isopropanol washed off the floating
color, the high-definition camera took photos.
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HE and Masson Staining of the Aortic Root

HE staining of the aortic root: Paraffin sections were dewaxed to water. Put the slices into xylene, gradient concentration
(100—70%) ethanol, and distilled water. Hematoxylin staining nucleus: slice into Harris hematoxylin stained for 3—8min,
washed with tap water, differentiated with 1% hydrochloric alcohol for several seconds, rinsed with tap water, 0.6%
ammonia water backed to blue, and rinsed with running water. Eosin-stained cytoplasm: sections were stained with eosin
staining solution for 1-3 min. Dehydration and sealing: put the slices into gradient concentration (70—100%) ethanol, and
xylene to dehydrate and transparent. Took the slices out of the xylene and dry them slightly. Sealed the slices with
neutral gum.

Masson staining steps: Dewaxed the slices to distilled water; Hematoxylin stained for 5~10 min; Differentiated of
hydrochloric acid alcohol; Washed with distilled water; Stained in ponceau acid fuchsin solution for 5-8 min; Distilled
water washed; 1% molybdophosphoric acid for 1~3 min; Directly poured aniline blue solution staining for 5 min without
washing; Quick washed with water, dried in a 60°C oven; Rinsed in xylene and sealed; Finally, collagen fibers were blue,
muscle fiber and cellulose were red.

Statistical Analysis

Statistical analysis was performed using the one-way ANOVA test for experiments consisting of more than two groups,
and with a two-tailed, unpaired #-test in experiments with two groups. Statistical significance was assessed at *p < 0.01,
**p < 0.05, ***p < 0.01. NS stands for no statistical significance.

Results
Basic Properties of SE-LNPs

Liposome nanoparticles had been successfully prepared with multiple functions (Figure 1). SE-LNPs were spherical and around
200 nm in diameter under TEM (Figure 2B). The size of LNPs and SE-LNPs were (185.47+0.61) nm and (208.90+3.99) nm
respectively (Table S1; Figure 2A). The Zeta potential was almost —20 mV. The polydispersity index of all nanoparticles was less
than 0.2. The loading capacity (LC) of SIM in SE-LNPs and encapsulation efficiency (EE) were (43.39+7.6) % and (93.57+1.28)
% respectively. The results showed that the loading capacity of EGCG (about 9%) was lower than that of SIM. The morphology of
the SE-LNPs was irregular under the condition of hydrogen peroxide (Figure 2C). SE-LNPs had slow-release behavior and
released quickly under hydrogen peroxide conditions after 3 days (Figure 2D). After 35 days of release, it showed that about 80%
of drugs were released under the condition of hydrogen peroxide, while 62% were released under the condition of PBS. Its
encapsulation efficiency and drug loading were very high, which showed that the drug was effectively encapsulated. It met the
basic requirements of nano preparations.

SE-LNPs Had Little Cytotoxicity to Macrophages

The results showed that SE-LNPs had good biocompatibility and safety, and there was no significant difference between
the proliferation level of cells and untreated cells. (Figure 2E) The results also showed that high concentrations of EGCG
were cytotoxic, so the encapsulation of EGCG by LNPs also helped to reduce its toxicity. And there was no significant
difference in toxicity between LNPs and SE-LNPs of different concentrations (12.5, 25, 50, 100 pg/mL).SE-LNPs had
little cytotoxicity to macrophages and were safe at cell levels.

Rho-LNPs Were More Likely to Be Phagocytized by Macrophages

The results showed that Rho-LNPs were more phagocytic than free Rho. Free Rho had little selectivity for EC and RAW, and
even phagocytosis was more in EC cells. The results showed that the Rho-LNPs phagocytic percentage and average
fluorescence intensity of nanoparticles in macrophages were higher than those in endothelial cells (Figure 2F-H). It indicated
that Rho-LNPs had certain selectivity, which was more conducive to being phagocytized by diseased macrophages to achieve
the purpose of targeting. On the one hand, this selectivity was that macrophages were easy to swallow foreign nanoparticles;
On the one hand, the passive targeting of nanoparticles was easy to accumulate in inflammatory macrophages.

584 https: International Journal of Nanomedicine 2023:18
Dove!


https://www.dovepress.com/get_supplementary_file.php?f=384675.docx
https://www.dovepress.com
https://www.dovepress.com

Dove Wan et al

Model drug
O (Simvastatin)
Q@ EGCG
@_- bspc
& DSPE-PEG
Aorta o QOuoc| Q1c|
TNF-a

1
J(

MCP-1 (@] O HDL-C1© TG 1
o === S )=

(==

] - C_< N
- )
Plaque Q %E&% @

Q
TNF-a o o 0
Q © - %
-6 O ILp < -t | M2
Apoﬁtosis %
Proliferation

M2 polarized
b

Figure | Composition and function diagram of liposome nanoparticles (SE-LNPs). Liposome nanoparticles SE-LNP were composed of the model drug (simvastatin), EGCG,
DSPC, and DSPE-PEG, which were used to treat atherosclerosis through tail vein injection in mice. Liposome nanoparticles could reduce inflammatory factors, reduce ROS,
inhibit apoptosis, promote proliferation, promote M2 induction, and improve the therapeutic effect of free drugs at the same time of lowering lipids. It was a new promising
therapeutic strategy.

Concentration-Dependent Clearance of ROS by SE-LNPs

The results showed that with the increase in the concentration of EGCG and SE-LNPs, the scavenging capacity of H,O,
in vitro gradually increased (Figure 3A). LNP had no scavenging capacity of H,O,. The positive control catalase had a strong
scavenging effect on H,O,, followed by EGCG, while SE-LNP had a mild scavenging effect, which could scavenge ROS
without reducing too much. SE-LNPs would degrade under H,O, conditions because the EGCG in the SE-LNPs would react
with HyO,. The amount of EGCG released from the SE-LNPs would be the key component for removing H,0O,.

SE-LNPs Removed ROS from Cells

The control group without any treatment also produced a certain amount of ROS, indicating that a certain level of ROS is
necessary for cells to maintain normal function and plays an important role in maintaining physiological balance. After
preincubation with nanoparticles, intracellular ROS decreased (Figure 3B-D).

The level of ROS in EGCG and SE-LNPs groups decreased significantly, and the inhibition effect of high-
concentration nanoparticles on ROS was stronger than that of low-concentration nanoparticles. When the concentration
of SE-LNPs reaches 25 pg/mL, the level of ROS produced by cells was similar to that of normal cells (Figure 3B-D). By
comparing the antioxidant effect of EGCG with that of SE-LNP, we found that EGCG had a stronger antioxidant effect,
so the slow release of EGCG in SE-LNP could appropriately reduce ROS. The results showed that SE-LNP had
a significant antioxidant effect and could significantly eliminate ROS compared with the H,O, group. Its effect after
elimination had no statistical difference from that of the negative control group, indicating that it reduced ROS to
a normal level rather than excessively reducing ROS.

SE-LNPs Inhibited Apoptosis Caused by ROS

Early apoptosis and necrosis of cells will be cleared by local phagocytes.'” With the progress of AS, the phagocytic
system is oversaturated, which in turn induces macrophages and monocytes to form foam cells.?® Apoptosis and necrosis
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Figure 2 Basic properties of liposome nanoparticles. (A) The size distribution of LNPs and SE-LNPs. (B)The TEM image of SE-LNPs in PBS. (C) The TEM image of SE-LNPs
in H,O,. (D) The release behavior of SE-LNPs in PBS or H,O, (H,O, was added after three days). (E) Cell survival rate under different groups (12.5, 25, 50, 100 pg/mL). (F)
Phagocytosis of free Rho and Rho-LNP by EC and RAW cells. (G) Fluorescence percentage of quantitative phagocytosis. (H) Average fluorescence intensity of quantitative
phagocytosis. *p < 0.01, *p < 0.05, **p < 0.01.

Abbreviation: ns, no statistical significance.
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Figure 3 ROS responsiveness of the preparation. (A) Removal percentage of H,O, in vitro. (B) Intracellular ROS clearance in RAW. (C) Fluorescence percentage of
quantitative ROS in RAW. (D) Average fluorescence intensity of quantitative ROS in RAW. *p < 0.01, **p < 0.05, ***p < 0.01.
Abbreviation: ns, no statistical significance.

eventually form the necrotic core.”'** The regulation of apoptosis and necrosis of cells is very important for the process
of AS. Our SE-LNPs have been proven to have the effect of inhibiting H,O,-induced apoptosis at the cell level,
providing an experimental basis for subsequent animal experiments (Figure 4). SIM and EGCG showed a certain anti-
apoptotic effect, but no significant compared with SE-LNPs. And the cell condition after anti-apoptosis of SE-LNPs was
the closest to that of the negative control group, which showed that it recovered to a level close to normal.

SE-LNPs Induced the Polarization of RAW264.7 Towards M2

IL-4 significantly induced RAW264.7 to M2. In terms of morphology, IL-4 lengthened the morphology of macrophages
and SE-LNPs lengthened the morphology of cells as well. There was little difference between other groups (Figure 5A).
The M2 polarization effect of IL-4 was the best, followed by EGCG and SE-LNPs (Figure 5B). Under the same
conditions, SE-LNPs promoted more M2 cells than SIM and EGCG. The quantitative results showed that the expression
level of M2-induced marker CD206 of IL-4 and SE-LNPs was the strongest (Figure 5C and D).

SE-LNPs Inhibited the Production of Inflammatory Cytokines

We tested the content of related inflammatory cytokines in the supernatant of cell culture to prove SE-LNP’s
inhibitory effect on TNF-a, IL-1PB, and IL-6 (Figure S1). MCP-1 had little difference in the in vitro experiments of
each group. There was only macrophage in vitro and there was no need for monocyte recruitment, so MCP secretion
was less. SE-LNPs inhibited the production of some inflammatory cytokines.
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Figure 4 Anti-apoptotic effect of liposome nanoparticles. (A) Representative fluorescent pictures by TUNEL staining of all groups in RAW. Scale bar=100 um. (B)
Fluorescence percentage of quantitative TUNEL positive cells in RAW. (C) Average fluorescence intensity of quantitative TUNEL positive cells in RAW. *p < 0.01, ***p <
0.01.

Abbreviation: ns, no statistical significance.

Oil Red O Staining Results

From the Oil red O staining of the whole aorta, the aortic plaque area of ApoE—/— mice fed with high fat for 8 weeks was
about 20% of the total area, and the plaque area was large, which was likely to cause acute cardiovascular events. After
treatment with EGCG and blank nanoparticles LNPs, the aortic plaque area was almost not reduced. Plaque decreased
slightly under the action of free drugs-SIM. After treatment with SE-LNPs, the plaque area reduction effect was better
than that of the other groups and had a significant difference (Figure 6A and B).

Hypolipidemia Effect of SE-LNPs on Atherosclerosis

Plasma concentrations of TC, LDL-C, and TG in the SE-LNPs group were significantly different among the treatment
groups (Figure 6C—E). SIM could also reduce lipids, but the effect was not as significant as SE-LNPs. The results showed
that nanoparticles enhanced the effect of drugs. There was no significant difference in EGCG and LNP groups compared
with the control group. The level of HDL-C was increased a little but not significantly (Figure 6F).

HE and Masson Staining Results of the Aortic Root

We performed HE staining on the aortic root, and the results were consistent with those of Oil red O staining. The necrotic core in
the plaque area of the aortic root in each treatment group was lower than that in the model group, while that in the SE-LNPs group
was significantly lower, which was significantly different from that of free drugs (Figure 7A and B). It could be observed that
there were a large number of fat plaques, in other words, a large number of foam cells. In the control group and LNP group, there
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Figure 5 The effect of liposome nanoparticles on M2 polarization. (A) Morphological changes of cells after incubating by all groups. Scale bar=20 um. (B) Representative
fluorescent pictures by CD206 staining of all groups in RAW. Scale bar=40 um. (C) Fluorescence percentage of quantitative CD206 positive cells in RAW. (D) Average
fluorescence intensity of CD206 in RAW. *¥p < 0.05, **p < 0.01.

Abbreviation: ns, no statistical significance.

were a lot of foam cells in the focus. While the SIM group and EGCG group had a certain reduction effect on foam cells. SE-LNP
greatly reduced foam cells, and the vascular morphology was very similar to that of normal blood vessels, which showed that it
had the effect of inhibiting the formation of foam cells.

The collagen in the plaque area of the aortic root in the SE-LNPs treatment group was significantly higher than that in
the model group (Figure 7C and D). SIM and EGCG had a certain tendency to increase collagen. But there was no
statistical difference. The results showed that SE-LNPs had a good recovery effect on atherosclerotic plaque.

Discussion

Moderate concentration of ROS plays an important role in physiological conditions. However, when the existing
antioxidant defense system is exceeded, excessive or sustained production of ROS will lead to oxidative stress.”> Animal
studies have provided convincing evidence to prove the role of vascular oxidative stress in atherosclerosis. Cardiovascular
risk factors, such as hypercholesterolemia, hypertension, diabetes, and smoking, can increase ROS production.** Vascular
oxidative stress promotes the oxidative modification of lipoproteins and phospholipids, endothelial cell activation, and
macrophage infiltration/activation. The focus developed in the vascular area (arch, branch, and bifurcation) with blood flow
disorder;>® These sites are associated with increased oxidative stress. Therefore, the prevention of vascular oxidative stress
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Figure 6 Therapeutic effect of SE-LNPs in ApoE—/— mice. (A) Oil Red O-stained aortas from mice after treatment with different groups. (B) Quantitative analysis of the
plaque area in the aortas. (C-F) The levels of blood lipids (TC, TG, LDL-C, HDL-C) in vivo. *p < 0.01, **p < 0.05, **p < 0.01.
Abbreviation: ns, no statistical significance.

is also a reasonable treatment. The results showed that SE-LNPs could clear ROS to the normal level, which was conducive
to the restoration of its microenvironment to normal and was critical for the treatment of atherosclerosis.

In preparation, DSPC was the main raw material, and we also added a small amount of 2-Distearoyl-sn-Glycero
-3-Phosphoethanolamine conjugated polyethylene glycol (DSPE-PEG) to increase the solubility of EGCG. DSPE-PEG is
a kind of functional polyethylene glycol preparation, which is hydrophilic and hydrophobic in combination with
phospholipids and polyethylene glycol. Polyethylene glycol phospholipid liposomes form high-quality materials and
can be used for drug delivery, gene transfection, and vaccine delivery. PEGylated phospholipids can significantly
improve blood circulation time and stabilize drug encapsulation. These materials can also be used for targeted drug
delivery by modifying the ligands with target surfaces, such as antibodies, peptides, and liposomes. EGCG is water
soluble. So we added the DSPE-PEG in the preparation to improve the EGCG drug loading and encapsulation efficiency.
Maybe the thin film method would be not suitable for loading EGCG. In future experiments, we will try different
methods to find more appropriate ways to improve the encapsulation efficiency of water-soluble drugs.

The differential subtypes of macrophages in atherosclerotic plaques and their different functional roles were based upon
microenvironments such as lipid, intraplaque hemorrhage, and plaque regression.”® MO macrophages can induce M2 substitutes
through the stimulation of IL-4. M2 macrophages express high levels of CD206 and produce anti-inflammatory cytokines. M1,
M2, and M4 macrophages were found in atherosclerotic plaque. In plaque, macrophages are strongly influenced not only by
cytokines and chemokines but also by bioactive lipids such as cholesterol and oxidized phospholipids. The macrophage
phenotype is plastic, so it can be transformed into pro-inflammatory (ie, pro-atherosclerotic) and anti-inflammatory
(ie, atherosclerotic protection).”” Therefore, the SE-LNPs provided ROS scavenging function, created a relatively normal
environment, inhibited cell apoptosis, had anti-inflammatory and anti-oxidation effects, and were more helpful to transform
inflammatory M1 cells into anti-inflammatory M2 cells, to better cooperate with M2 to fight atherosclerosis.
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Figure 7 Histochemistry analyses of aortic root sections from ApoE—/—mice after different treatments. (A) Representative images of aortic root sections stained with HE.
(B) Quantitative analysis of the necrotic core area relative to plaque area. (C) Representative images of aortic root sections stained with Masson. (D) Quantitative analysis of
the plaque collagen area relative to the plaque area. *p < 0.01, **p < 0.05.

Abbreviation: ns, no statistical significance.

A lot of experimental and clinical evidence indicates that atherosclerosis is a chronic inflammatory disease.
Inflammation is the core of all stages of atherosclerosis. It is related to the formation of early fat stripes. When
endothelial cells are activated and express chemokines and adhesion molecules, monocytes/lymphocytes recruit and
infiltrate into the endothelium.?® The adaptive immune system in atherosclerosis can be pro- or anti-inflammatory and
thus pro- or anti-atherogenic.”’ TNF-q. is associated with an increased risk of cardiovascular death.>® TNF levels are used
to predict the severity of peripheral arterial disease and are also associated with the burden of atherosclerosis.’' A large
amount of evidence shows that IL-1 cytokines are related to the pathogenesis of cardiovascular disease.*” The future may
include targeted inhibitors that block IL-1 subtypes for a wide range of cardiovascular diseases. Elevated IL-6 levels are
associated with an increased risk of myocardial infarction in the future. Some research data support the role of cytokine-
mediated inflammation in the early stage of atherosclerosis.”®> When cytokines activate MMP and vascular cells in
macrophages and promote cell apoptosis, leading to easier rupture or corrosion of the balance between pro-inflammatory
and anti-inflammatory, cytokines have become the main determinant of plaque. So the treatment of inflammation in
atherosclerosis with SE-LNPs was of great significance to the current and future treatment methods. New targets might
appear in the regulation of inflammation levels.

Simvastatin treatment could significantly decrease lipid accumulation.*® Simvastatin is a long-standing HMG CoA
reductase inhibitor; LDL-C is decreased, while TC and ApoB are decreased, and HDL-C is moderately increased.*
Jun-bo Ge groups proved that simvastatin inhibits vascular inflammation and atherosclerosis in ApoE—/— mice, which
may be mediated by down-regulating the hmgbl-rage axis.’® However, this kind of statin is not the best. Now there
are other statins like rosuvastatin with more obvious efficacy,’” but they are expensive. However, the SE-LNPs could
increase their efficacy, that is, we continued to use this old drug at a low cost when the efficacy could be guaranteed.

The formation of foam cells and the accumulation of vascular endothelium are the markers of atherosclerosis. Targeting
the formation of foam cells may be a promising method for the treatment and prevention of atherosclerosis. The formation
of foam cells depends on the balance effects of three major related biological processes, including lipid uptake, cholesterol
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esterification, and cholesterol efflux.>® Our preparation could also inhibit the formation of foam cells as shown in HE
staining results, and the liposomes were engulfed in large quantities by macrophages, thus inhibiting other lipids’ uptake. At
the same time, it may also promote the hydrolysis of cholesterol esters and the outflow of cholesterol, showing the ability to
resist atherosclerosis. The further development of liposome nanoparticles is needed to study.

The level of anti-oxidation, anti-apoptosis as well as M2 polarization by SE-LNPs in the atherosclerotic plaques were
evaluated. The antioxidant capacity was medium because its antioxidant capacity was not as strong as EGCG, but
appropriate antioxidant capacity could help it maintain ROS at the normal physiological level and maintain normal signal
exchange, rather than causing too little ROS to form reduction stress. The anti-apoptosis ability was relatively strong.
Compared with the positive control of hydrogen peroxide, it significantly reduced the apoptotic cells, which was
conducive to the normal work of cells and reduced the damage to the oxidative microenvironment. The induction effect
of M2 was moderate, without a significant effect of IL-4. However, compared with other groups, it had a great induction
effect, that is to say, it improved the bioavailability of drugs, and appropriate M2 induction was helpful for the immune
repair of diseases, without excessive fibrosis. In a word, all indicators have been improved to a certain extent, with
a significant anti-atherosclerosis effect.

Conclusion

A liposome nanoparticle delivery system (SE-LNPs) based on ROS responsiveness, anti-apoptosis, anti-inflammation, and
M2 polarization was constructed for the first time, loaded with simvastatin and EGCG for the prevention and treatment of
atherosclerosis. The synthetic method of ROS-responsive multifunctional nano drugs is simple and mature and has good
biosafety. It can play a good anti-atherosclerotic effect. The results of in vivo and in vitro experiments show that SE-LNPs
were superior to free drugs and LNPs. At the same time, it could ameliorate the environment. It could carry out anti-oxidative
stress, anti-apoptosis, and anti-inflammatory effects, and achieve the purpose of single-system multi-functional synergistic
treatment, to provide new research ideas for the selective treatment of atherosclerosis.
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