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Abstract
Hyperhomocysteinemia (HHy) can lead to vascular endothelial cell dysfunction, progressive inflammation and lipid 
metabolism disorder, which finally result in the onset and development of atherosclerosis, a major contributor to 
cardiovascular diseases. Given the complexity of pathological process, treatments based on a single target often 
showed limited therapeutic efficacy against AS. Thus, developing nanodrug for enhanced multi-targets therapy 
is promising. In this study, we constructed a dual-targeting nanodrug (HA-ML@ES NPs) co-loaded with Shikonin 
(SKN) and Evolocumab (Evol). In vitro results showed that HA-ML@ES NPs could simultaneously target dysfunctional 
endothelial cell and inflammatory macrophage through the interaction between HA and CD44. In vivo assay 
indicated that HA-ML@ES NPs with long circulation and plaque accumulation efficiently attenuate endothelial cell 
dysfunction by inhibiting glycolysis and restore cholesterol flow homeostasis in macrophage by reprogramming 
macrophage phenotype, which finally attenuated the development of atherosclerosis. Collectively, these results 
present a highly promising dual-cell therapeutic approach based on HA-ML@ES NPs for the management of early 
atherosclerosis.
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Introduction
Hyperhomocysteinemia (HHcy) induced Atherosclero-
sis (AS) is a chronic, multi-factorial disease that tightly 
related with Endothelial cells dysfunction, progressive 
inflammation, and disturbed lipid metabolism [1, 2]. 
Endothelial cell apoptosis is recognized as a key “initia-
tion point” for the progression of endothelial dysfunc-
tion and the development of atherosclerotic plaques [3, 
4]. Moreover, endothelial barrier damage and the wid-
ening of intercellular spaces promote the infiltration of 
circulating lipoprotein particles into the vascular wall 
and enhance foam cell formation. Inflammatory factors 
secreted from foam cell further accelerate the progression 
of atherosclerosis by forming inflammatory environment 
[5]. Therefore, inhibition of endothelial cells apoptosis 
and regulation of lipid metabolism is expected to be an 
effective program for the treatment of atherosclerosis.

Shikonin (SKN), the active components of Lithosper-
mum erythrorhizon with antioxidant and anti-inflam-
matory function can inhibit endothelial cell apoptosis to 
improve endothelial cell dysfunction [6, 7]. However, due 
to the complicated pathologic mechanisms of AS, sole 
drug therapy is difficult to achieve effective inhibition 
of atherosclerotic plaques. Evolocumab (Evol), a specific 
inhibitor of the proprotein convertase subtilisin/Kexin 
type 9 (PCSK9), is currently the most effective drug for 
the treatment of cardiovascular disease in clinical prac-
tice [8, 9]. This drug can effectively inhibit inflammatory 
response and foam cell formation [10]. Therefore, it is 
reasonable to hypothesize that the combination of SKN 
and Evol could treat atherosclerosis by inhibiting endo-
thelial cell apoptosis, inflammatory response and regulat-
ing cholesterol flow homeostasis.

However, the short circulation time, nonspecific distri-
bution, and low drug utilization of oral SKN have severely 
hindered its clinical application [11]. Recently, more and 
more nanodrug delivery systems have been developed 
to address these challenges with satisfied results [12]. 
Among these nanomaterials, liposome nanoparticles (L 
NPs) have been used as drug carrier for the treatment of 
AS [13]. Moreover, the hybridization of liposomes with 
macrophage membranes (Møm) efficiently extended 
half-life time and enhanced immune escape ability dur-
ing blood circulation [14]. In addition, the disruption of 
intercellular continuity as well as the increase of cellu-
lar gaps in the atherosclerotic plaques provide a natural 
pathway for the accumulation of nanoparticles [15].

In this study, we designed and developed nanomedi-
cines for the purpose of actively targeting atherosclerotic 
plaques using liposomes loaded with both Evol and SKN. 
The liposome nanoparticles were fused with Møm to 
extend the circulating half-life of the drug. HA-PEG2000-
DSPE attaching on the surface of ML@ES NPs endowed 
targeting ability to endothelial and macrophage cells via 

HA and CD44 interaction. The modification of Møm and 
HA enabled the nanoparticles to extend drug half-life, 
target atherosclerotic plaques. This controllable release 
nanomedicine can be used for efficient treatment of 
HHcy-induced early atherosclerosis via repairing endo-
thelial damage and regulating lipid metabolism of macro-
phages (Scheme 1).

Materials and methods
Materials
Shikonin was supplied by Chengdu Pufei De Biotech Co. 
Ltd (China). Evolocumab provided by Amgen Manufac-
turing Limited (USA). Homocysteine (Hcy) was acquired 
from Sigma-Aldrich (H462, USA) L-Alpha-phosphati-
dyl choline (SPC) and cholesterol were purchased from 
Shanghai Ryon Bio-logical Technology Co. Ltd (Shang-
hai, China). DSPE-PEG2000-NH2 was obtained from Pon-
sure Inc (Shanghai China).

Synthesis of HA-ML@ES NPs
Møm were isolated from RAW264.7 cells as described 
previously [16]. First, 2.0 × 107 RAW264.7 cells were 
resuspended in pre-cooled extraction reagent (1 mL) 
containing PMSF (1 mM and lysed at 4 ℃ for 30  min. 
Subsequently frozen and thawed at -80 ℃ and 25 ℃ were 
repeated four times, respectively, before the superna-
tant was collected by centrifugation. Subsequently, the 
collected supernatant was centrifuged at 13000  rpm for 
30 min at 4 ℃, and the remaining precipitate was Møm. 
The total protein of Møm was quantitatively analyzed 
afterwards.

L@ES NPs were prepared using reverse evaporation. 
Lecithin, cholesterol, SKN and Evol (mass ratio 20:10:3:5) 
were dissolved in a solution of a mixture of chloroform 
(4 mL) and ether (6 mL), followed by the addition Dou-
ble Distilled Water (ddH2O) (4 mL), and sonicated in a 
water bath to form a W/O emulsion. This was followed 
by evaporation under reduced pressure, after which 10 
mL of PBS was added to the gelation solution, and rotary 
evaporation was continued at 37 ℃ to remove residual 
organic solvents and to dissolve the gel to form an emul-
sion nano-liposome suspension, which was then dialyzed 
for 12  h to remove free Evol and SKN using a 300  kDa 
dialysis bag. To the L@ES NPs solution, Møm (2 mg) was 
added, stirred in a water bath at 37 ℃ for 1 h. Uniformly 
sized ML@ES NPs were obtained by extruding them 
through a polyethersulfone membrane (0.22 μm). Finally, 
Combining HA-PEG2000-DSPE with ML@ES NPs to form 
HA-ML@ES NPs.

Characterization of nanoparticles
Transmission electron microscopy (TEM) was used to 
observe the morphological features of L@ES NPs and 
HA-ML@ES NPs. The size of the nanodrugs and the Zeta 
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potential were studied using Dynamic light scattering 
(DLS) (Nano ZS90 Zetasizer, Malvern).

The proteins from Møm and ML@ES NPs were 
extracted by using Membrane Protein Extraction 
Reagent, and the extracted protein samples were sub-
jected to gel electrophoresis and stained with Coomassie 
Brilliant Blue to study the integrity of the membrane pro-
teins on HA-ML@ES NPs, and the membrane specific 
molecule CD68 was verified by Western blot.

Förster resonance Energy transfer (FRET) and mem-
brane fusion confocal images were used to study fusion 
efficiency of L@ES NPs and Møm by first labeling L@ES 
NPs with both DiD and Dil dyes, and then adding Møm 
and stirring at 37 ℃ for 1 h to promote fusion. The DiD 
and Dil labeled L@ES NPs were used as a control, and the 
signal changes were detected on a fluorescence spectro-
photometer by detecting the Dil (564 nm) signal changes. 
Using Dil-labeled L@ES and DiO-labeled Møm, the L 
NPs and Møm were mixed according to the mass ratio of 
lecithin/Møm = 10/1 and stirred at 37 ℃ for 1 h in a dark 
environment to fully fuse the L NPs and Møm, followed 
by observation of the fusion using confocal microscopy.

To study the stability of the prepared HA-ML@ES NPs 
in PBS and 10% FBS solutions, the prepared HA-ML@
ES NPs were dissolved in PBS and 10% FBS solutions, 
respectively, and were detected on days 1, 2, 3, 4, 5, 6, and 
7 using a Nano ZS90 Zetasizer (Malvern) DLS to detect 
the size change of nanoparticles.

To study the release behavior of Evol and SKN from 
L@ES NPs and HA-ML@ES NPs at PBS (pH = 7.4), these 
nanodrugs were incorporated into dialysis membranes 
with molecular weight limits of 300  kDa and 3500 Da. 
These membranes were then submerged in a 50 mL PBS 
buffer solution and agitated within a water bath main-
tained at 37  °C. At specified intervals, solution (1 mL) 
was withdrawn and replenished with PBS (1 mL). The 
released Evol and SKN compounds were gathered from 
the eluate; Evol concentrations were quantified using 
the BCA Protein Assay Kit, whereas SKN levels were 
measured with a UV-Vis spectrophotometer (model 
UV-1800, Shimadzu Corporation, Japan).

Scheme 1  Preparation diagram of HA-ML@ES NPs and treatment strategy of atherosclerosis
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In vitro blood compatibility
In hemolysis experiments, red blood cells (RBCs) were 
harvested from C57BL/6 mice. 5% A suspension of 
RBCs at a concentration of 5% (v/v in PBS) was exposed 
to varying doses of HA-ML@ES NPs, specifically at dif-
ferent concentrations (0, 1.2, 2.4, and 4.8  µg mL− 1). 
HA-ML@ES NPs and ddH2O group at 37 ℃ for 4 h. Sub-
sequently, the shape of the erythrocytes was examined 
using an inverted microscope., and after centrifugation at 
3500 rpm for 5 min, the supernatant was taken and the 
absorbance was measured by a microtiter plate detector 
at 562  nm. The erythrocytes treated with ddH2O were 
used as the positive group, and the hemoglobin release 
rate was set at 100%. In the coagulation assay, platelet-
rich plasma (PRP) was obtained from C57BL/6 mice. 
PRP was co-incubated with Evol + SKN (1.25 nM + 250 
nM), HA-ML@ES NPs (4.8  µg·mL− 1) and thrombin 
(100 µg·mL− 1) for 1 h at 37 ℃, and the absorbance was 
measured at 650 nm using a microplate detector.

Zebrafish co-incubation toxicity assay
Zebrafish eggs were co-cultured with different concen-
trations (0, 1.2, 2, 4, 4.8  µg·mL− 1) of HA-ML@ES NPs, 
and the morphology of zebrafish on days 0, 1, 2, and 6 
and the heartbeat and length of the body on day 6 were 
observed by inverted microscope, respectively.

Cell culture
RAW264.7, HUVEC, VSMC, and H9C2 were obtained 
from the cell bank of the Chinese Academy of Sciences. 
These cells were cultured in DMEM medium (Gibco, 
USA) supplemented with 10% fetal bovine serum (Gibco) 
and 1% penicillin and streptomycin (Invitrogen, USA) at 
37 ℃ in a 5% CO2 incubator.

In vitro cytotoxicity evaluation
H9C2, HUVEC, VSMC, and RAW264.7 cells were seeded 
into 96-well plates at a density of 5,000 cells per well and 
incubated until they reached approximately 90% conflu-
ence. Various concentrations of HA-ML@ES NPs, spe-
cifically 0, 1.2, 2.4, and 4.8  µg·mL− 1, were added to the 
cultures and incubated for a period of 24 h. After replac-
ing the fresh medium, 10 µL (0.5  mg·mL− 1) of MTT 
reagent was added to each well and incubated for another 
2 h. The absorbance was then measured at 490 nm.

CD44 expression
HUVECs and RAW264.7 were inoculated into 24-well 
and 6-well plates, respectively. Both types of cells were 
co-incubated with (0,100 µM) Hcy for 24 h, respectively. 
The medium from the 24-well plates was removed, fol-
lowed by three washes with PBS. Cells were then fixed 
with a 4% paraformaldehyde solution for 30  min, and 
closed in 5% goat serum for 30 min before addition of a 

primary antibody targeting CD44 (15675-1-AP, 1:300, 
Proteintech) and incubation at 4 ℃ overnight. After 
washing 3 times, rabbit secondary antibody was incu-
bated for 2 h. In addition, staining with DAPI (Solarbio, 
China) before observation using a Confocal Laser Scan-
ning Microscopy (CLSM) (Ti-E + A1 MP, Japan).

Immune escape and cell uptake by confocal laser scanning 
microscopy
In immune escape experiments, Dil-labeled L@ES NPs, 
ML@ES NPs, and HA-ML@ES NPs were added into 
24-well plates inoculated with macrophages inside the 
culture for 4 h, and after fixation with 4% paraformalde-
hyde for 30 min, they were stained using DAPI for 6 min, 
and observed by using CLSM.

In the cell uptake assay, HUVECs and RAW264.7 were 
inoculated into 24-well plates so that the number of 
cells per well was about 5 × 104, respectively, and were 
incubated with different concentrations (0, 100 µM) of 
Hcy for 24  h. After replacing the 1% FBS medium, one 
of the groups was first incubated with 500 (µg·mL− 1) 
HA for 30  min, and all the groups were incubated with 
100  µg·mL− 1 Dil-labeled HA-ML@ES was co-incubated 
for 4  h, and the cells were fixed with 4% paraformalde-
hyde and stained with DAPI for 6  min, and observed 
using CLSM.

Mimicking the AS plaque microenvironment using a 
co-culture model. HUVECs were cultured in the upper 
chamber, while RAW264.7 cells were placed in the bot-
tom chamber. After a 24 h treatment with Hcy (100 µM), 
Dil-labeled L@ES NPs or HA-ML@ES NPs were intro-
duced into the upper chamber and incubated for 4 h. Fol-
lowing this, the cells were rinsed three times with PBS, 
fixed with 4% paraformaldehyde, and stained with DAPI 
prior to examination under CLSM.

Cell uptake by flow cytometry
In cell uptake experiments, HUVECs and RAW264.7 
cells were inoculated into 6-well plates to make the num-
ber of cells per well about 2 × 105, respectively, and incu-
bated with different concentrations (0, 100 µM) of Hcy 
for 24 h. After replacing the 1% FBS medium, one group 
was firstly added with HA (500 µg·mL− 1) and incubated 
for 30 min, and one group in 0 µM Hcy was added with 
PBS as Control, and all the remaining groups were co-
incubated with Dil-labeled (100  µg-mL− 1) HA-ML@ES 
NPs for 4  h. Cells were collected by centrifugation and 
intracellular fluorescence was detected and analyzed by 
flow cytometry.

RNA sequencing and bioinformatics analysis
HUVECs were seeded in 6-well plates. We cultured cells 
with Evol + SKN and HA-ML@ES NPs (Evol: 1.25 nM, 
SKN: 250 nM) for 2  h, we then treating HUVECs with 
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100 µM Hcy for 24 h. After that, cells were collected and 
total RNA was extracted using Trizol reagent. mRNA 
sequencing program was performed at Guangzhou 
Kidio Co. Ltd (Guangzhou, China). After establishing 

the sequencing library, the results were analyzed using 
an online analysis website (​h​t​t​p​​s​:​/​​/​w​w​w​​.​o​​m​i​c​​s​t​u​​d​i​o​.​​c​
n​​/​a​n​a​l​y​s​i​s​/). Principal component analysis (PCA) was 
performed using the principal component function of R 

Fig. 1  SKN inhibits apoptosis of HUVECs and Evol inhibits RAW264.7 lipid influx. (A) Protein-protein interaction network analysis among the 23 potential 
intersection targets. (B) Cell viability of HUVECs and (C) RAW264.7 cells with SKN and Evol co-treatment. (D) Confocal images and quantitative analysis 
of TUNEL staining in HUVECs. Scale bar = 50 μm. [Hcy] = 100 µM. (E) Flow cytometry analysis of apoptosis of activated HUVECs (left) with quantitative 
data (right). [Hcy] = 100 µM. (F) Confocal images and quantitative analysis of Dil-oxLDL in RAW264.7 with different treatment. [Hcy] = 100 µM, [Dil-ox-
LDL] = 40 µg/mL. Scale bar = 50 μm. (G) images of Oil Red O (ORO)-stained in RAW264.7 cells. [Hcy] = 100 µM, [oxLDL] = 80 µg/mL. Scale bar = 20 μm. Date 
are mean ± SD (n = 3) **P < 0.01, ***P < 0.001
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(http://www.r-project.org/). Functional enrichment ​a​n​a​l​
y​s​i​s was performed using the R package cluster Profiler 
based on the KEGG database.

In vitro HA-ML@ES NPs restore HUVECs dysfunction by 
inhibiting Glycolysis
Apoptosis analysis
HUVECs were seeded in 6-well plates. We cultured cells 
with Evol + SKN and HA-ML@ES NPs (Evol:1.25 nM, 
SKN:250 nM) for 2  h, we then treating HUVECs with 
Hcy (100 µM) for 24  h, the apoptosis rate in HUVECs 

was evaluated via flow cytometry using V-FITC and PI 
staining. Following this, the treated cells were lysed, and 
the extracted total proteins were resolved on SDS-PAGE 
gels. Proteins were subsequently transferred onto PVDF 
membranes. These membranes were blocked using TBST 
buffer with 5% non-fat milk and incubated overnight at 
4  °C with primary antibodies against cleaved caspase-3 
(66470-2-IG, 1:2000, Proteintech), Bcl-2 (68103-1-IG, 
1:20000, Proteintech), BAX (50599-2-IG, 1:3000, Pro-
teintech), and β-actin (20536-1-AP, 1:3000, Proteintech). 
Post-incubation, the membranes were rinsed and further 

Fig. 2  Characterization of HA-ML@ES NPs. (A) HA-ML@ES NPs synthesis pattern diagram. (B) TEM image of L@ES NPs and HA-ML@ES NPs. (C) CLSM imag-
ing of ML@ES NPs. Scale bar = 5 μm. (D) Fusion efficiency analysis of Møm and ML@ES NPs by FRET. (E) SDS-PAGE protein profile of Møm and ML@ ES NPs 
(F) Western blot analysis of Møm and ML@ES NPs protein marker CD68. (G) Particle size and (H) Zeta potential analysis of L, L@ES NPs, ML@ES NPs, and 
HA-ML@ES NPs by DLS. (I) Cumulative SKN and Evol release from L@ES NPs and HA-ML@ES NPs at PBS (pH 7.4). (J) The stability of HA-ML@ES NPs in in 
PBS and DMEM containing 10% FBS. over 7 days
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incubated with secondary antibodies for 2  h at room 
temperature. Lastly, after washing, the protein bands 
were detected using chemiluminescence imaging system.

HUVECs adhesion function assay
HUVECs were inoculated in 24-well plates. Before 
stimulation with Hcy (100 µM) for 24 h, Evol + SKN and 
HA-ML@ES NPs (Evol: 1.25 nM, SKN: 250 nM) were 
added to the wells for 2  h. After 1  h of 5% goat serum 
containment, primary antibody of ICAM-1 (10831-1-AP, 
1:400, Proteintech) and VE-cad (20874-1-AP, 1:250, Pro-
teintech) was incubated overnight at 4 ℃. After washing 
three times with PBST, fluorescent rabbit secondary anti-
body was incubated for 2 h. Cell nuclei were stained with 
DAPI before observation using CLSM.

Glycolytic function assay for HUVECs
The Seahorse XF 24 − 3 analyzer (Agilent, USA) was used 
to determine the glycolysis stress assay (extracellular 
acidification rate, ECAR). HUVECs were plated onto cell 
culture microplates (2,000 cells/well) in DMEM with 10% 
FBS and cultured cells with Evol + SKN and HA-ML@
ES NPs (Evol:1.25 nM, SKN:250 nM) for 2  h, we then 
treating HUVECs with Hcy (0 or 100 µM) for 24  h. To 
allow the cells to equilibrate with the assay medium, 
they were incubated at 37 °C in a CO2-free XF prep sta-
tion for 1  h before the Seahorse assay. In the glycolysis 
stress test, after properly plating and treating HUVECs as 
described above, 10 mM glucose, 1 µM oligomycin, and 
50 mM 2-deoxy-D-glucose (2-DG glycolysis inhibitor) 
were sequentially supplied according to the XF Cell Gly-
colysis Stress Test Kit (Agilent, USA). Finally, the values 
obtained were normalized by cell staining and counting.

HUVECs were inoculated in 6-well and 96-well plates. 
After stimulation with Evol + SKN and HA-ML@ES NPs 
(Evol:1.25 nM, SKN:250 nM) for 2  h. We then treat-
ing HUVECs with Hcy (100 µM) for 24  h. Intracellular 
ATP, L-lactate and lactate dehydrogenase contents were 
determined according to the kit instructions (Beyotime, 
S0026, S0208S and C0016), respectively.

After washing HUVECs with PBST, PKM2 (15822-1-
AP, 1:200, Proteintech) primary antibody was incubated 
overnight. After three additional PBST washes, FITC-
secondary antibody was incubated. Prior to observation 
under CLSM, nuclei were stained with DAPI.

In vitro inhibit lipid influx and cholesterol efflux of HA-ML@
ES NPs
After incubation with Hcy (100 µM) for 24 h, RAW264.7 
cells were further treated with Evol + SKN and HA-ML@
ES NPs, both at the same concentration of Evol (1.25 nM) 
and SKN (250 nM), followed by the addition of oxLDL 
(80  µg mL− 1) and incubated for 48  h. After incubation, 
RAW264.7 cells were further stained with 3% ORO. 

The effects of HA-ML@ES NPs on intracellular levels of 
PCSK9 protein, lipid uptake receptor protein LOX-1 and 
cholesterol efflux-associated protein ABCA1/G1 were 
then assessed. After treatment, appeal cells were lysed 
and the total proteins were harvested for subsequent 
evaluation. The levels of PCSK9 (55206-1-AP, 1:2500, 
Proteintech), LOX-1 (11837-1-AP, 1:3000, Proteintech), 
ABCA1 (26564-1-AP, 1:1000, Proteintech) and ABCG1 
(13578-1-AP, 1:4000, Proteintech) were assessed using 
Western blot. The protein expression of ABCA1 (26564-
1-AP, 1:300, Proteintech) and ABCG1 (13578-1-AP, 
1:500, Proteintech) were also observed using CLSM.

In vitro anti-inflammatory effects of HA-ML@ES NPs
RAW264.7 were inoculated in 24-well plates. After stim-
ulation with Evol + SKN and HA-ML@ES NPs (Evol: 1.25 
nM, SKN: 250 nM) for 2  h. We then treating HUVECs 
with 100 µM Hcy for 24  h. IL-1β, IL-6, TNF-α, and 
IL-10 levels in supernatants were measured using the 
Elisa kit instructions (QuantiCyto, EMC001b, EMC004, 
EMC102a, EMC005).

In the study of macrophage M1/M2 phenotypic trans-
formation experiment, 2 × 105 RAW264.7 were inocu-
lated into 6-well plates. After stimulation with Evol + SKN 
and HA-ML@ES NPs (Evol: 1.25 nM, SKN: 250 nM) for 
2  h. We then treating HUVECs with 100 µM Hcy for 
24 h. The cells were closed with Fc for 15 min. After that, 
PE-CD80 (Biolegend, USA, 1:100) staining was added for 
30 min, followed by 0.3% triton to break the membrane 
for 20  min, and then FITC-CD206 (Santa Cruz, USA, 
1:50) staining was added for 30 min. Intracellular fluores-
cence was detected and analyzed by flow cytometry.

Pharmacokinetics and targeting ability
We utilized Ce6 and HA-ML@ESCe6 nanoparticles to 
evaluate their half-life, biodistribution, and aggregation 
characteristics within mice. Briefly, blood samples from 
Kunming mice were collected at different time points (0, 
1, 2, 4, 8, 14, and 24  h) by intravenous injection of Ce6 
and HA-ML@ESCe6 NPs (Ce6: 5 mg·kg− 1). Fluorescence 
intensity was then measured in serum collected at differ-
ent time points using an IVIS (Lumina XR). In addition, 
Model group mice were intravenously injected with Ce6, 
ML@ES NPsCe6 and HA-ML@ESCe6 NPs (Ce6: 5 mg·kg− 1) 
after 10 weeks of a high methionine diet (HMD). After 
12  h, the aorta and other organs of the mice were ana-
lyzed using IVIS.

In vivo anti-atherosclerosis study
Six-week-old male ApoE−/− mice received High Methio-
nine Diet (HMD) consisting of 55.5% carbohydrates, 20% 
protein, 1.7% methionine, and 4.5% fat, and for a period 
of 4 weeks. Thereafter, the mice were treated to saline, 
Evol + SKN (2.5  mg·kg− 1+1.2  mg·kg− 1) combination 
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or HA-ML@ES NPs (Evol: 2.5  mg·kg− 1 and SKN: 
1.2  mg·kg− 1) for a period of 8 weeks while maintaining 
the HMD diet. The animal experiment was approved by 
the Ningxia Medical University Animal Care and Use 
Committee (ethics approval number: 2023-G225), and 
the guidelines of the Ningxia Medical University Animal 
Care Committee were strictly followed.

After the treatment was completed, the thickness of 
the intima-media in the aortic root of normal, model, 
and HA-ML@ES NPs mice was examined using ultra-
sound equipment, and the blood flow velocity in the 
aortic root was measured. Euthanize all mice and isolate 
the aorta. Photographs of the aortic arch were taken. In 
addition, the entire aorta was fixed with 4% paraformal-
dehyde for 24  h. Subsequently, excess fatty tissue was 
removed from the aorta and the aorta was stained with 
3% ORO and observed for plaque area. Cross section of 
aortic root stained with 3% ORO. Plaque area was quan-
tified using ImageJ software. In addition, H&E staining 
was performed to assess the area of the necrotic core and 
Masson staining was performed to evaluate the collagen 
content.

Serum levels of IL-1β, IL-6, TNF-α, and IL-10 were 
measured in mice using Elisa kit instructions (Quanti-
Cyto, EMC001b, EMC004, EMC102a, EMC005). Immu-
nofluorescence staining was performed against primary 
antibodies against CD80 and CD206 and confocal pho-
tography was performed to observe changes in M1/M2 
type macrophages. Aortic valve sections were stained 
using an apoptosis detection kit (SEVEN, SC224-02), 
followed by immunofluorescence staining for CD31 
(AF6191, 1:300, Affinity), and confocal photography to 
observe endothelial cell apoptosis. In addition, immu-
nohistochemical staining of aortic root sections was 
performed using primary antibodies against the anti-
apoptotic proteins Bcl-2 (68103-1-IG, 1:1000, Protein-
tech) and ICAM-1 (10831-1-AP, 1:300, Proteintech). 
Finally, the sections were subjected to immunofluores-
cence staining with VE-cad primary antibody. Immu-
nofluorescence staining of aortic root sections was 
performed with F4/80 (Santa Cruz, USA, 1:500) antibody. 
In addition, paraffin-embedded aortic root sections were 
immunohistochemically stained using primary antibod-
ies against the lipoprotein uptake receptor protein LOX-1 
(11837-1-AP, 1:300, Proteintech) and the cholesterol 
transporter protein ABCG1 (13578-1-AP, 1:300, Protein-
tech) and photographed for imaging using an inverted 
microscope.

Safety evaluation
Upon completion of the treatment regimen, the mice 
were euthanized and blood samples were collected from 
each group for routine blood analysis and biochemical 
analysis. Simultaneously, major organs, such as the heart, 

lungs, liver, spleen, and kidneys, were harvested from 
the mice and subjected to H&E staining for histological 
analysis.

Data analysis
Statistical analysis version 9.0.0 was performed using 
GraphPad Prism and t-test and one-way analysis of vari-
ance (ANOVA) were used to calculate the significance 
of the data. All results are expressed as mean ± standard 
deviation and are from independent experiments.

Results and discussion
SKN inhibits apoptosis of HUVECs and evol inhibits 
macrophages lipid influx
Although many evidences have demonstrated that endo-
thelial cells apoptosis and macrophage-like foam cells 
formation are key risk factors for the onset and progress 
of atherosclerosis [17, 18], the interactions of concrete 
proteins in these cells are not clear. In this study, we 
screened targets related to endothelial cells apoptosis and 
macrophages lipid metabolism using the Toxicogenom-
ics Database (CTD). Then, the mined potential targets 
were imported into the STRING database to construct 
protein-protein interaction network. Figure 1A revealed 
the important role of apoptosis -related proteins (Bcl-2 
and BAX) and lipid metabolism-related proteins (LOX-
1, ABCA1 and ABCG1) in the development of AS. Next, 
we investigated the ability of SKN to inhibit endothelial 
cell apoptosis and Evol to inhibit lipid influx. At first, we 
investigated the effect of SKN and Evol on the cell viabil-
ity of HUVECs and RAW264.7 cells. MTT assay indicated 
the viabilities of the two kinds of cell line were higher 
than 97% even at the presence of 500 nM SKN and 2.5 
nM Evol (Fig. 1B&C). Then, we investigated the effect of 
SKN on the HUVECs apoptosis. TUNEL assay indicated 
that Hcy treatment induced cell apoptosis was inhibited 
by SKN (250 nM and 500 nM) (Fig. 1D). Flow cytometry 
assay showed that the rate of endothelial cell apoptosis 
decreased by 5.23% after SKN (250 nM) treatment com-
pared to Hcy (Fig.  1E). Meanwhile, we investigated the 
effect of Evol on Dil-oxLDL uptake by RAW264.7. Fluo-
rescence images indicated strong red fluorescence in the 
Hcy treated RAW264.7 cells (Hcy group). However, fluo-
rescence signal gradually decreased in a Evol concentra-
tion-dependent manner in the range from 0.6 to 2.5 nM 
(Fig. 1F). Similarly, Oil Red O (ORO)-staining indicated 
strong red lipid droplets in Hcy treated RAW264.7 cells 
(Hcy group) incubating with oxLDL for 24  h. However, 
the presence of 1.25 nM Evol effectively reduced the 
signal which reflected the inhibition of oxLDL internal-
ization in Hcy treated cells (Fig. 1G). In conclusion, the 
combination of 250 nM SKN and 1.25 nM Evol demon-
strated an effective ability to inhibit endothelial cell apop-
tosis and macrophage lipid influx.
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Fig. 3 (See legend on next page.)
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Fabrication and characterization of HA-ML@ES NPs
Then, using the reverse evaporation method [14], lipo-
somes were synthesized for loading Evol and SKN 
(Fig.  2A). Evol and SKN were loaded in the hydrophilic 
chamber layer and hydrophobic layer, respectively. Then, 
Møm was fused with L@ES NPS following with HA-
PEG2000-DSPE modification to obtained the HA-ML@
ES NPs with the Tyndall effect under laser irradiation 
(Fig.S1A). By optimizing the drug and lecithin ratios, 
it was found that the mass ratio of 20: 5: 3 for lecithin, 
Evol and SKN showed the highest encapsulation rate 
of 63.78% ± 2.34% and 39.63% ± 2.24%, respectively 
(Fig.S1B&C). TEM images indicated spherical morphol-
ogy of HA-ML@ES NPs with uniform size (Fig. 2B). Then 
we investigated the fusion efficacy of Dil labeled lipo-
somes and DiD labeled Møm. Confocal images showed 
that the yellow portion of fluorescence (the overlap of red 
and green color), which reflected the successful fusion 
of Møm and liposomes (Fig.  2C) The energy resonance 
transfer caused by membrane fusion can enhanced Dil 
signal [19]. The fluorescence spectra further indicated the 
enhancement of signals at 564 nm and weaken at 663 nm 
caused by the membrane fusion (Fig.  2D). In addition, 
SDS-PAGE assay indicated consistent protein profiles 
between the macrophage membrane group and the lipo-
some membrane fusion group (Fig.  2E). Western blot 
analysis indicated the CD68 proteins (the marker of mac-
rophage membrane) in the HA-ML@ES (Fig. 2F). These 
results strongly confirmed the successful fusion between 
liposome NPs and membrane. DLS assay indicated 
the diameter of HA-ML@ES NPs for 216.3  nm ± 4  nm 
(Fig. 2G) and the potential for − 18.2 mV ± 3.7 mV, a 7.67 
mV increase compared with that of ML@ES NPs due to 
the successful insertion of HA (Fig. 2H). Finally, we inves-
tigated the release behavior and stability of HA-ML@
ES NPs. Figure  2I indicated that the cumulative release 
rates of SKN and Evol in HA-ML@ES NPs were 32.26% 
± 2.87% and 34.78% ± 1.79%, respectively, over 72  h, 
whereas the cumulative release rates of SKN and Evol 
in L@ES NPs were 52.43% ± 2.01% and 55.25% ± 2.56%. 
This result demonstrated that the Møm and HA-PEG2000-
DSPE modifications can improve the stability of lipo-
somes, which can facilitate the achievement of controlled 
drug release from the disease site [20]. The unchanged 
particle size of the synthesized HA-ML@ES NPs in 

different solvents (PBS and 10% FBS) indicated the good 
stability (Fig. 2J).

Immune escape, targeting ability and intracellular uptake 
of HA-ML@ES NPs
Macrophages, an important component of the innate 
immune system, can rapidly clear sole drugs [21]. How-
ever, nanoformulation of drug can often attenuate the 
phagocytosis efficacy of macrophages [22]. Using Dil to 
label L@ES NPS, ML@ES NPs, and HA-ML@ES NPs, we 
investigated the uptake efficacy of normal macrophages 
to these materials through fluorescence imaging. As 
shown in Fig. S2A&B, the red fluorescent signals in mac-
rophages in the Dil-ML@ES NPs group and the Dil-HA-
ML@ES NPs group were significantly lower than that 
of Dil-L@ES NPs group. This result demonstrated that 
Dil-HA-ML@ES NPs can effectively reduce phagocytosis 
of macrophages due to the immune escape capability of 
Møm [23].

CD44, a receptor for HA highly expressed in the 
inflammatory tissues, has been widely used as the tar-
get of nanodrugs with HA [24]. In this study, we inves-
tigated the effect of Hcy on the CD44 levels in HUVECs 
and RAW264.7 cells. Both of fluorescence imaging and 
western blot indicated the upregulation of CD44 caused 
by Hcy (green fluorescence) in HUVECs and RAW264.7 
cells (Fig.  3A–C). Accordingly, CLSM analysis showed 
that strong green fluorescence was observed in HUVECs 
and RAW264.7 cells with Hcy treatment. However, the 
accumulation of Dil-HA-ML@ES NPs in HUVECs and 
RAW264.7 was drastically reduced after with excess 
HA pre-blockade (Fig.  3D). This result further consoli-
dates the targeting ability of HA-ML@ES NPs through 
the interaction between HA and CD44. Flow cytometric 
analysis indicated 4.15-fold and 3.16-fold enhancement 
of intracellular Dil signaling in HUVECS and RAW264.7 
cells in the model (+ Hcy) group, compared with the nor-
mal (-Hcy) group. In contrast, the intracellular Dil sig-
nals in the HA-treated group were decreased by 56% and 
39%, respectively (Fig. 3E&F). These results strongly sup-
port that HA modification confers the targeting ability of 
HA-ML@ES NPs to inflammatory endothelial cells and 
macrophages.

Next, the transwell system was adopted to assess the 
uptake efficacy of endothelial cells and macrophages to 

(See figure on previous page.)
Fig. 3  Intracellular uptake and targeting ability in vivo of HA-ML@ES NPs. (A) Fluorescence images of CD44 in HUVECs and RAW264.7 after different treat-
ments. [Hcy] = 100 µM. (B) Western blot analysis of CD44 on HUVECs and RAW264.7 after different treatment with (C) quantitative data at right. [Hcy] = 100 
µM. (D) Representative images of CLSM of HUVECs and RAW264.7 after 4 h of incubation with Dil-HA-ML NPs. [Hcy] = 100 µM. Scale bar = 50 μm. (E) 
Flow cytometry analysis of HUVECs and (F) RAW264.7 after 4 h of incubation with PBS or Dil-HA-ML NPs. [Hcy] = 100 µM. (G) Schematic diagram of the 
co-culture pattern of HUVECs with RAW264.7 cells. (H) Confocal microscopy images and (I) fluorescence intensity of Dil-L@ES NPs and Dil-HA-ML NPs 
in HUVECs and RAW264.7 cells in a trans-well system. [Hcy] = 100 µM. Scale bar = 100 μm. (J) Ex vivo fluorescence images of Ce6 fluorescence in aortas 
12 h after Ce6, ML@ESCe6 and HA-ML@ESCe6 NPs injection into ApoE−/− atherosclerotic mice. (K) CLSM analysis of the co-location of Ce6, ML@ESCe6 NPs 
and HA-ML@ESCe6 NPs (red) and endothelial cells (green), or Ce6, ML@ESCe6 NPs and HA-ML@ESCe6 NPs (red) and macrophages (green) in atherosclerotic 
plaques (n = 3) Date are mean ± SD (n = 3) *P < 0.05, **P < 0.01, ***P < 0.001
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HA-ML@ES NPs. Hcy-treated HUVECs and RAW264.7 
cells were cultured in the upper and lower chambers, 
respectively, to simulate the plaque (Fig.  3G). Fluores-
cence imaging indicated the significantly stronger red 
fluorescence in HUVECs and RAW264.7 cells with Dil-
HA-ML@ES NPs incubation, compared to that of Dil-L@
ES NPs (Fig. 3H&I). These findings further confirmed the 
importance of HA modification for improving the inter-
nalization efficiency of HA-ML@ES NPs by HUVECs 
and macrophages.

Encouraged by the in vitro results, then, we investi-
gated the circulating half-life using male Kunming mouse 
as the model as previously reported [25]. After injec-
tion of Ce6 and HA-ML@ESCe6 NPs via the tail vein, we 
measured the fluorescence signal intensity of Ce6 and 
HA-ML@ESCe6 NPs in blood samples. Fig. S3A&B indi-
cated the longer half-life time of HA-ML@ESCe6 NPs 
relative to sole Ce6 (t1/2 = 1.31 h VS t1/2 = 0.52 h), These 
results strongly support that Møm prolongs the circu-
lation time of HA-ML@ES NPs, which facilitates SKN 
and Evol accumulation in atherosclerotic plaques [26]. 
Moreover, we evaluated the biodistribution of Ce6 and 
HA-ML@ESCe6 NPs in AS mice using an in vivo imag-
ing system (IVIS). Figure  3J&S4 indicated that the fluo-
rescence signal intensity of ML@ESCe6 NPs at the aortic 
site was enhanced by 1.8-fold, compared with that of 
Ce6, which was attributed to the “homing effect” of NPs 
increased by the modification of Møm [27]. More impor-
tantly, the fluorescence signal intensity of HA-ML@ESCe6 
NPs at the aortic site was enhanced by 1.5-fold, com-
pared with that of ML@ESCe6 NPs, which result dem-
onstrated the atherosclerotic plaques targeting ability of 
HA-ML@ESCe6 NPs through the interaction of HA with 
highly expressed CD44 expression on the surface of dam-
aged endothelial cells and inflammatory macrophages 
[28]. Meanwhile the accumulation of ML@ESCe6 NPs and 
HA-ML@ESCe6 NPs were found to be higher in the liver 
compared to Ce6 alone, probably because Møm modi-
fication prolonged Ce6 blood circulation time, and the 
content of HA-ML@ESCe6 NPs in mice was higher than 
that of the Ce6 group after 12 h. In addition, our findings 
showed robust signaling distribution in hypermetabolic 
tissues (e.g. liver and kidney) (Fig. S5A&B).

Furthermore, immunofluorescence staining with 
the endothelial cell marker CD31 and the macrophage 

marker CD68 was adopted to investigate the intracel-
lular distribution of Ce6, ML@ESCe6 NPs and HA-ML@
ESCe6 NPs in the aortic root sections. Figure 3K indicated 
the co-localization of HA-ML@ESCe6 NPS with CD31+ 
endothelial cells and CD68+ macrophages, underscor-
ing the dual targeting proficiency of both cell types that 
are pathologically relevant to AS. Collectively, these 
findings underscore the efficacy of HA-ML@ES NPs for 
selectively targeting endothelial cells and macrophages 
in the context of AS. In addition, it has been shown that 
both macrophages and T cells play important roles in the 
development of atherosclerosis, with a high percentage of 
macrophages (28.9%) and T cells (19.6%) among immune 
cells at the plaque site and high expression of CD44 on 
the surfaces of both macrophages and T cells [29, 30]. 
We also performed immunofluorescent staining with the 
T-cell marker CD3 to study the intracellular distribution 
of Ce6, ML@ ESCe6 NPs and HA-ML@ESCe6 NPs in aor-
tic root sections. Fig. S6 showed that there was a weak 
localization between HA-ML@ESCe6 NPS and CD3+ T 
cells. These results indicated that HA-ML@ES NPs may 
can inhibit AS by regulating immune microenvironment.

HA-ML@ES NPs can efficiently restore HUVECs function by 
inhibiting apoptosis
Previous studies have shown that Hcy can induce apop-
tosis and upregulate intercellular adhesion molecules to 
impair endothelial barrier, which finally result in the onset 
and progression of atherosclerosis [31–33]. Using Hcy 
treated HUVECs as model, we adopted RNA sequencing 
assay to investigate the effect of HA-ML@ES NPs on the 
gene transcription (Fig. 4A). Principal component analy-
sis showed significant differences among the three groups 
of Control, Model, and HA-ML@ES NPs (Fig. S7A). A 
total of 1580 differentially expressed genes were identi-
fied between Control and Hcy, including up-regulated 
886 genes and down-regulated 694 genes in Hcy group. 
(Fig. S7B), while 1796 differentially expressed genes were 
identified between Hcy and HA-ML@ES NPs, of which 
736 were up-regulated and 1060 were down-regulated 
in HA-ML@ES NPs group (Fig. 4B). Venn plots showed 
a total of 776 genes intersected in the three groups (Fig. 
S7C). Notably, KEGG analysis indicated that up-regu-
late genes involved in cell adhesion molecule pathway, 
apoptotic pathway, and glycolytic pathway in the model 

(See figure on previous page.)
Fig. 4  HA-ML@ES NPs can restore HUVECs function. (A) HA-ML@ES NPs repair HUVECs pattern diagram. (B) Volcano plots of differentially expressed 
genes distribution in HUVECs treated with Hcy and HA-ML@ES NPs. [Hcy] = 100 µM. (C) KEGG analysis of upregulated and downregulated cellular path-
ways in HUVECs caused by HA-ML@ES NPs. (D) Flow cytometry analysis and (E) quantitative analysis of HUVECs apoptosis. [Hcy] = 100 µM. (F) Western 
blot assay and (G) quantitative analysis of BAX, Bcl-2, and Cleaved caspase-3 levels in HUVECs with different treatments. [Hcy] = 100 µM. (H) CLSM images 
of ICAM-1 and VE-cad on HUVECs with different treatment. [Hcy] = 100 µM. Scale bar = 50 μm. (I) Quantitative analysis of ICAM-1 staining. (J) Quantita-
tive analysis of ICAM-1 staining. (K) ECAR profile showing glycolytic function of glycolytic function parameters in HUVECs under different treatment. 
[Hcy] = 100 µM. Vertical lines indicate the time of addition of glucose (10 mM), oligomycin (1 µM), and 2-DG (50 mM) (n = 3). (L) CLSM images of PKM2 
in HUVECs with different treatment. Scale bar = 50 μm. (M&N) Measurement of L-lactic acid APT content in HUVECs. Date are mean ± SD (n = 3) *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001
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group were reversed by the HA-ML@ES NPs treatment 
(Fig.  4C, S7D&E). Flow cytometry assay indicated the 
early and late apoptosis rates in the model group were 
8.26% and 12.60% in HUVECs, respectively. However, the 
corresponded apoptosis rates were 3.71% and 6.52% in 
the HA-ML@ES NPs-treated group (Fig.  4D&E). West-
ern blot indicated that the level of apoptosis-related Bcl-2 
was up-regulated by 2.4-fold, while the level of BAX was 
down-regulated by42% in HA-ML@ES NPs treated cells, 
compared to the model group. Moreover, 51% decrease 
of Cleaved caspase-3 was observed in the same group 
(Fig. 4F&G). Overall, these results clearly confirmed that 
HA-ML@ES NPs inhibited apoptosis in HUVECs. Mean-
while, Fluorescence imaging indicated that red signal, 
which represents the levels of ICAM-1, a molecule for 
recruiting macrophages to promote AS [34], (red fluores-
cence) significantly downregulated in HA-ML@ES NPs 
treated inflammatory HUVECS (Fig. 4H&I), along with a 
significant decrease in VE-cadherin (VE-cad) (green fluo-
rescence) (Fig. 4H&J), an endothelium-specific adhesion 
molecule for maintaining endothelial cell integrity and 
preventing AS.

It was reported that Hcy can increase aerobic glycoly-
sis by upregulating the activity of PKM2, the rate-limiting 
enzyme in aerobic glycolysis, which ultimately leads to 
the accumulation of lactate, the end product of glycoly-
sis [35]. Whereas elevated glycolysis may trigger activa-
tion of inflammatory pathways causing apoptosis [36, 
37]. SKN, as a PKM2 inhibitor, is expected to improve 
endothelial cell energy metabolism and inhibit endothe-
lial cell apoptosis by inhibiting PKM2 [38]. At first, we 
assessed the glycolytic metabolism of HUVECs treated 
with HA-ML@ES NPs by measuring extracellular acidi-
fication rate (ECAR) by Seahorse extracellular flux analy-
sis. As shown in Fig. 4K& S8, HA-ML@ES NPs reduced 
the elevated basal ECAR (from 28.9 ± 2.4 to 18.3 ± 2.1 
mpH/min) while suppressing the Hcy-induced maxi-
mal ECAR elevation (from 57.3 ± 3.7 to 44.4 ± 1.1 mpH/
min), reflecting a HA-ML@ES NPs-induced maximal 
glycolytic potential decreased. Further studies revealed 
that HA-ML@ES NPs significantly inhibited activity of 
PKM2 (green fluorescence), accordingly reduced the 
accumulation of lactate (Fig. 4L&M). In contrary, the lev-
els of ATP, a key energy molecule decreased in apoptosis 
cells [39], significantly increased in cells with HA-ML@
ES NPs treatment (Fig. 4N). These results demonstrated 

that HA-ML@ES NPs can HUVECs inhibit apoptosis by 
improving energy metabolism.

HA-ML@ES NPs can reprogram macrophage polarization 
in vitro
The accumulation of inflammatory macrophages with 
exceed oxLDL internalization in the intima is a significant 
characteristic of atherosclerotic lesions, playing a cru-
cial role in the progression of AS [40]. Moreover, these 
macrophages can activate PCSK9 expression, increase 
the oxLDL uptake receptor protein LOX-1, while inhibit 
cholesterol transporter proteins ABCA1 and ABCG1, 
which finally lead to foam cell formation [41, 42]. Thus, 
restoring the balance of cholesterol flow within plaque is 
urgent for inhibiting atherosclerosis progression By using 
ORO staining to investigating the effect of HA-ML@ES 
NPs on the lipid internalization it was found the signifi-
cant reduction of intracellular lipid droplets in the Hcy 
treated macrophages after treatment with HA-ML@ES 
NPs (Fig.  5A). Accordingly, western blot indicated that 
HA-ML@ES NPs downregulated PCSK9 and LOX-1, 
while upregulated ABCA1/ABCG1 in the Hcy treated 
macrophages (Fig.  5B). Confocal microscopy images 
visually showed the significant upregulation of ABCA1 
and ABCG1 caused by HA-ML@ES NPs (Fig. 5C). Flow 
cytometry assay indicated that the ratio of M1/M2 was 
significantly decreased in Hcy-treated macrophages after 
with HA-ML@ES NPs treatment, which is lower than that 
of sole Evol + SKN treatment (Fig.  5D&E). Accordingly, 
the decrease of pro-inflammatory cytokines TNF-α, IL-6 
and IL-1β and significant increase of anti-inflammatory 
cytokine IL-10 was found in Hcy-treated macrophages 
with HA-ML@ES NPs treatment (Fig. 5F-I). These results 
suggested that HA-ML@ES NPs can reverse M1 macro-
phage polarization to abrogate inflammation and inhibit 
foaming cell formation, which is beneficial for ultimately 
restoring cholesterol flow homeostasis and intervening 
the development of atherosclerosis.

HA-ML@ES NPs effectively treat early atherosclerosis
Based on these promising findings, we validate the ther-
apeutic potential of HA-ML@ES NPs in Hcy-induced 
ApoE−/− AS mice (Fig. 6A). The mice were given 4 weeks 
of the HMD diet to produce early atherosclerotic plaques, 
and maintain the diet plus Evol + SKN or HA-ML@
ES NPs treatment for 8 weeks. In order to evaluate effi-
cacy, Ultrasonography images in Fig. S9A-C indicated 

(See figure on previous page.)
Fig. 5  HA-ML@ES NPs modulate macrophage polarization to restore cholesterol flow homeostasis in vitro. (A) Optical microscopy images of oxLDL 
internalization in Hcy induced RAW264.7 cells. [Hcy] = 100 µM, [ox-LDL] = 80 µg/mL. Scale bar = 20 μm. (B) Western blot analysis of PCSK9, ABCA1/G1 and 
LOX-1 on macrophages with different treatment. [Hcy] = 100 µM. (C) CLSM images of ABCA1/G1 on RAW264.7 cells with different treatment. Scale bar 
= 20 μm. [Hcy] = 100 µM. (D) Flow cytometry results of macrophage polarization after treatment with different nanoparticles and (E) quantitative data at 
right. [Hcy] = 100 µM. (F-I) ELISA detected typical inflammatory cytokines TNF-α, IL-6, IL-1β and IL-10 secreted by Hcy treated RAW264.7 cells. [Hcy] = 100 
µM. Date are mean ± SD (n = 3) *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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significant thickening of intima-media thickness (IMT) 
and increase in blood flow velocity in the aortic root of 
ApoE−/− mice with HMD diet. However, the administra-
tion of HA-ML@ES NPs significantly decreased both 
IMT and blood flow velocity. The isolated aorta visu-
ally indicated significant reduction in plaque size in the 
aortic arch region (area circled by the black dotted line) 
of mice with HA-ML@ES NPs administration (Fig.  6B). 
ORO staining showed that the area of lipid accumula-
tion in the plaques was approximately 1.89% and 18.58% 
in the control and model groups, respectively. However, 
the plaque areas of AS mice were approximately 9.39% 
and 4.62% after with Evol + SKN and HA-ML@ES NPs 
administration, respectively (Fig.  6C). These results 
demonstrated the strong inhibitory effect of HA-ML@
ES NPs on the AS plaques formation. Moreover, ORO 
staining of aortic valves showed significant lipid accu-
mulation within plaques in the model group, whereas 
the lipid accumulation was significantly reduced after 
HA-ML@ES NPs treatment (Fig. 6D). H&E staining also 
showed the least inflammatory response in the aortas of 
HA-ML@ES NPs-treated ApoE−/− mice, as evidenced by 
the smallest proportion of necrotic cores in the resulting 
plaques. (Fig. 6E). Masson’s trichromatic method showed 
the increase of collagen content around the plaques and 
the thickness of the fibrous cap of mice with HA-ML@ES 
NPs treatment (Fig. 6F), suggesting the improved plaque 
stability [37]. ELISA assay indicated that the inflamma-
tory factor indexes, the pro-inflammatory factors TNF-α 
and IL-6 decreased and the anti-inflammatory factor 
IL-10 increased in the blood of HA-ML@SE NPs-treated 
mice, compared with the model group (Fig. 6G-J). Over-
all, the above results suggest that HA-ML@ES NPs with 
strong anti-inflammatory function can effectively inhibit 
the development of atherosclerosis and increase the sta-
bility of atherosclerotic plaques.

HA-ML@ES NPs repair endothelial cells function in ApoE−/− 
atherosclerotic mice
It was reported that endothelial cell apoptosis played 
a key role in the pathogenesis of AS as enlarged cellu-
lar gaps caused by endothelial cell apoptosis lead to the 
entry of inflammatory macrophages into the subendo-
thelial layer [4]. Using immunofluorescence staining 
on the cross-sections of the aortic root, we found that 
HMD diet resulted in the significant increase in CD31-
labelled endothelial apoptotic cells (green fluorescence), 
compared to the normal diet group. However, HA-ML@

ES NPs treatment resulted in a decrease in CD31-
labelled endothelial apoptotic cell (Fig.  7A&B) and sig-
nificant upregulation of Bcl-2 protein at the lesion site 
(Fig.  7C&D). These findings confirmed the inhibitory 
effect of HA-ML@ES NPs on the endothelial apoptosis. 
In addition, it was reported that endothelial cells apop-
tosis can upregulate the levels fo ICAM-1 during the 
early stage of atherosclerosis [43, 44]. In this study, using 
immunohistochemical staining, we found significant 
ICAM-1 decrease at the lesion site of aortic root of mice 
treated with HA-ML@ES NPs (Fig. 7E&F). Then, immu-
nofluorescence imaging, which can illustrate the local-
ization of VE-cad in aorta, was used to explore the effect 
of HA-ML@ES NPs on the endothelial barrier function. 
As shown in Fig. 7G&H, separate red fluorescent signal, 
which represents the levels of VE-cad, was found in the 
HMD diet (Model) group due to the endothelial cell dys-
function. However, treatment of HA-ML@ES NPs signifi-
cantly improved the continuity of red fluorescent signal 
in endothelial cells. These findings suggest that HA-ML@
ES NPs can inhibit endothelial cell apoptosis to restore 
endothelial cell function.

HA-ML@ES NPs restore cholesterol flow homeostasis in 
ApoE−/− atherosclerotic mice
Dysfunctional endothelial cells caused macrophage infil-
tration in the vasculature is an important feature of AS 
plaque formation [45]. Using F4/80 (macrophage-specific 
marker) antibody to perform Immunofluorescence stain-
ing of aortic root sections, strong green fluorescence was 
found in the model group, which reflected a large mac-
rophages infiltration. However, HA-ML@ES NPs admin-
istration significantly reduced the intensity of green 
fluorescence, which reflected the strong inhibitory func-
tion on the macrophage infiltration (Fig.  8A). In addi-
tion, we also investigated the effect of HA-ML@ES NPs 
on the macrophage phenotype in vivo. Immunofluores-
cence staining using CD80 (M1-like macrophage marker) 
antibody and CD206 (M2-like macrophages marker) 
antibody indicated that predominant M1-like phenotype 
macrophages in the model group, which was reflected by 
the green fluorescence (Fig. 8B&C). However, HA-ML@
ES NPs administration caused significant increase for the 
number of M2-like macrophages, which is higher than 
that of Evol + SKN (Fig. 8B&D.) These results emphasize 
the function of HA-ML@ES NPs for switching macro-
phages from pro-inflammatory to anti-inflammatory 
phenotype, which accordingly reduce the inflammation 

(See figure on previous page.)
Fig. 6  HA-ML@ES NPS effectively treat early atherosclerosis. (A) A schematic diagram illustrating the in vivo treatment mode. (B) Photographs of the 
aortic arch (n = 6). (C) Quantitative analysis of aortic surface ORO staining images and lesion sites (n = 6). (D) ORO staining of aortic roots and quantitative 
analysis of lesion sites. Scale bar = 400 μm. (n = 3). (E) Representative H&E staining images and quantitative analysis of plaque area. Scale bar = 400 μm. 
(n = 3). (F) Representative Masson staining images and quantitative analysis of plaque area. Scale bar = 400 μm (n = 3). (G) ELISA detected typical inflam-
matory cytokines TNF-α, (H) IL-6, (I) IL-1β and (J) IL-10 secreted in serum (n = 6). Date are mean ± SD (n = 3) *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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at the plaque site. It was reported that alleviating the 
inflammatory microenvironment can inhibit the uptake 
of oxLDL mediated by LOX-1, while promote cholesterol 
efflux mediated ABCG1 in the plaque site [46]. Immu-
nofluorescence staining of aortic root section showed 

LOX-1 downregulation and upregulation of ABCG1 
caused by HA-ML@ES NPs (Fig.  8E-G). This result 
suggested that HA-ML@ES NPs can restore choles-
terol flow homeostasis by inhibiting LOX-1, while 

Fig. 7  HA-ML@ES NPs repairing endothelial function of ApoE−/− atherosclerotic mice. (A) CLSM images of CD31 and TUNEL staining in aortic root sec-
tions and (B) quantitative analysis. Scale bar = 200 μm. (C-F) Representative histochemistry images and quantitative analysis of aortic root cross-sections 
stained with Bcl-2 antibody and ICAM-1 antibody. Scale bar = 400 μm. (G) Immunofluorescence staining images and (H) quantitative analysis of VE-cad in 
aortas Scale bar = 500 μm. Date are mean ± SD (n = 3) *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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Fig. 8  HA-ML@ES NPs regulate macrophage polarization to restore cholesterol flow homeostasis. (A) Immunofluorescence staining images of F4/80 
in aortas Scale bar = 400 μm. (B) Representative images and (C) quantitative analysis of CD80 and (D) CD206 staining in aortic root sections. Scale bar 
= 400 μm. (E) Representative histochemistry images and (F) quantitative analysis of aortic root cross-sections stained with LOX-1 and (G) ABCG1 antibody. 
Scale bar = 100 μm. Date are mean ± SD (n = 3) *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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upregulating ABCG1 expression, which finally amelio-
rates atherosclerosis.

Myo-inositol and glycerol mediated the restoration of 
cholesterol homeostasis
Moreover, metabolomics assays to investigate the regu-
lation of HA-ML@ES NPs on the lipid metabolism. 
Principal component analysis showed significant dif-
ferences between Control, Model and HA-ML@ES NPs 
(Fig. S10A&B). Volcano plots indicated a total of 279 
differential metabolites between Control and Model 
group, while 300 differential metabolites were identified 
between Model and HA-ML@ES (Fig. S10C&D). Wayne 
diagram indicated the intersection of 222 metabolites 
between Model and HA-ML@ES NPs groups (Fig. S10E). 
Meanwhile, the KEGG analysis plot indicated significant 
enrichment of ABC transport pathway in the Control vs. 
Model group (Fig. S10F&G). Among ABC transporter 
pathway related specific metabolites, significant decrease 
of myo-inositol and increase of glycerol was found in the 
model group, compared to the control group. However, 
HA-ML@ES NPs Significantly reversed the levels of myo-
inositol and glycerol to the normal range (Fig. S10H). 
Considering the anti-atherosclerotic effect of Myo-ino-
sitol and the important raw material of glycerol for the 
synthesis of triglycerides, which can cause atherosclero-
sis [47, 48], these results demonstrate the HA-ML@ES 
NPs can promote the production of myo-inositol, while 
inhibit the production of glycerol, thus inhibit the devel-
opment of atherosclerosis. However, the concrete mecha-
nism should be deeply investigated.

In vitro and vivo biosafety
The hemocompatibility and cellular safety of nanomedi-
cines are prerequisites for in vivo application [49]. In the 
hemolysis assay, the hemolysis rate of both Evol + SKN 
and HA-ML@ES groups was less than 5% compared to 
the ddH2O-treated group (Fig. S11A) and no anomalous 
erythrocytes were detected from the erythrocyte mor-
phology images (Fig. S11B). Coagulation assay indicated 
little effect of the Evol + SKN and HA-ML@ES groups on 
platelet aggregation, compared to the thrombin group 
(Fig. S11C), the result of which reflected a low risk of 
thrombosis after intravenous administration. Afterwards, 
Evol + SKN and HA-ML@ES NPs were co-incubated with 
four types of cells (HUVECs, RAW264.7, VSMC and 
H9C2 cells) and MTT results showed that the nanomedi-
cine had no toxic side effects on these cells (Fig. S11D). 
The biosafety of the nanomaterials was further verified 
by co-culturing HA-ML@ES NPs with zebrafish, and no 
obvious abnormalities and malformations were produced 
from the zebrafish eggs and adult fish morphology as 
compared to the normal group (Fig. S11E). Afterwards, 
no significant difference was found for the heart rate and 

body length of adult fish with HA-ML@ES NPs treat-
ment (Fig. S11F&G). These results indicated the biosafety 
of this nanomaterial.

H&E staining of major organs showed no obvious 
traces of tissue damage or inflammatory cell infiltra-
tion in major organs such as heart, liver, spleen, lungs 
and kidneys in the HA-ML@ES NPs treated group (Fig. 
S12A). Blood counts and live and kidney function tests 
were also within normal limits (Fig. S12B). Moreover, 
LDL and CHO decreased in the HA-ML@ES NPs group, 
compared with the Model, which reflected the function 
of lowering blood lipids. These findings demonstrate the 
safety of HA-ML@ES NPs in the treatment of AS.

Conclusion
In conclusion, we have successfully developed a dual-tar-
geting bio-liposomes nanodrug (HA-ML@ES NPs) capa-
ble of loading both SKN and Evol. HA-ML@ES NPs after 
modification with Møm and HA not only prolonged the 
half-life of the drug but also efficiently co-delivered the 
drug to the damaged endothelial cells and inflammatory 
macrophages at the plaque site of AS. SKN and Evol play 
key roles in repairing endothelial cell dysfunction, inhib-
iting inflammatory responses and balancing cholesterol 
flow in macrophages, thus effectively treating early AS. 
Furthermore, L NPs-mediated delivery maximizes the 
efficacy of SKN and Evol while effectively reduced organ 
toxicity. Our research uses bionics and nanomedicine to 
provide more effective and targeted treatment options for 
atherosclerosis and other inflammatory diseases, advanc-
ing personalized and precision medicine.
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