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Abstract
Introduction  Atherosclerosis serving as the main underlying factor of cardiovascular disease (CVD) remains the 
primary cause of mortality and morbidity globally, while the deposition of massive cholesterol in macrophage-
derived foam cells exerts pivotal roles in the occurrence and progression of atherosclerosis. Celastrol (CEL) is a 
bioactive ingredient owning potent capability to modulate lipid metabolism, whereas the poor bioavailability and 
potential toxicity limit its clinical application.

Objectives  This study aims to design a CEL-loaded recombinant high-density lipoprotein (rHDL) delivery platform 
for active targeting, which may effectively promote lipid degradation in foam cells and reversely transport excessive 
cholesterol to the liver for metabolism in time.

Methods  The rHDL loaded with CEL (CEL-rHDL) was prepared by the thin film dispersion method. Then the anti-
atherosclerotic efficacy and targeted delivery to foam cells of atherosclerotic lesions were verified both in vitro and in 
vivo. RNA-sequence was applied to reveal the potential mechanism against early atherosclerosis, which was further 
validated through several molecular biology experiments.

Results  The prepared CEL-rHDL increased the targeting efficiency to foam cells of atherosclerotic lesions, mitigated 
its off-target toxicity, and improved anti-atherosclerotic efficacy. Importantly, CEL-rHDL decreased lipid storage in 
foam cells by triggering lipophagy via the activation of Ca2+/CaMKKβ/AMPK/mTOR signaling pathway and reverse 
cholesterol transport (RCT).

Conclusion  A combination of hypolipidemic chemo-intervention with rHDL participated specific and reverse 
delivery may offer a promising strategy for biocompatible treatment of early atherosclerosis.
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Introduction
Atherosclerosis, a progressive inflammatory cardio-
vascular disease (CVD), is marked by the extensive 

accumulation of lipid-rich foam cells within the subendo-
thelial regions of arterial walls. This condition is a major 
contributor to numerous severe vascular occurrences, 

Graphical abstract 
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encompassing stroke, myocardial infarction and periph-
eral artery disease, thereby leading to significant morbid-
ity and mortality globally [1, 2]. As the main components 
of atherosclerotic lesions, macrophage-derived foam cells 
act essential functions in the occurrence and develop-
ment of inflammatory lesions and lipid homeostasis dis-
ruption [3]. During the initial phase of atherosclerosis, 
circulating monocytes penetrate into the subendothelial 
areas of impaired arteries and transform into activated 
macrophages, which subsequently recognize and unre-
strictedly internalize oxidized low-density lipoprotein 
(ox-LDL) via surface scavenger receptors (SR) [4, 5]. 
When the absorption of ox-LDL exceeds the metabolic 
capacity of macrophages, the redundant cholesterol 
accumulates in cytoplasmic lipid droplets (LDs) in the 
form of cholesterol esters (CE), since then macrophages 
are transformed into foam cells, a sign of early athero-
sclerosis. The initial phase of atherosclerosis represents a 
crucial juncture for its advancement and reversal, espe-
cially as a key point for therapeutic intervention. With-
out timely intervention, the build-up of lipid-laden foam 
cells may exacerbate inflammatory process and contrib-
ute to the formation and rupture of unstable atheroscle-
rotic plaques, increasing the risk of CVD, the stage with 
irreversible damage [6, 7]. Therefore, restraining macro-
phage-derived foam cells generation through restoring 
lipid homeostasis may be an effective way to alleviate the 
atherosclerotic progression.

Intriguingly, high-density lipoprotein (HDL) as a 
dynamic endogenous carrier to transport lipid, bears 
the capacity to accept excess free cholesterol (FC) from 
peripheral cells and motivate reverse cholesterol trans-
port (RCT) in atherosclerotic protection. In addition, it 
can serve as a nano-carrier to transport diverse hydro-
phobic molecules to specific organs. It indicates that 
HDL is not only a carrier for safely targeted delivery of 
hydrophobic agents, but also a lipid carrier with thera-
peutic effect [8–10]. Endogenously derived HDL exists in 
two different forms including discoidal HDL and spheri-
cal HDL, the latter one is the dominant HDL form in cir-
culation [11]. Spherical HDL owns a unique core-shell 
structure, consisting of a hydrophobic core composed 
of CE and triglyceride (TG) surrounded by a monolayer 
shell primarily made up of phospholipids (PL), FC and 
apolipoproteins (Apos) [12, 13]. As an active Apos com-
ponent of HDL, apolipoprotein AI (Apo AI) comprises 
eight amphipathic α-helical domains and is crucial for 
maintaining the size and shape of natural HDL [14, 15]. 
Considering that isolating and purifying endogenous 
HDL from human serum is expensive and arduous, even 
exists the safety concerns of blood borne contamination, 
multiple Apo AI mimetic peptides have been developed 
for preparing recombinant HDL (rHDL) with similar 
properties to endogenous HDL as an alternative effective 

drug delivery platform [14, 16]. rHDL permits dual deliv-
ery of hydrophilic and hydrophobic molecules due to its 
amphiphilic nature. By imitating the shape and structure 
of endogenous HDL, rHDL could escape the clearance 
of mononuclear phagocyte system without triggering 
immunological responses, while also exhibiting complete 
biodegradability and excellent biocompatibility [17, 18]. 
Moreover, rHDL could improve the delivery of encap-
sulated cargo through targeting atherosclerotic lesion 
region to avoid off-target effects, for the possible mech-
anism of that rHDL with Apo AI is actively targeted to 
specific SR-BI receptor on foam cells [19]. Meanwhile, 
rHDL is as effective as native HDL in stimulating RCT 
to restrain the progression of atherosclerotic plaques [20, 
21].

Here, rHDL is utilized to specifically deliver celastrol 
(CEL), a well-known hypolipidemic agent, to overcome 
its poor aqueous solubility, narrow therapeutic window, 
weak bioavailability and potential undesired side effects, 
which generate severe setback for its further clinical 
application [22]. CEL, a pharmacologically active pen-
tacyclic triterpene, has recently been proved to pos-
sess potent lipid regulatory capabilities and promising 
therapeutic effects on lipid-related diseases, compris-
ing atherosclerosis, obesity and non-alcoholic fatty liver 
disease (NAFLD) [23, 24]. Numerous evidence dem-
onstrated that CEL could mitigate lipid metabolic dis-
orders through modulating lipid profiles and pertinent 
metabolic processes, involving in the suppression of lipid 
synthesis, enhancement of lipid catabolism, blockade of 
intestinal absorption and facilitation of lipid transport 
[24–26].

The LDs serve as the primary location for CE storage 
within macrophage-derived foam cells, so increasing CE 
lipolysis in LDs may be an effective mechanism to alle-
viate the cholesterol burden within foam cells. In addi-
tion to the role of the cytoplasmic neutral CE hydrolases 
in CE metabolism, lipophagy has been shown to be an 
excellent regulatory mechanism to maintain lipid homeo-
stasis [27–29]. Lipophagy, a special form of autophagy, 
selectively degrades CE stored in LDs via a lysosomal-
dependent manner, contributing to regulate lipid metab-
olism and maintain cellular cholesterol homeostasis [30]. 
During the process of lipophagy, the membrane proteins 
of LDs are identified and sequestered by microtubule-
associated protein 1 light chain 3II (LC3-II), forming 
double-membrane vesicles known as autophagosomes. 
These autophagosomes subsequently fuse with lysosomes 
to generate autolysosomes, where CE stored in LDs is 
hydrolyzed into FC through lysosomal acid lipase (LAL) 
[6]. Multiple studies have indicated that the promotion 
of lipophagy could facilitate cholesterol degradation and 
restrain foam cells formation, then mitigate the progres-
sion of atherosclerosis [29, 31, 32].
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The present study aims to synthesize a CEL-loaded 
rHDL (CEL-rHDL) delivery platform with triple actions, 
including targeted delivery to the subendothelial foam 
cells, triggering lipophagic processes of foam cells and 
reverse transporting excessive cholesterol. Moreover, the 
potential molecular mechanism on how CEL-rHDL trig-
gers lipophagy to reduce lipid accumulation in foam cells 
was discovered and verified, providing a novel biocom-
patible strategy for the precise treatment of early athero-
sclerosis (Fig. 1).

Materials and methods
Materials
CEL (over 98% purity) was acquired from bidepharm 
(Shanghai, China). Egg phospholipids and Glycerol trio-
leate were obtained from Solarbio (Beijing, China). D4F 
(an Apo AI mimetic peptide) was synthesized by Synth-
Bio Co., Ltd (Hefei, China). Bovine serum albumin (BSA) 
and cholesterol were supplied from LABLEAD Biotech-
nology Co., Ltd (Beijing, China). Cholesteryl oleate was 
provided by aladdin (Shanghai, China). Human ox-LDL 
was derived from Yiyuan Biotechnologies (Guangzhou, 
China). Modified Oil Red O Stain kit and Fluo-4, AM 
were acquired from Beyotime Biotechnology (Shanghai, 
China). Dulbecco’s modified Eagle medium (DMEM) was 
supplied by Thermo Fisher Scientific (Waltham, USA). 
Fetal bovine serum (FBS) was procured from Corning 
Co., Ltd (CA, USA). Penicillin-streptomycin was pro-
vided by Viva Cell Biosciences (Shanghai, China). Thapsi-
gargin (TG), Compound C (CC), BAPTA/AM, STO‐609, 
Bafilomycin A1 (Baf ) and 3-Methyladenine (3-MA) were 
obtained from Topscience Co., Ltd (Shanghai, China). 
Rabbit antibodies against AMPK (5831), mTOR (2983), 
p-AMPK (2535), p-mTOR (5536) and P62 (5114) were 
supplied by Cell Signaling Technology (Beverly, MA, 
USA), rabbit antibody against LC3B (A19665) was sup-
plied by ABclonal Biotech Co., Ltd (Wuhan, China), 
and rabbit antibodies against CaMKKβ (DF4793) and 
p-CaMKKβ (AF4487) were supplied by Affinity (Jiangsu, 
China). Coumarin 6 (C6) was provided by MedChem-
Express (New Jersey, USA). 4% Rabbit red blood cells 
(RBCs) and NBD-cholesterol were supplied by Yuanye 
Bio-Technology Co., Ltd (Shanghai, China). 0.1% Triton 
X-100 was obtained from Macklin (Shanghai, China).

Preparation of CEL-rHDL
The preparation of CEL-rHDL was carried out through 
utilizing the thin film dispersion method, followed by 
sodium deoxycholate incubation, as previously outlined 
with minor modifications [1, 33, 34]. In brief, a lipid mix-
ture containing 45 mg egg phospholipid, 15 mg glycerol 
trioleate, 20 mg cholesteryl oleate and 10 mg cholesterol 
was dissolved in 15 mL of methanol/chloroform solu-
tion (ratio volume 1:1) with the addition of 3.5 mg CEL. 

This mixture was then combined in an egg-plant flask 
and dried using a rotary evaporator (RE-52AA, Shang-
hai Yarong Biochemistry Instrument Factory, Shanghai, 
China) at a speed of 60  rpm under 45 ℃ to eliminate 
the organic solvent. Subsequently, 15 mL of 0.02 M Tris-
HCl buffer (pH 8.0) comprising sodium deoxycholate 
was introduced into the flask, and the mixture was then 
rotated again for 1 h under 45 ℃. The obtained thin film 
was uniformly dispersed through vortex agitation for 
15 min, followed by sonication (working for 5  s, resting 
for 5  s) for 5 min in an ice bath. After filtering through 
a 0.22 μm sterile filter, the CEL-nano lipid carrier (NLC) 
suspension was obtained. Next, 10 mL of CEL-NLC sus-
pension was incubated with an equal volume of Tris-HCl 
buffer comprising D4F (5 mg) at a speed of 600 rpm for 
8  h. To remove free CEL and sodium deoxycholate, the 
samples were dialyzed in a 10  kDa dialysis bag (Solar-
bio, Shanghai, China) for 48 h. Consequently, CEL-rHDL 
suspension was obtained, and CEL-NLC and CEL-rHDL 
suspension were freeze-dried overnight.

In vitro characterizations
Mean size and zeta potential
The measurements of the mean sizes and zeta potentials 
for CEL-NLC and CEL-rHDL preparations were con-
ducted using a dynamic light scattering (DLS) analyzer 
(Zetasizer Nano ZS90, Malvern, UK). Prior to analysis, all 
samples were appropriately diluted with ddH2O and each 
measurement was replicated three times to ensure accu-
racy and consistency.

Encapsulation efficiency (EE%) and drug loading efficiency 
(DL%)
Samples of 5  mg lyophilized CEL-NLC and CEL-rHDL 
were redissolved in methanol and demulsified by ultra-
sound. The EE and DL of CEL-NLC and CEL-rHDL were 
analyzed using an UPLC method employing the Waters 
ACQUITY UPLC H-Class system. Operating at a wave-
length of 425  nm, the system utilized an RP18 column 
maintained at a controlled temperature of 35 ℃. The 
mobile phase comprised methanol and 1% HAC, with a 
volume ratio of 90:10. The flow rate was maintained at a 
consistent speed of 0.3 mL/min throughout the analysis. 
The measurements were performed in triplicate. EE and 
DL were calculated as follows:

	
EE (%) = mass of loaded CEL

total amount of CEL
× 100%

	
DL (%) = mass of loaded CEL

mass of CEL − rHDL
× 100%
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Fig. 1  Schematics depicting the synthesis of CEL-rHDL, establishment of atherosclerotic model and administration in mice, as well as the formation and 
therapeutic mechanism of foam cells (Schematic Figures are designed by Adobe Illustrator)
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Morphology
CEL-NLC and CEL-rHDL were diluted accordingly, and 
individual droplet of each sample was added to the sur-
face of the carbon-coated copper grid, which was placed 
onto a filter paper within a clean surface dish. A drop of 
2% phosphotungstic acid solution was then introduced to 
the surface dish and the carbon-coated copper grid was 
inverted on the phosphotungstic acid drop with tweezers 
for 3–5 min, followed by complete drying at room tem-
perature. The morphologies of CEL-NLC and CEL-rHDL 
were individually visualized through the use of transmis-
sion electron microscopy (TEM, JEM-1400Flash, JEOL, 
JPN).

In vitro release study
CEL release profiles from CEL-rHDL were evaluated 
in phosphate buffered saline (PBS) at pH values of 5.5 
and 7.4 [35]. In brief, 2 mL of CEL-rHDL was placed in 
a 10 kDa dialysis bag, followed by incubation in 200 mL 
of an appropriate release buffer at 37 ℃ for 72 h under 
100  rpm stirring. 0.5 mL of release buffer was collected 
at 1, 2, 4, 8, 12, 24, 36, 48, 60 and 72 h, as well as replaced 
with an equivalent volume of fresh PBS solution. The 
CEL content in separated supernatant samples was con-
ducted through UPLC.

Serum stability assays
The stability of CEL-rHDL was examined under con-
ditions of FBS exposure. Specifically, an equal volume 
of FBS was mixed with CEL-rHDL and incubated at 37 
℃ for 1, 6, 12 and 24 h. The samples were then diluted 
50-fold with ddH2O [36]. The particle size distribution 
and zeta potential of CEL-rHDL were detected through 
the DLS Analyzer.

Hemolysis
For hemolysis evaluation, CEL-rHDL samples with con-
centrations ranging from 3 to 48 µg/mL were prepared. 
These samples were mixed with 4% RBCs suspension (a 
volume ratio of 4:1) in the tube. Deionized water served 
as the positive control and PBS served as the negative 
control. All samples were incubated with 4% RBCs sus-
pension for 2 h, followed by centrifugation at 2500 rpm 
for 5 min. The hemoglobinic absorbance in the superna-
tant was determined at 545 nm by enzyme-labeled instru-
ment. The calculation of the hemolysis rate proceeded 
as follows: hemolysis (%) = (AS − AC−)/(AC+ − AC−). AS, 
AC− and AC+ represented hemoglobinic absorbance of 
the sample groups, negative control and positive control 
group, respectively [35].

Cell culture
Currently, U937, THP-1 and RAW264.7 cells are com-
monly utilized in the establishment of foam cell models. 

Among these cells, RAW264.7 cells exhibit stability, ease 
of culturability and strong adherence properties. Conse-
quently, RAW264.7 cells have been extensively employed 
in numerous studies to investigate the formation pathway 
of foam cells [37].

RAW264.7 cells were procured from Fenghui Biotech-
nology Co., Ltd (Hunan, China). The cells were incubated 
in complete DMEM comprising 1% penicillin-strepto-
mycin and 10% FBS, and the incubation conditions were 
set at 37 ℃ in a humidified incubator with 5% CO2. For 
experimental purposes, RAW264.7 cells were planted 
into 6-well plates and incubated overnight. Subsequently, 
RAW264.7 cells were induced to differentiate into foam 
cells after incubation with 80 µg/mL of ox-LDL for 24 h.

Cell viability analysis
RAW264.7 cells were seeded into 96-well plates and each 
well was incubated with 100 µL of complete medium 
for overnight incubation. After constructing foam cells 
model, the concentration of CEL and CEL-rHDL (CEL 
concentration in CEL-rHDL) in each well was 0, 0.2, 
0.4, 0.5, 0.6, 0.7, 0.8, 1.0, 2.0, 4.0 µM, with triplicate wells 
for each concentration. After the samples culturing for 
24  h, 10 µL of 10% CCK8 working solution was then 
introduced to each well. Following incubation for 1–2 h 
in a cell incubator, the 96-well plates were placed in an 
enzyme-labeled instrument with a wavelength of 450 nm 
to detect the absorbance of each well. The data was 
recorded and analyzed by GraphPad Prism 9.0.

Cellular uptake of CEL-rHDL
To ascertain the targeting property of SR-BI, C6 served 
as a hydrophobic fluorescent probe to indicate the local-
ization of CEL, which was integrated into rHDL. The 
uptake of C6-rHDL was observed by confocal laser scan-
ning microscopy (CLSM, Leica TCS SP8, Germany). 
RAW264.7 cells were plated into confocal dishes and 
incubated with ox-LDL to induce foam cells forma-
tion. Next, the culture medium was substituted by 0.5 
mL of fresh medium devoid of FBS including C6-NLC 
and C6-rHDL. For the competition assay, an excess 
of free D4F was introduced 2 h prior to the addition of 
C6-rHDL. Following incubation for 4  h, the culture 
medium was poured off, as well as foam cells were rinsed 
thrice with PBS and then fixed with 4% paraformalde-
hyde for 15  min. Finally, DAPI was introduced to stain 
the cell nucleus. CLSM observations were conducted 
with excitation wavelengths of 465 nm and 359 nm, and 
emission wavelengths of 502 nm and 461 nm for C6 and 
DAPI, respectively [36].

Determination of lipid
The Oil Red O was used to stain the intracellular lipid 
(Beyotime Biotechnology Co., Ltd, Shanghai, China). 
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Briefly, RAW264.7 cells were exposed to ox-LDL to 
induce foam cell formation. After treating with or with-
out CEL and CEL-rHDL, cells were rinsed thrice with 
PBS and fixed with 4% paraformaldehyde (LABLEAD 
Biotechnology Co., Ltd, Beijing, China) for 10 min at 25 
℃. Then cells were stained with Oil Red O for 0.5 h and 
observed under an inverted fluorescence microscope 
(IX73, Olympus, Tokyo, Japan) after washing. As well, the 
CE content was measured by total cholesterol (TC) and 
FC content assay kit (Solarbio, Beijing, China) and the 
calculation formula was as follows:

CE% = (TC − FC)/TC × 100%.

Autophagic flux analysis
RAW264.7 cells were seeded onto confocal dishes and 
transfected with mCherry-GFP-LC3 adenovirus (HanBio 
Technology Co. Ltd., Shanghai, China). RAW264.7 cells 
were incubated with adenovirus for 24 h in the medium, 
followed by the removal of the adenovirus. Subsequently, 
the cells were triggered to differentiate into foam cells 
through incubating with ox-LDL for 24  h. After this 
treatment, CEL and CEL-rHDL were added to foam cells 
and cultured for a further 24 h. For experiments designed 
to investigate the effect of autophagy inhibition, foam 
cells were pretreated with either 3-MA or Baf prior to the 
addition of CEL and CEL-rHDL. Finally, autophagy flux 
was visualized and analyzed using a confocal laser scan-
ning microscope.

Measurement of intracellular free calcium
The intracellular calcium levels were quantitatively deter-
mined through the utilization of the Fluo-4, AM dye. 
In brief, RAW264.7 cells were seeded in 6-well plates 
and cultured with ox-LDL to stimulate foam cells gen-
eration. Foam cells were rinsed twice with PBS following 
exposure to 0.8 µM CEL and CEL-rHDL for 4 h. The cell 
suspensions were then cultured with 5 µM Fluo-4, AM 
for 0.5  h under dark conditions. After incubation, foam 
cells were rinsed with PBS and fluorescence intensity was 
observed under inverted fluorescence microscope [38].

Cholesterol efflux assay
RAW264.7 cells were seeded in 6-well plates and cul-
tured with ox-LDL to stimulate foam cells formation. 
Then foam cells were cultured in a serum-free medium 
containing 5.0 µmol/L NBD-cholesterol and 0.2% BSA 
for 24  h to allow NBD-cholesterol labeling. Following 
the labeling period, the cells were rinsed thrice with PBS. 
Thereafter, CEL, CEL-rHDL and rHDL were introduced 
to initiate cholesterol efflux for 6  h. After incubation, 
the culture medium was gathered and intracellular cho-
lesterol was extracted by lysing foam cells with 0.1% Tri-
ton X-100 for measuring fluorescence intensity (FI). The 
quantification of FI within both the culture medium and 

cell lysate was conducted via a microplate reader setting 
at 469 nm excitation and 537 nm emission. The percent-
age of NBD-cholesterol efflux was determined through 
the following formula: NBD-cholesterol efflux% = 
(medium FI)/(medium FI + intracellular FI) × 100% [39].

RNA-seq
RAW264.7 cells were seeded in six-well plates and cul-
tured with ox-LDL to trigger foam cells generation. Next, 
the foam cells were incubated with either 0.8 µM CEL or 
CEL-rHDL for another 24 h. The TRIzol reagent (Invit-
rogen, CA, USA) was used to extract total RNA, which 
was assessed via Agilent 2100 BioAnalyzer (Agilent 
Technologies, CA, USA) and NanoDrop spectropho-
tometer (Thermo Scientific, DE, USA). The libraries for 
sequencing were constructed by the NEBNext® Ultra™ 
RNA Library Prep Kit for Illumina® (NEB, USA), and 
sequenced on the Illumina Novaseq 6000 platform of 
Beijing Allwegene Technology Company Limited (Bei-
jing, China), as well as paired-end 150 bp reads were gen-
erated. Prior to downstream analysis, the raw sequencing 
data underwent initial processing to obtain high-quality 
clean data through the elimination of reads containing 
adapters, poly-N sequences and those with low quality. 
These clean reads were then mapped to the reference 
genome sequence by STAR.

Quantitative Real-Time PCR (qPCR) analysis
The FastPure Cell/Tissue Total RNA Isolation Kit V2 
(Vazyme Biotech) was used to extract samples RNA and 
the ABScript III RT Master Mix for qPCR with gDNA 
Remover (Abclonal, RK20429) was used for synthesiz-
ing cDNA. As well, qPCR was performed by 2 × Univer-
sal SYBR Green Fast qPCR Mix (Abclonal, RK21203). 
All primers used in qPCR were synthesized by Sangon 
Biotech Co., Ltd (Shanghai, China). After designing the 
primer sequences using Primer BLAST, their validity 
was confirmed by Oligonucleotide Properties Calcula-
tor. The resulting primer sequences are presented below: 
CaMKKβ, forward ​A​C​G​C​T​G​T​A​C​T​G​C​T​T​T​G​T​C​T​T​T​
G​G, and reverse ​A​T​A​T​C​G​G​G​C​T​G​G​T​C​G​G​G​A​A​A​C; 
AMPK, forward ​G​A​G​T​G​T​T​C​G​G​A​G​G​A​G​G​A​G​G​T​C 
and reverse ​C​T​G​T​T​G​T​C​T​A​T​G​A​T​G​A​G​G​T​G​G​T​A​G​G; 
mTOR, forward ​A​C​C​G​T​C​C​G​C​C​T​T​C​A​C​A​G​A​T​A​C and 
reverse ​C​G​T​T​C​C​T​T​C​T​C​C​T​T​C​T​T​G​A​C​A​C​A​G; LC3, 
forward: ​C​G​T​C​C​T​G​G​A​C​A​A​G​A​C​C​A​A​G​T and reverse ​A​
T​T​G​C​T​G​T​C​C​C​G​A​A​T​G​T​C​T​C; SQSTM1/P62, forward ​
G​C​T​G​C​C​C​T​A​T​A​C​C​C​A​C​A​T​C​T and reverse ​C​G​C​C​T​T​
C​A​T​C​C​G​A​G​A​A​A​C; GAPDH, forward ​A​C​G​G​C​A​A​A​T​T​
C​A​A​C​G​G​C​A​C​A​G and reverse ​A​C​A​C​C​A​G​T​A​G​A​C​T​C​
C​A​C​G​A​C​A​T​A​C. The 2-ΔΔCt method was employed to 
assess the relative mRNA levels of each gene.
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Western blot analysis
To extract total protein, RAW264.7 cells were firstly 
planted into a six-well plate and induced foam cells gener-
ation. Next, foam cells were incubated with either 0.8 µM 
CEL or CEL-rHDL for another 24 h. The lysis buffer was 
used to extract the total protein and the quantification of 
the total protein concentration was achieved through a 
bicinchoninic acid (BCA) kit (Beyotime Biotechnology, 
Shanghai, China). The 20 µg total protein of each sample 
was loaded onto SDS-PAGE gel for electrophoretic sepa-
ration. The separated proteins were then transferred onto 
a membrane and blocked with 5% nonfat milk. The mem-
brane was incubated overnight at 4 ℃ with specific pri-
mary antibodies against β-actin, CaMKKβ, p-CaMKKβ, 
AMPK, mTOR, p-AMPK, p-mTOR, LC3B and P62. 
After incubating with secondary antibodies for 1  h, the 
membrane was visualized using an ECL reagent (E1050, 
Lablead) and exposed to the Bio-Rad Chemi Doc touch 
imaging system.

Animals, treatments and in vivo distribution
Eight-week-old male Apo E−/− C57BL/6 mice, normal 
diet and high-fat diet (comprising 78.85% basic forage, 
0.15% cholesterol and 21% fat) were acquired from SiP-
eiFu Biotechnology Co., Ltd (Beijing, China). The mice 
were randomly fell into 4 groups (n = 6) involving the 
control group, model group, CEL group and CEL-rHDL 
group. Mice in the control group were fed a normal diet 
for 8 weeks, while mice in the other 3 groups were fed 
a high-fat diet for 8 weeks. In the CEL group and CEL-
rHDL group, six time nodes (5 min, 0.5 h, 2 h, 8 h 16 h 
and 24 h) were selected for blood collection to measure 
plasma CEL concentration, and the results indicated that 
CEL-rHDL reached its peak immediately and then grad-
ually declined to a low level approximately 24  h after a 
single intravenous administration, which is in line with 
literature [1, 34]. After 4 weeks of feeding, mice in the 
CEL group and CEL-rHDL group were injected with 
CEL (2 mg.kg− 1.d− 1) and CEL-rHDL (CEL content of 2 
mg.kg− 1.d− 1) through the tail vein for 4 weeks, as well as 
mice in the control group and model group were injected 
with an equivalent dose of normal saline.

For the in vivo distribution assay, DiR (MedChemEx-
press, New Jersey, USA) was loaded into CEL-NLC and 
CEL-rHDL referring to 2.2. To demonstrate the plaque 
targeting properties of CEL-rHDL, the Apo E−/− athero-
sclerotic mice were classified into 3 groups containing 
free DiR, CEL-NLC/DiR and CEL-rHDL/DiR, and DiR 
(1  mg/kg) was administrated through the tail vein [40]. 
After 12  h administration, the mice were sacrificed to 
obtain aortic tree and imaged using a small animal imag-
ing system (Perkin Elmer, America).

Biochemical serum analysis
After the end of treatment with CEL and CEL-rHDL, 
blood samples from mice were obtained using eye-
ball blood collection for serum preparation. Blood urea 
nitrogen (BUN), Alanine aminotransferase (ALT), aspar-
tate transaminase (AST), LDL-cholesterol (LDL-C), TC, 
TG and HDL-cholesterol (HDL-C) were quantitatively 
assayed through the automatic biochemical analyzer 
(Mindray, BS-240 Vet, China).

Detection of atherosclerotic lesions in full-length Aorta, 
aortic arches and aortic roots
After blood collection, mice were anesthetized and 
dissected. Atherosclerotic lesions in various areas of 
experimental mice were treated, imaged and quantita-
tively analyzed. Aortic arch lesions were photographed 
against a blue background immediately following per-
fusion. Next, the heart along with the entire aorta (con-
taining aortic arch, thoracic aorta and abdominal aorta) 
was taken from mice and divided into the aortic part and 
heart part, which were used to image the atherosclerotic 
lesions of the entire aorta and aortic root respectively. 
The aorta segment was fixed with 4% paraformaldehyde, 
cut lengthwise, stained with Oil Red O and photographed 
[34]. The heart part was dehydrated with ethanol, trans-
parent, impregnated with wax, rapidly frozen, sliced 
(thickness about 10  μm), stained with hematoxylin-Oil 
Red and photographed. ImageJ software was used for 
image processing and quantitative analysis.

Safety evaluation of CEL-rHDL
Assessing the potential toxicity of drugs in vivo is crucial 
for their safe and effective use. To determine the toxic-
ity of CEL-rHDL and CEL, the histological analysis was 
conducted on vital organs from Apo E−/− mice. Briefly, 
the liver, heart, spleen, kidney and lung tissue of treated 
mice were collected for H&E staining to visualize tissue 
morphology, and photographs were taken using a light 
microscope for further pathological analysis.

Ethics statement
All experiments concerning animals in this study were 
rigorously conducted in accordance with the relevant 
laws and regulations on the welfare and ethics of experi-
mental animals (Approval NO. JLHK-20230831-01).

Statistical analysis
All available data presented were derived from at least 
three independent experiments and were presented as 
mean ± standard deviation (SD). GraphPad Prism 9.0 
software was utilized for statistical analysis. Unpaired 
t-tests or one-way ANOVA was applied to compare 
groups. P-value less than 0.05 was deemed statistically 
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significant (*P < 0.05, **P < 0.01, ***P < 0.001 and 
****P < 0.0001).

Results
Characterization of CEL-rHDL
CEL-rHDL was prepared by the thin film hydration 
method and CEL was encapsulated into the hydropho-
bic core of rHDL, which was subjected to surface modi-
fication with D4F to promote targeting. TEM imaging 
showed uniform size of spherical CEL-NLC and CEL-
rHDL, consistent with detective results by Malvern 
ZetaSizer (Fig. 2B). Table 1 detailed the physicochemical 
characteristics of CEL-NLC and CEL-rHDL. The mean 
size of CEL-NLC and CEL-rHDL were 110.47 ± 4.54 nm 
and 132.83 ± 0.72 nm respectively. The mean size of pre-
pared CEL-rHDL was slightly larger than CEL-NLC, 
likely attributed to the surface D4F modification. The 
Zeta potential was − 58.53 ± 0.96 mV for CEL-NLC 
and − 47.8 ± 0.78 mV for CEL-rHDL, and the reduction 
of the potential of CEL-rHDL was due to the positive 
charge of D4F (Fig. 2C). The EE% and DL% of CEL-NLC 
and CEL-rHDL were 60.24 ± 3.59% and 2.21 ± 0.05% vs. 
81.53 ± 1.26% and 3.02 ± 0.01%, respectively.

In vitro drug release study
In neutral (pH 7.4) PBS, 24.33 ± 2.03% of encapsulated 
CEL was released, while in acidic (pH 5.5) PBS, CEL-
rHDL released 61.67 ± 2.08% of CEL (Fig. 2D). As an Apo 
AI mimetic peptide, D4F owns a role similar to that of 
Apo AI in stabilizing CEL-rHDL structure under neutral 
conditions. Whereas, the acidic environment could alter 
the structure and function of D4F, diminishing its ability 
to stabilize CEL-rHDL and leading to greater drug release 
under an acidic environment. Atherosclerotic lesions 
generally cause a local acidic extracellular microenviron-
ment [12]. This pH-responsive drug release behavior may 
strengthen drug release within atherosclerotic plaques. 
Given the above promising properties, CEL-rHDL was 
considered to be a viable drug delivery tool worthy of fur-
ther experimental investigation.

Serum stability assays of CEL-rHDL
The size changes of CEL-rHDL were used as stability 
indexes in the presence of FBS in vitro. As depicted in 
Fig. 2E, the particle size of CEL-rHDL showed no signif-
icant changes during incubation with FBS for 24  h and 
the PDI was less than 0.3. The variations of zeta potential 
were also limited (Fig. 2F), the fluctuation of zeta poten-
tial could be explained that nano-particles dynamically 
moved during the experiment, before 12 h, they tended 
to slight aggregation movement possibly by association 
with proteins present in FBS, which also led to mildly 
lowering in the surface charge [41, 42]. While, after 12 h, 
they tended to adverse movement. The results indicated 

that CEL-rHDL owned sufficient stability in the plasma 
and rHDL could be used as a stable system delivery tool 
for CEL.

Blood compatibility of CEL-rHDL
To evaluate the safety of intravenously injecting CEL-
rHDL, a hemolysis test was performed to assess its blood 
compatibility. As shown in Fig. 2G, although the hemoly-
sis rate gradually increased with the CEL-rHDL concen-
tration increasing from 3 to 48 µg/mL, the hemolysis rate 
of all samples was less than 5%. The results demonstrated 
that CEL-rHDL exhibited satisfactory biocompatibility 
and the safety of intravenous injection.

CEL-rHDL reduces lipid accumulation in foam cells
RAW264.7 cells were cultured with ox-LDL to build 
foam cells model. Firstly, the effect of various concen-
trations of ox-LDL on macrophages activity was inves-
tigated and the result suggested that ox-LDL had little 
effect on macrophages activity in concentrations range 
from 0 to 120 µg/mL (Fig. 3A). Then, to detect the effect 
of ox-LDL at different concentrations on intracellular 
lipids, Oil Red O staining was employed to visualize the 
lipids within RAW264.7 cells following incubation with 
ox-LDL, as well as intracellular CE was quantified by TC 
and FC detection kits. The LDs gradually increased with 
the elevation of ox-LDL concentration and CE content 
exceeded 50% with ox-LDL concentration of not less than 
80 µg/mL (Fig. 3D, F-L). Based on this, RAW264.7 cells 
were cultured with 80 µg/mL ox-LDL for 24 h to generate 
foam cells in subsequent experiments.

After that, the effect of CEL and CEL-rHDL on the via-
bility of foam cells was studied. As depicted in Fig. 3B, C, 
foam cells viability decreased significantly at concentra-
tions exceeding 0.8 µM. Therefore, 0.8 µM was adminis-
tered as the dosage of CEL and CEL-rHDL in subsequent 
cell experiments. Oil Red O staining indicated that CEL 
and CEL-rHDL could effectively decrease lipid accu-
mulation in foam cells, and the effect of CEL-rHDL was 
superior to CEL (Fig.  3M, N). Moreover, the CE con-
tent in foam cells model was 54.41%, which decreased 
to 40.76% and 30.81% after treatment with CEL (0.8 µM) 
and CEL-rHDL (CEL content of 0.8 µM), respectively 
(Fig. 3E). These findings show that CEL-rHDL may act a 
crucial function in lipid metabolism.

Intracellular uptake of CEL-rHDL for SR-BI targeting
SR-BI is an integral membrane protein overexpressed in 
foam cells of atherosclerotic lesions that can be specifi-
cally recognized by D4F on the surface of CEL-rHDL for 
targeted delivery. Hydrophobic fluorescence dyes C6 was 
utilized as a substitute for CEL and incorporated into 
rHDL, as well as the cellular uptake of C6-rHDL was ana-
lyzed via CLSM. As shown in Fig.  4A, the fluorescence 
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Fig. 2  The characterization, drug release profile, stability and hemocompatibility of CEL-rHDL. (A) Schematic diagram of CEL-rHDL. (B) TEM images and 
size distributions of CEL-NLC and CEL-rHDL. (C) Zeta potential of CEL-NLC and CEL-rHDL. (D) CEL release from CEL-rHDL in PBS at different pH. (E) The 
particle size and PDI changes of CEL-rHDL in FBS. (F) Zeta potential changes of CEL-rHDL in FBS. (G) Hemolysis rate at different concentration of CEL-rHDL
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intensity of C6-rHDL in foam cells was stronger than 
that of C6-NLC without D4F modification, confirming 
that C6-rHDL possessed larger cellular uptake ascribed 
to the active targeting capacity of D4F on the surface 
of C6-rHDL for SR-BI [43]. Meanwhile, the uptake of 
C6-rHDL pretreated with excess free D4F was also pro-
vided. Compared with C6-rHDL, the uptake of C6-rHDL 
was significantly weakened in foam cells pretreated with 
excess free D4F due to competitively consume SR-BI, 
further demonstrating that the interaction between D4F 
and SR-BI may heighten atherosclerotic lesions targeting 
capacity of CEL-rHDL.

Effect of CEL-rHDL on autophagy flux in foam cells
A large amount of LDs in the cytoplasm is a feature of 
macrophage-derived foam cells, so promoting CE lipol-
ysis of LDs may be an effective strategy to sustain lipid 
homeostasis in foam cells. In addition to the role of cyto-
plasmic CE hydrolases in CE metabolism, lipophagy 
has been proved to degrade LDs in an LAL-dependent 
manner, refraining cytoplasmic lipid deposition and 
exhibiting protective effect against atherosclerosis [44]. 
Noticeably, the above experiments have confirmed that 
CEL-rHDL possesses potent lipid-lowering ability in 
foam cells, and we speculate that this effect of CEL-rHDL 
is achieved by facilitating the lipophagic process of foam 
cells.

Next, to further verify the effect of CEL-rHDL on 
autophagy flux in foam cells, mCherry-GFP-LC3B ade-
novirus were applied to transfect cells and confocal 
images were obtained. During the process of autoph-
agy, autophagosomes showed yellow spots due to both 
mCherry (a red fluorescent protein, RFP) and GFP (a 
green fluorescent protein) fluorescence [45]. GFP fluo-
rescence is sensitive to acidic environment and it is 
quenched after the fusion of autophagosome with lyso-
some to form autolysosomes, whereas RFP fluorescence 
could be retained due to its stability [46]. Thus, changes 
in intracellular autophagic flux could be assessed by the 
ratio of GFP to RFP spots [47]. In comparison with the 
control group, the ratio of GFP to RFP was decreased 
after treatment with CEL and CEL-rHDL, indicating a 
relative increase in autophagy flux. As well, the autoph-
agy flux induced by CEL-rHDL group was superior to 
CEL group (Fig. 5A).

Autophagy inhibitor restrains the lipophagy-promoting 
effect of CEL-rHDL
These experiments indicated that CEL-rHDL could 
facilitate lipophagy and lessen lipid deposition in foam 
cells. To confirm whether lipid degradation is mediated 
through lipophagy induction, 3-MA and Baf, two autoph-
agy inhibitors, were applied to observe lipid accumula-
tion and autophagy-related proteins expression in foam 
cells. 3-MA could suppress autophagosomes generation, 
while Baf restrains autolysosome formation via interrupt-
ing the fusion of autophagosomes and lysosomes [47]. In 
the presence of 3-MA or Baf, LDs and CE were promi-
nently heightened in CEL and CEL-rHDL-treated foam 
cells (Fig.  6), suggesting that autophagy inhibitors miti-
gated the role of CEL-rHDL in lipid degradation in foam 
cells. The mCherry-GFP-LC3B adenovirus was employed 
to track autophagy flux to further verify the function of 
autophagy inhibitors. As shown in Fig.  7A, combining 
3-MA or Baf with either CEL or CEL-rHDL in foam cells 
significantly heightened the proportion of green and red 
spots compared to treatment CEL or CEL-rHDL alone, 
suggesting that autophagy inhibitors interfered with 
the process of lipophagy. Furthermore, pretreatment 
with 3-MA increased P62 level and decreased LC3-II/
LC3-I expression ratio, while P62 level and LC3-II/LC3-I 
expression ratio were increased in the presence of Baf 
(Fig.  7C). The above experimental data demonstrated 
that the effects of CEL and CEL-rHDL on lipid metabo-
lism in foam cells were reversed by autophagy inhibitors.

RNA-seq analysis
The above Oil Red O staining and CE quantitative test 
data indicated that CEL-rHDL exhibited much supe-
rior hypolipidemic effects on foam cells than free CEL. 
In order to better explore the underlying hypolipidemic 
mechanism, whole genome RNA-sequencing was care-
fully performed on foam cells treated with CEL and 
CEL-rHDL to investigate the relevant molecular biologi-
cal processes and signaling pathways. Correlation analy-
sis indicated a strong relevance among the experimental 
replicates within each treatment group (Fig.  8A). The 
clustering analysis of DEGs also revealed the expected 
inter-sample relationship (Fig.  8B). Compared to the 
control group, the CEL group exhibited 4486 differential 
expressed genes (DEGs), including 2259 genes upregu-
lated and 2227 genes downregulated. While the CEL-
rHDL group displayed 5143 DEGs relative to the control 
group, with 2622 genes upregulated and 2521 genes 
downregulated. Compared to the CEL group, the CEL-
rHDL group showed 850 DEGs, of which 452 genes were 
upregulated and 398 genes were downregulated (Fig. 8C). 
In terms of biological processes, DEGs were mainly asso-
ciated with metabolic processes, including organic sub-
stance metabolic process, cellular metabolic process, 

Table 1  The mean size, zeta potential, PDI, EE and DL of CEL-NLC 
and CEL-rHDL (mean ± SD, n = 3)

CEL-NLC CEL-rHDL
mean size (nm) 110.47 ± 4.54 132.83 ± 0.72
zeta potential (mV) -58.53 ± 0.96 -47.8 ± 0.78
polydispersity index (PDI) 0.233 ± 0.004 0.289 ± 0.009
EE (%) 60.24 ± 3.59 81.53 ± 1.26
DL (%) 2.21 ± 0.05 3.02 ± 0.01
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primary metabolic process and cellular macromolecu-
lar metabolic process, suggesting that CEL-rHDL was 
involved in regulating multiple aspects of atherosclerosis 
(Fig. 8D). Cell cycle and lipophagy are both indispensable 

components of cell life activities, and the intricate inter-
actions between them are of great significance for main-
taining cellular homeostasis and responding to changes 
in the external environment [48–50]. Studies have 

Fig. 3  Ox-LDL induces foam cells formation while CEL and CEL-rHDL decreases lipid deposition in foam cells. (A) The cell viability of RAW264.7 cells after 
incubation with ox-LDL. (B-C) The cell viability of foam cells after incubation with CEL and CEL-rHDL for 24 h. (D) The quantification of CE at different con-
centrations of ox-LDL. (E) The CE quantification in foam cells after CEL (0.8 µM) and CEL-rHDL (CEL content of 0.8 µM) treatment. (F-N) Oil Red O staining 
(scale bar: 50 μm). *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 vs. 0 µg/mL; #p < 0.05, ##p < 0.01 and ###p < 0.001 vs. ox-LDL
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Fig. 4  C6-rHDL uptake and the quantification of C6 fluorescence intensity in foam cells (scale bar: 25 μm). ****p < 0.0001
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Fig. 5  (A) Fluorescence microscope image of mCherry-GFP-LC3 adenovirus transfection (scale bar: 250 μm). (B) The process of lipophagy. **p < 0.01 and 
***p < 0.001
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indicated a direct relation between the cell cycle and 
lipid homeostasis. Lipids stored in LDs are mobilized 
when quiescent G0 phase cells resume cell division [51]. 
Besides, cyclin D1 serving as a key mediator of cell cycle 
progression was both necessary and sufficient to pro-
mote LDs accumulation in response to mitogens. Inter-
estingly, cyclin D1 seemed to facilitate LDs accumulation 
by retarding lipolysis via a mechanism involving less-
ened lipophagy [52]. Additionally, the Kyoto Encyclope-
dia of Genes and Genomes (KEGG) enrichment analysis 
confirmed 20 pathways that were remarkably related to 
DEGs, containing cell cycle, mTOR signaling pathway, 
phagosome, lysosome, fluid shear stress and atheroscle-
rosis (Fig. 8E). Phagosome and lysosome are two momen-
tous organelles involved in the process of lipophagy. The 
phagosome encapsulated LDs stored in foam cells and 
then fused with lysosomes to form autolysosomes, in 
which LDs were degraded into FC by LAL. Serving as a 
classical signal node modulating lipophagy, mTOR has 
been shown to promote the formation of lipid-laden 
foam cells through inhibiting the lipophagic process, 

thereby accelerating the progression of atherosclerotic 
lesions [53]. As a vital upstream molecule of mTOR, 
AMPK mediates a variety of physiological processes, 
such as lipid and glucose metabolism as well as the nor-
malization of energy imbalances, exhibiting therapeutic 
importance for treating CVD, obesity and type 2 diabe-
tes [54–56]. Moreover, AMPK is also known to facilitate 
lipophagy by negatively regulating mTOR signaling path-
way [57]. Therefore, it can be speculated that CEL-rHDL 
may induce lipophagy in foam cells to promote lipid deg-
radation via mediating AMPK-mTOR signaling pathway.

qPCR analysis
To confirm the pathway identified by RNA-seq, the 
mRNA levels of CaMKKβ, AMPK, mTOR, LC3B and P62 
were determined through qPCR. Ca2+/CaMKKβ/AMPK/
mTOR signaling pathway is a representative intracellu-
lar signaling pathway, which is involved in modulating 
multiple vital functions, including lipophagy, cell pro-
liferation and apoptosis [58–60]. Ca2+ is a crucial intra-
cellular messenger responsible for initiating a series of 

Fig. 6  Autophagy inhibitors inhibited the role of CEL or CEL-rHDL in foam cells. Oil Red O staining and CE quantification after treatment of 3-MA or Baf 
(scale bar: 50 μm). **p < 0.01, ***p < 0.001 vs. Control; #p < 0.05, ##p < 0.01, ###p < 0.001
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Fig. 7  Autophagy inhibitors inhibited the role of CEL or CEL-rHDL in foam cells. (A) Fluorescence microscopy images of mCherry-GFP-LC3 adenovirus 
transfection treated with CEL, 3MA + CEL, Baf + CEL, CEL-rHDL, 3MA + CEL-rHDL and Baf + CEL-rHDL (scale bar: 250 μm). (B) Schematic presentation of 
autophagy flux affected by 3MA (1.5 mM) and Baf (50 nM). (C) The changes of LC3B and P62 in foam cells treated with CEL or CEL-rHDL with or without 
3MA or Baf. #p < 0.05, ##p < 0.01, ###p < 0.001 vs. CEL; *p < 0.05, **p < 0.01, ***p < 0.001 vs. CEL-rHDL
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activities related to cellular metabolism and its homeo-
stasis is essential for adipogenesis and lipid deposi-
tion [61, 62]. As one of the direct upstream kinases for 
AMPK, CaMKKβ phosphorylates and activates AMPK 
in response to elevated intracellular Ca2+ levels, as well 
as CaMKKβ could combine with AMPK to form a spe-
cific signaling complex [63, 64]. AMPK serves as a central 
modulator of a variety of metabolic pathways and may 
possess vital therapeutic significance in the treatment 
of CVD, diabetes and obesity [54]. It is also known to 
inhibit the downstream molecules such as mTOR, which 
is implicated in regulating lipid metabolism, autophagy 

and cellular proliferation [65]. In this study, the data sug-
gested that levels of CaMKKβ, AMPK and LC3B were 
strongly upregulated in foam cells treated with CEL-
rHDL compared to the other groups, while mTOR and 
P62 were significantly decreased, demonstrating that 
CEL-rHDL may induce foam cells lipophagy to reverse 
atherosclerosis by activating Ca2+/CaMKKβ/AMPK/
mTOR signaling pathway (Fig. 9).

Fig. 8  RNA-seq analysis. (A) Correlation analysis of control, CEL and CEL-rHDL groups. (B) Clustering analysis of DEGs among control, CEL and CEL-rHDL 
groups. (C) The DEGs consequence. (D) The GO enrichment analysis. (E) The KEGG analysis
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CEL-rHDL targets endoplasmic/sarcoplasmic reticulum (ER/
SR) Ca2+ ATPase (SERCA) for Ca2+ mobilization to induce 
lipophagy
Recent studies have shown that CEL inhibited SERCA 
and stimulated Ca2+-mediated autophagy to mitigate 
rheumatoid arthritis and suppress tumor growth [38, 
66]. To investigate whether CEL-rHDL would gener-
ate analogous effects in foam cells, Fluo-4 AM was 
employed to detect the free Ca2+ levels in foam cells. As 
shown in Fig.  10A, foam cells loaded with Fluo 4-AM 
exhibited significantly elevation in fluorescence inten-
sity upon the addition of 0.8 µM CEL and CEL-rHDL, 
and the fluorescence intensity of CEL-rHDL group sur-
passed CEL group. Moreover, pretreatment of foam cells 
with TG (1 µM), a SERCA-specific blocker, consumed 
SERCA-dependent Ca2+ storage and distinctly restrained 
CEL-rHDL-induced Ca2+ mobilization, confirming that 
CEL-rHDL induced the increase of cytoplasmic Ca2+ in 
SERCA-dependent manner.

To evaluate whether CEL-rHDL triggered an increase 
in cytoplasmic Ca2+ levels to yield lipophagy signaling, 
foam cells were treated with CEL and CEL-rHDL in the 
presence or absence of BAPTA/AM, a widely used intra-
cellular Ca2+ chelator. In the presence of BAPTA/AM, the 
expression ratio of LC3-II/LC3-I was downregulated and 
P62 level was significantly upregulated (Fig. 10C-E), dem-
onstrating that CEL-rHDL triggers lipophagy through a 
Ca2+-dependent mechanism.

Ca2+/CaMKKβ/AMPK/mTOR signaling pathway is involved 
in CEL-rHDL-induced lipophagy in foam cells
As an intracellular second messenger, free Ca2+ is 
regarded as a vital regulator of systemic lipid homeo-
stasis, stimulating various proteases and kinases poten-
tially involved in lipid metabolism, containing CaMKKβ 
[67]. CaMKKβ serves as a crucial upstream activator of 
AMPK, inducing AMPK activation via phosphorylating 
Thr172 in response to intracellular Ca2+ mobilization, 
and up-regulated AMPK negatively regulates mTOR to 
promote lipophagy [59]. The relevant proteins expres-
sion in foam cells treated with CEL and CEL-rHDL for 
indicated times was investigated. To verify the role of 
CaMKKβ in CEL-rHDL-induced lipophagy, foam cells 
were pretreated with STO-609 (CaMKKβ inhibitor) 
prior to exposure to CEL and CEL-rHDL. As shown in 
Fig. 11A, compared with the CEL and CEL-rHDL groups 
alone, pretreatment with STO-609 significantly declined 
p-AMPK and LC3-II/LC3-I levels, whereas markedly 
increased p-mTOR and P62 levels, suggesting a pos-
sible role of CaMKKβ in mediating CEL-rHDL-induced 
lipophagy. To investigate the participation of AMPK in 
CEL-rHDL-triggered lipophagy, CC (AMPK inhibitor) 
was employed to evaluate the role of CEL-rHDL on lipo-
phagy. Compared with the CEL and CEL-rHDL groups 
alone, pretreatment with CC markedly reduced the LC3-
II/LC3-I level, while evidently increased p-mTOR and 
P62 levels (Fig.  11B), confirming the participation of 
AMPK in CEL-rHDL-induced lipophagy. Above all, these 
results indicated that Ca2+/CaMKKβ/AMPK/mTOR was 

Fig. 9  Effects of CEL-rHDL on Ca2+/CaMKKβ/AMPK/mTOR signaling pathway related mRNA expression. *p < 0.05, **p < 0.01 and ***p < 0.001
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Fig. 10  (A) Ca2+ fluorescence images (scale bar: 200 μm). (B) The qualification of Ca2+ fluorescence intensity. (C-E) Western blot of LC3B and P62 in 
foam cells exposed to CEL or CEL-rHDL with or without 5 µM BAPTA/AM. *p < 0.05, **p < 0.01 and ***p < 0.001 vs. Control group; #p < 0.05, ##p < 0.01 and 
###p < 0.001 vs. CEL or CEL-rHDL
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implicated in CEL-rHDL-induced lipophagy in foam 
cells.

rHDL promotes cholesterol efflux
RCT, an atheroprotective mechanism, drives FC mov-
ing from foam cells in arterial walls into the circulatory 
system for excretion in the feces [68, 69]. The first and 
perhaps most critical step of RCT is cholesterol efflux 
from foam cells, a process particularly associated with 

the regression of atherosclerotic plaques [70]. Next, we 
evaluated whether CEL, CEL-rHDL and rHDL could 
promote cholesterol efflux. NBD-cholesterol, a fluores-
cent sterol, was applied to incubate with foam cells and 
labeled cholesterol efflux to CEL, CEL-rHDL and rHDL 
was detected. As shown in Fig.  12, the effect of CEL-
rHDL and rHDL stimulating cholesterol efflux from foam 
cells was considerable, and both were stronger than CEL.

Fig. 11  Lipophagy induced by CEL-rHDL is related to the Ca2+/CaMKKβ/AMPK/mTOR signaling pathway. (A) The changes of relevant proteins in foam 
cells treated with CEL or CEL-rHDL in the presence or absence of 25 µM STO-609. (B) The changes of relevant proteins in foam cells treated with CEL or 
CEL-rHDL in the presence or absence of 5 µM CC. (C) Schematic presentation of the signaling cascade to lipophagy. *p < 0.05, **p < 0.01 and ***p < 0.001
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In vivo atherosclerotic lesions targeting and anti-
atherosclerotic efficacy
To demonstrate the plaque targeting properties of CEL-
rHDL, the Apo E−/− atherosclerotic mice were sacrificed 
to obtain aortic tree after 12 h injection and observe the 
degree of fluorescence aggregation. After 12  h injection 
of free DiR, there was nearly no fluorescence in the iso-
lated aortic tree of Apo E−/− atherosclerotic mice. The 
fluorescence intensity in aortic tree after injection of 
CEL-rHDL/DiR exhibited significantly stronger than 
that in CEL-NLC/DiR group, indicating that CEL-rHDL 
owned the ability to actively target the atherosclerotic 
lesions region attributed to specific binding of D4F on the 
surface of CEL-rHDL with SR-BI, coinciding with the in 

vitro C6-rHDL uptake in foam cells (Fig. 13A). The major 
blood lipids and atherosclerotic plaques at various sites 
were measured to assess anti-atherosclerotic effects after 
4 weeks of treatment with CEL and CEL-rHDL. Com-
pared with normally fed Apo E−/− mice, the high-fat diet 
resulted in sharply higher levels of blood lipids (contain-
ing TC, TG and LDL-C) and the areas of atherosclerotic 
plaque at different sites, implying the successful con-
struction of the atherosclerotic mouse model. After treat-
ment with CEL and CEL-rHDL in atherosclerotic mice, 
the contents of TC, LDL-C and TG declined whereas the 
content of HDL-C elevated, showing the anti-atheroscle-
rotic roles of these drugs, in which CEL-rHDL performed 
better (Fig.  13B). Furthermore, full-length aorta and 

Fig. 12  (A) Representative fluorescent images of the NBD-cholesterol burden in foam cells obtained in corresponding group after incubation with CEL, 
CEL-rHDL and rHDL for 6 h (scale bar: 25 μm). (B) The efflux rate of NBD cholesterol efflux mediated by CEL, CEL-rHDL and rHDL
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Fig. 13 (See legend on next page.)

 



Page 23 of 29Li et al. Journal of Nanobiotechnology          (2025) 23:237 

aortic roots were stained with Oil Red O to assess plaque 
areas. Clearly, compared with the normal Apo E−/− mice, 
the atherosclerotic model mice developed severe athero-
sclerotic plaques in full-length aorta and aortic roots, 
while the atherosclerotic mice treated with CEL and 
especially CEL-rHDL, only minor atherosclerotic plaques 
occurred (Fig.  13C, D and F). The adjacent adipose tis-
sue outside the lumen has been excluded during the cal-
culation. The above data indicated the better suppressive 
effect of CEL-rHDL on atherosclerosis in high-fat fed 
mice.

Ca2+/CaMKKβ/AMPK/mTOR signaling axis in vivo
To affirm the effect of CEL-rHDL on Ca2+/CaMKKβ/
AMPK/mTOR signaling axis in vivo, the expression of 
this pathway-related mRNA and protein was detected 
by qPCR and western blot. Compared with control or 
CEL-treated mice, CaMKKβ, AMPK and LC3B mRNA 
levels were upregulated significantly, while mTOR and 
P62 mRNA levels were downregulated after the addi-
tion of CEL-rHDL (Fig.  14A-E). Moreover, p-CaMKKβ, 
p-AMPK and LC3-II/LC3-I levels were elevated, 
p-mTOR and P62 were decreased after the treatment of 
CEL-rHDL, along with the total CaMKKβ, AMPK and 
mTOR levels unchanged (Fig. 14F-K).

In vivo safety evaluation
The toxicity of CEL and CEL-rHDL on the major organs 
of mice was assessed by H&E staining and blood bio-
chemical parameters. Despite CEL exhibits promis-
ing anti-atherosclerotic activity, the clinical application 
of CEL is greatly limited due to its severe side effects. 
Hepatotoxicity and nephrotoxicity are the main seri-
ous side effects of CEL [71, 72]. As shown in Fig.  15A, 
no significant pathological changes were observed in the 
myocardial tissue, lung tissue and spleen tissue of mice 
in each group. However, the livers and kidneys of mice 
treated with free CEL were in poor condition, showing 
watery degeneration, inflammatory cell infiltration and 
individual focal necrosis of hepatocytes, and renal inter-
stitial edema, inflammatory cell infiltration and renal 
tubule degeneration and atrophy. Moreover, compared 
with the control group, the CEL-rHDL group displayed 
only mild hepatocyte edema without serious side effects, 
and its severity was lower than that observed in the free 
CEL group. Furthermore, ALT, AST and BUN levels were 
distinctly elevated in free CEL group compared with the 

control group, whereas the CEL-rHDL group had no 
significant difference compared with the control group 
(Fig. 15B). Therefore, the safety evaluation demonstrated 
that CEL-rHDL could decrease the systemic toxicity of 
CEL and possess relatively biocompatibility.

Discussion
Atherosclerosis, characterized by abnormal lipid deposi-
tion within the subendothelial regions of arterial walls, 
underlies various cardiovascular and cerebrovascular dis-
eases, which is a leading cause of death worldwide [73, 
74]. Ox-LDL is identified as a major contributor to ath-
erosclerosis, excessive uptake of which can trigger lipid 
accumulation and accelerate the formation of foam cells, 
which are a major component of atherosclerotic lesions 
and act a vital function in the development of athero-
sclerosis [24]. Recently, CEL has emerged as a promising 
hypolipidemic agent for the treatment of cardiovascular 
disease. Growing evidence indicated that CEL exhib-
ited anti-atherosclerotic roles via modulating lipid 
metabolism, improving vascular function and decreas-
ing oxidative stress [75, 76]. Despite CEL possesses good 
regulatory effects on lipid metabolic disorders, the phar-
maceutical potential of CEL is severely influenced by its 
strong hydrophobicity and off-target toxicity [77]. Here, 
CEL was loaded into rHDL to entable targeted delivery to 
foam cells, while CEL-rHDL was further assessed for the 
therapeutic potential in a high-fat diet-induced mouse 
model of atherosclerosis, and how lipophagic initiation 
acted on lipid metabolism and RCT process were eluci-
dated in vitro, even the detailed mechanism in molecular 
levels.

In the present study, D4F, an Apo AI mimetic peptide, 
contained 18 amino acids and owned class A amphipa-
thic helix with a polar and a non-polar face, enabling it 
to bind lipids for the formation of HDL-like particles 
[78]. We have successfully constructed rHDL to load 
CEL with a similar microstructure to natural HDL, which 
owned suitable particle size, high EE and comparable DL. 
In serum stability and blood compatibility assays, CEL-
rHDL manifested satisfactory stability in terms of par-
ticle size and zeta potential in FBS, as well as favourable 
biocompatibility. The assembled nanoparticles with nega-
tive potential could evade the attack of plasma compo-
nents until finally arriving at the specific atherosclerotic 
lesions, due to which make them more stable in plasma. 
Meanwhile, CEL-rHDL exhibited markedly higher 

(See figure on previous page.)
Fig. 13  In vivo atherosclertic lesions targeting and the suppressive effect of CEL-rHDL on atherosclerotic lesions formation. (A) In vivo image of aortic 
tree and quantitative analysis of the fluorescent intensity of DiR in aortic tree from Apo E−/− atherosclerotic mice administrated with free DiR, CEL-NLC/
DiR and CEL-rHDL/DiR after 12 h injection (n = 3). (B) The changes of major blood lipids concentrations in Apo E−/− mice (n = 6). (C) The atherosclerotic 
plaques in aortic arches (red arrows). (D-E) Oil Red O staining and quantitative analysis of atherosclerotic lesions in full length aorta (n = 6). (F) Oil Red O 
staining (upper panels) or H&E (bottom panels) of aortic root slices. (G) The quantitative test of Oil Red O staining in aortic root (n = 6). *p < 0.05, **p < 0.01, 
***p < 0.001 and ****p < 0.0001
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cellular uptake efficiency in foam cells and showed favor-
able atherosclerotic plaques-targeting in vivo. SR-BI as an 
integral membrane protein is overexpressed in foam cells 
of atherosclerotic lesions that can be specifically recog-
nized by D4F [14]. Based on high affinity between D4F 
and SR-BI, CEL-rHDL effectively enhanced the accumu-
lation of CEL in foam cells. Besides, in drug release assay, 
the release rate of CEL from CEL-rHDL was significantly 

greater under acidic conditions compared to neutral 
conditions, which might be attributed to the structural 
and functional changes of D4F under an acidic environ-
ment, followed by the release of CEL. At last, cholesterol 
efflux assay revealed that rHDL could facilitate the cho-
lesterol efflux from foam cells more effectively than CEL 
alone. The FC generated through lipophagy needs to 
be promptly moved from foam cells, a key step of RCT, 

Fig. 14  Effects of CEL-rHDL on Ca2+/CaMKKβ/AMPK/mTOR signaling pathway related mRNA and proteins in vivo (The samples were derived from tho-
racic aorta tissue of Apo E−/− atherosclerotic mice). (A-E) qPCR results of CaMKKβ, AMPK, mTOR, LC3B and P62 in each group. (F-K) The western blot results. 
*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001
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which provides an effective way for alleviating the lipid 
burden of foam cells. In this process, the circulated rHDL 
served as drug targeting carriers, alternatively acted as 
FC receptors to exert RCT roles.

The accumulation of lipid-rich foam cells in arterial 
walls involves in the initiation of atherosclerotic lesions, 
the progression of plaque and the occurrence of lethal 
complications in advanced stage [79]. LDs, as the main 
site of cholesterol storage in foam cells, are a poten-
tial therapeutic target for atherosclerosis. Research 
have highlighted the essential roles of lipophagy in lipid 
metabolism, offering a therapeutic regimen on athero-
sclerotic pathogenesis [44, 80, 81]. In our study, compared 

to the CEL group, CEL-rHDL markedly reduced P62 
expression and increased the transition of LC3 from type 
I to type II. The effect was further evaluated by trans-
fecting mCherry-GFP-LC3 adenovirus into foam cells 
to observe autophagy flux, from which CEL-rHDL sig-
nificantly decreased the ratio of GFP to RFP, showing 
an elevation in lipophagy. Conclusively, CEL-rHDL may 
attenuate lipid deposition in foam cells via promoting 
lipophagy, consistent with previously reported studies 
on CEL [75, 82]. To further confirm the function of CEL-
rHDL in lipophagy, 3-MA and Baf (two autophagy inhibi-
tors) were applied to block lipophagy, lipid deposition 
in foam cells treated with CEL-rHDL was significantly 

Fig. 15  (A) H&E staining of different organs in Apo E−/− mice treated with normal saline, free CEL and CEL-rHDL (scale bar: 100 μm). Blue arrows were 
used to indicate the lesions in sections stained with H&E. (B) ALT, AST and BUN levels in Apo E−/− mice treated with normal saline, free CEL and CEL-rHDL 
(n = 6). **p < 0.01, ***p < 0.001 and ****p < 0.0001
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higher than that without the blockage of lipophagy. Addi-
tionally, the ratio of GFP to RFP increased markedly in 
CEL-rHDL treated foam cells after lipophagy blockage, 
demonstrating an alleviation of intracellular lipid accu-
mulation is dependent on lipophagy.

To elucidate the exact mechanism on how CEL-rHDL 
induced lipophagy, RNA-seq and qPCR were performed 
on macrophage-derived foam cells. RNA-seq data dem-
onstrated that CEL-rHDL was implicated in several 
metabolic processes in foam cells, including cell cycle, 
intracellular phagosome formation and lysosome bio-
genesis, through mediating the mTOR signaling pathway. 
qPCR showed that CEL-rHDL significantly heightened 
the mRNA levels of CaMKKβ, AMPK and LC3B, while 
lessening the mRNA level of mTOR and P62. Simultane-
ously, western blot analysis further confirmed proteins 
expression related to lipophagy pathway. Our results 
revealed that CEL-rHDL upregulated AMPK by increas-
ing CaMKKβ phosphorylation, subsequently restrain-
ing the expression of downstream protein mTOR. As a 
classical regulator of autophagy, mTOR is modulated by 
various upstream signal transduction factors, includ-
ing AMPK. AMPK, a pivotal metabolic sensor, is widely 
recognized as regulators and guardians of lipid homeo-
stasis. The upregulation of AMPK activity contributes to 
the mitigate metabolic diseases (containing atheroscle-
rosis, obesity and NAFLD) associated with massive lipid 
generation [59, 83–85]. CaMKKβ, a calcium-sensitive 
kinase, phosphorylates and activates AMPK in response 
to elevated intracellular Ca2+ levels, as well as CaMKKβ 
could combine with AMPK to form a specific signaling 
complex [63, 64]. As a pivotal secondary messenger with 
comprehensive roles, Ca2+ initiates a range of fundamen-
tal activities on systemic lipid homeostasis, based on 
which is essential for lipid-related metabolic diseases [61, 
86]. Abnormal Ca2+ deposition surrounding the cytoplas-
mic LDs in hypertrophic adipocytes of obese mice has 
been proved, and adipocytes derived from obese elderly 
people also showed an increase in cytoplasmic Ca2+ lev-
els, probably suggesting enhanced Ca2+ levels in the case 
of intracellular lipid accumulation [87, 88]. It is worth 
noting that the elevation in cytoplasmic Ca2+ contributes 
to transducing a lipolytic signal to stimulate the occur-
rence of lipophagy [88]. The ER is the major site of Ca2+ 
storage and exerts a vital role in maintaining intracellu-
lar Ca2+ homeostasis. SERCA, a membrane Ca2+ trans-
porter, pumps cytoplasmic Ca2+ into the lumen of SR/
ER to maintain the stable levels of cytoplasmic Ca2+ con-
centrations, and the suppression of SERCA could induce 
autophagy in cancer cells [38, 89, 90]. Previous studies 
have demonstrated that CEL inhibits SERCA to promote 
the increase of cytoplasmic Ca2+ level [38, 66].

In this study, we found that the administration of 
either CEL-rHDL or TG alone induced a similar Ca2+ 

mobilization effect in foam cells. Whereas, pre-incuba-
tion of foam cells with TG to consume SERCA-dependent 
Ca2+ storage markedly refrained the CEL-rHDL-induced 
Ca2+ mobilization. Furthermore, chelating cytoplasmic 
Ca2+ by BAPTA/AM significantly abolished the elevation 
in LC3-II/LC3-I ratio and P62 degradation, suggesting 
that CEL-rHDL may promote lipophagy in a SERCA-
mediated Ca2+ mobilization manner, which was also veri-
fied in the previous reports on CEL [38, 66]. As a direct 
upstream activator of AMPK, CaMKKβ could stimulate 
AMPK phosphorylation at Thr172 site in response to 
enhanced cytoplasmic Ca2+ levels [64]. Our study indi-
cated that CEL-rHDL could upregulate CaMKKβ phos-
phorylation to enhance the expression of p-AMPK. 
Nevertheless, the above phenomenon was reversed by 
the CaMKKβ inhibiter STO-609, demonstrating that 
the lipid-lowering effect of CEL-rHDL in foam cells was 
mediated by CaMKKβ activation. Additionally, AMPK 
is well-established regulator of lipophagy, primarily 
through the downregulation of mTOR phosphorylation 
[91]. Our results suggested that the AMPK inhibitor 
CC abolished CEL-rHDL-mediated inhibition of mTOR 
phosphorylation. Collectively, it can be inferred that 
Ca2+/CaMKKβ/AMPK/mTOR signaling pathway may be 
engaged in lipophagy induced by CEL-rHDL to decrease 
lipid accumulation in macrophage-derived foam cells.

Conclusion
In total, we successfully developed a CEL-loaded rHDL 
nanoparticle for targeted delivery of CEL to athero-
sclerotic lesions without obvious systemic toxicity. 
This mechanism might be explained that CEL-rHDL 
restrained lipid storage in foam cells through modulat-
ing Ca2+/CaMKKβ/AMPK/mTOR signaling pathway 
to induce lipophagy. Besides, rHDL sequentially served 
as FC receptor for reversed transporting FC generated 
by lipophagy to the liver for timely metabolism. It pro-
vided a new insight into the atherosclerotic treatment 
to explore the potential of CEL-based hypolipidemic 
effect combined with rHDL carrier against early athero-
sclerosis. The green synthetic rHDL carrier is a mimic 
of endogenous HDL with biocompatible and biodegrad-
able properties, which propose a precision therapeutic 
strategy on early atherosclerosis combined with chemo-
drugs and nanobiotechnology. However, for further clini-
cal translation and industrial applications, on the basis 
of guaranteed efficiency, the synthetic processes should 
be simplified for easy-to-apply, and the preparation cost 
should be economically considered.
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