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ABSTRACT: Oxidative stress and inflammation are key patho-
logical features of atherosclerotic plaques. Numerous nano-
medicines have been developed to alleviate oxidative stress and
reduce inflammation within plaques. However, nonbioactive carrier
materials reduce the bioavailability of nanomedicines and may pose
potential biological toxicity. In this study, we utilized the unique
amphiphilic chemical structure of lipoic acid (LA) to prepare LA
nanoparticles (LA NPs) via a self-assembly method. Leveraging the
inherent anti-inflammatory and antioxidant properties of LA, these
NPs were used for the treatment of atherosclerosis. In an
inflammatory macrophage model, LA NPs exhibited superior
anti-inflammatory activity compared to free LA. Through ultrasound imaging and pathological methods, we discovered that LA NPs
demonstrated nice antiatherosclerotic effects in an atherosclerotic mice model. Immunofluorescence analysis further indicated that
the antiatherosclerotic effects of LA were associated with the alleviation of oxidative stress within the plaques, reduced macrophage
infiltration, and downregulation of inflammatory cytokine levels. Therefore, LA NPs offer a promising therapeutic strategy for the
treatment of atherosclerosis.

1. INTRODUCTION
Atherosclerosis is a chronic inflammatory disease characterized
by the formation of atherosclerotic plaques within the vascular
endothelium.1−3 Low-density lipoprotein (LDL) within plaque
is oxidized by various oxidases (such as NADPH oxidase and
myeloperoxidase) and free radicals, forming oxidized LDL (ox-
LDL), which is the main cause of oxidative stress.4−6

Macrophages recognize and uptake ox-LDL through scavenger
receptors on their surface to form foam cells, which ingest
excessive ox-LDL, leading to apoptosis or necrosis, releasing a
large amount of cellular debris and lipids, further exacerbating
plaque formation and oxidative stress.7−9 During this process,
foam cells and other inflammatory cells (such as T cells and
smooth muscle cells) release various inflammatory mediators
(such as cytokines and chemokines), which will recruit more
inflammatory cells to the vascular endothelium, intensifying
the inflammatory response.10,11 Concurrently, inhibiting
inflammation and reducing oxidative stress are effective
strategies for treating atherosclerosis.

Nano delivery systems have demonstrated excellent
therapeutic outcomes in the field of atherosclerosis therapy
due to their advantages such as efficient targeting, controlled
drug release, and improved drug stability.12,13 Recently, there
have been numerous research reports on nanomedicine for the
treatment of atherosclerosis.14−19 Researchers have utilized
cyclodextrin to encapsulate anti-inflammatory drugs through
host−guest interactions, aiming to inhibit endoplasmic

reticulum stress, enhance reendothelialization, and inhibit
neointimal formation to alleviate atherosclerosis. Chai et al.
developed an activatable platelet-mimicking NO nanoprodrug
delivery system for the diagnosis and treatment of athero-
sclerosis.20 Wang et al. constructed low molecular weight
heparin derivative nanoparticles (NPs), which break the
feedback regulation loop in plaque inflammation to inhibit
the atherosclerosis cascade.21,22 Despite numerous studies
demonstrating the efficacy of nanomedicine in treating
atherosclerosis, several challenges hinder its clinical translation.
The complex chemical synthesis of carrier materials, the
intricate preparation processes, the lack of biological activity of
the carriers, and their potential toxic side effects remain
significant obstacles.

Lipoic acid (LA) is a disulfide-containing fatty acid that
functions as a coenzyme in various metabolic processes,
demonstrating excellent biocompatibility.23 LA is also a potent
antioxidant that can neutralize free radicals and reduce
oxidative stress, which helps in the prevention of athero-
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sclerosis.24 Furthermore, LA exhibits anti-inflammatory prop-
erties, reducing the production and release of inflammatory
mediators, thereby mitigating inflammation.25−28 From a
chemical perspective, LA has an amphiphilic molecular
structure, which imparts it the potential for self-assembly.29

In this study, we developed LA NPs using the ultrasonic
emulsification method, which enhanced the solubility of LA
without additional carrier materials, thereby improving the
bioavailability. Due to the nanosize of LA NPs, they could be
passively targeted to atherosclerotic plaques, increasing
therapeutic efficacy. In an atherosclerotic mouse model, we
confirmed that LA NPs could reduce oxidative stress and
inhibit inflammation, thereby alleviating atherosclerosis. This
novel approach provides a new perspective for nanotherapy in
the treatment of atherosclerosis.

2. METHODS AND MATERIALS
2.1. Materials. LA (99%) was obtained from Macklin

(Shanghai, China). 2′,7′-Dichlorodihydrofluorescein diacetate
(DCFH-DA) was purchased from Sigma-Aldrich (USA).
RAW264.7 cells were provided by the Institute of Biochemistry
and Cell Biology at the Chinese Academy of Sciences
(Shanghai, China). C57BL/6 male mice and apoe−/− male
mice were purchased from the Model Animal Research Center
of Nanjing University (Nanjing, China). All animal experi-
ments were approved and performed following the guidelines
of the Animal Care and Use Committee of Donghua
University (approval # DHUEC-STCSM-2023−01) and also
in accordance with the policy of the National Institute of
Health (China). The apoe−/− mice were fed a high-fat diet for
4 weeks to construct the atherosclerosis model.

2.2. Preparation and Characterization of LA NPs. A 10
mg portion of LA was dissolved in 0.2 mL of dichloromethane.
Subsequently, 5 mL of deionized water was added, and the
mixture was subjected to ultrasonic emulsification. The
resulting emulsion was then rotary evaporated to remove the
dichloromethane. The obtained solution was filtered through a
0.22 μm membrane to yield LA NPs, which were then stored
in an F68 solution for further use. The size and zeta potentials
of LA NPs were measured by dynamic light scattering (DLS)
using a Malvern Zetasizer Nano ZS90 instrument (Malvern,
U.K.). The morphologies of LA NPs were observed under a
transmission electron microscope (TEM, Talos F200X). The
stability of NPs was assessed by detecting the variations in their
size and polydispersity index (PDI) over time with the method
of DLS at 4 °C and pH 7.4. The NPs were combined with 50%
fetal bovine serum (FBS) and kept at 37 °C. Their
transparency was then measured at a wavelength of 750 nm
using a UV−visible spectrophotometer (PerkinElmer, Boston,
MA) at different time points to evaluate the serum stability of
NPs.

2.3. In Vitro Hemolysis Assay. 10% red blood cell (RBC)
suspension was prepared from C57BL/6 mice. LA NPs with
different concentrations were incubated with a RBC
suspension for 1 h at 37 °C. The incubation solution was
centrifuged at 3500 rpm for 5 min, and the supernatant was
taken to measure the absorbance (OD) value of 540 nm with a
Varioskan Flash multimode reader (Thermo, USA). Pure water
was set as a positive control, and 0.9% saline was set as a
negative control. The hemolysis rate was calculated according
to the following formula21

=

×

hemolysis (%) (OD OD

/(OD OD )) 100%

sample negative

positive negative

2.4. ROS Detection in RAW264.7 Cells. RAW264.7 cells
were inoculated in 6-well plates (3 × 105 per well) and
cultured at 37 °C in a 5% CO2 atmosphere overnight.
RAW264.7 cells were treated with PBS, LPS, free LA + LPS,
and LA NPs + LPS (LA concentration, 10 μg/mL; LPS
concentration, 500 ng/mL) for 24 h. Then the culture medium
was removed, and DCFH-DA (5 μg/mL) was used to stain the
cells for 1 h. The RAW264.7 cells were observed under a
fluorescence microscope. According to the similar procedure,
ROS generation in RAW264.7 cells were also evaluated by flow
cytometry.

2.5. Secretion of Inflammatory Factors in RAW264.7
Cells. RAW264.7 cells were cultured in 24-well plates at 37 °C
under a 5% CO2 atmosphere overnight. The cells were then
treated with PBS, LPS, free LA + LPS, and LA NPs + LPS (LA
concentration, 10 μg/mL; LPS concentration, 500 ng/mL) for
24 h. The culture supernatant was collected, and the TNF-α,
CRP, and IL-6 were measured by enzyme-linked immuno-
sorbent assay (ELISA) (Neobioscience, China).

2.6. LA NPs Treatment on Foam Cell Formation. After
incubating RAW264.7 cells in 6-well plates for 24 h and
stimulating them with LPS (500 ng/mL) for another 24 h, the
cells were treated with LA NPs or free LA for 4 h. Following
this, ox-LDL (50 μg/mL) was added, and the cells were
cultured for 48 h. The normal control group did not receive
ox-LDL, while the model group was stimulated only with ox-
LDL. Foam cell formation was observed under optical
microscopy after staining the cells with ORO.

2.7. Animal Model Construction. Eight-week-old
apoe−/− male mice were purchased from the Model Animal
Research Center of Nanjing University. The apoe−/− mice
were fed a high-fat diet for 4 weeks to construct the
atherosclerosis model. A mouse was randomly selected and
euthanized, and its aortic sinus was isolated and performed by
H&E staining to verify the successful establishment of the
atherosclerosis model.

2.8. In Vivo Antiatherosclerosis Assay. After the
successful establishment of the atherosclerosis model, the
apoe−/− male mice were randomly divided into 3 groups (n =
6), and the treatment was started on the fifth week after the
high-fat diet. The mice were intravenously injected with saline,
free LA, and LA NPs (at an equivalent dose of 5 mg/kg LA. w/
w). Each formulation was administered twice a week for 8
weeks. C57BL/6 mice with a normal diet acted as a negative
control group. After treatment, the aortic arch and abdominal
aorta were examined by ultrasound imaging. Then, the mice
were euthanized, and their aortas were separated, opened
longitudinally, and stained with ORO. Sections of the aorta
were also prepared and stained with ORO. For the
immunohistochemistry study, sections of aortic tissue were
incubated with antibodies to CD68, ROS, and IL-6. In
addition, serum was collected for blood lipid analysis.

2.9. In Vivo Toxicology Evaluations. At the end of
treatment, whole blood from the mice was obtained in
anticoagulative tubes, and the serum was collected for liver and
kidney function analysis. Their major organs (liver, spleen, and
kidney) were isolated, and the histological sections were
prepared and stained with H&E to evaluate the toxicity of NPs.
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2.10. Statistical Analysis. Data was reported as the mean
± SD. All statistical analyses were performed using SPSS
version 21.0 (SPSS Inc., Chicago, IL, USA). The experimental
data were statistically analyzed by using the t-test between two
independent samples. A p-value <0.05 was considered
significantly different. P values less than 0.05, 0.01, 0.001,
and 0.0001 were denoted by *, **, ***, and ****,
respectively.

3. RESULTS AND DISCUSSION
3.1. Characterization of LA NPs and Their Blood

Compatibility. Due to the amphiphilic nature of LA, which
features both hydrophilic carboxyl groups and hydrophobic
hydrocarbon chains in its molecular structure, it can form into
NPs by the self-assembling method. As shown in Figure 1A−C,
DLS measurements show that the LA NPs have a diameter of
approximately 140 nm, a PDI of about 0.2, and a zeta potential
of 20 mV (Figure 1A,B). TEM shows that the morphology of
LA NPs is spherical and the particle size is consistent with the
results obtained from DLS (Figure 1C). The storage stability
of LA NPs at pH 7.4 and 4 °C was evaluated by tracking
changes in NP size and PDI. No significant changes were
observed in either parameter over a two-week period,

indicating good storage stability (Figure 1D). Additionally,
the stability of the NPs in serum was tested by incubating them
with 50% FBS at 37 °C. No notable changes in transmission
were detected over 24 h, confirming that the LA NPs remained
stable in 50% FBS (Figure 1E). The blood compatibility of
NPs is an important parameter that needs to be evaluated for
clinical use. As shown in Figure 1F, despite a concentration of
0.5 mg/mL, LA NPs did not cause hemolysis, and their
hemolysis rate remained below 5%. Additionally, the
morphology of RBCs remained normal after coincubation
with LA NPs, demonstrating their good blood compatibility
(Figure 1G). The above results show that LA NPs have
appropriate size and blood compatibility, laying the material
foundation for further research.

3.2. Anti-Inflammatory and Antioxidant Properties of
LA NPs. Oxidative stress exists in the atherosclerotic plaque
microenvironment, and there are a large number of
inflammatory factors infiltrating. Reducing oxidative stress
and anti-inflammatory are effective treatment strategies for
arteriosclerosis.30 Therefore, we used LPS-induced RAW264.7
cells as an inflammatory cell model to evaluate the anti-
inflammatory and antioxidant effects of LA NPs. As shown in
Figure 2A, with LPS stimulation, the RAW264.7 exhibits

Figure 1. Characterization of LA NPs and evaluation of its hemolysis. (A,B) Size distribution and zeta potential of LA NPs. (C) TEM of LA NPs.
(D) Stability of LA NPs over a 15 day period at 4 °C and pH 7.4 condition. Mean ± SD, n = 3. (E) Transmittance vs time curve of LA NPs after
incubation with 50% FBS. Mean ± SD, n = 3. (F) Hemolysis rate of LA NPs, with an embedded hemolysis image. (G) Morphological image of red
blood cells.
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strong green fluorescence, indicating severe oxidative stress
within the cells. After free LA or LA NPs treatment, the
intensity of green fluorescence decreased, indicating the good
antioxidant effects of LA. The quantitative results from the
flow cytometer also showed that both free LA and LA NPs can
reduce oxidative stress (Figure 2B,C). Moreover, representa-
tive inflammatory factors, such as TNF-α, CPR, and IL-6, were
detected by the ELISA method, and the result is shown in
Figure 2D. After LPS treatment, the levels of TNF-α, CPR, and
IL-6, were up-regulated. However, LA NPs could inhibit the
upregulation of these inflammatory factors. Free LA could not
inhibit the upregulation, probably due to low solubility. The
above results indicated that LA NPs have anti-inflammatory
and antioxidant properties. In addition, foam cell formation
was the key index of atherosclerosis development. Thus, foam
cell formation in macrophages treated with LA NPs was
evaluated, as shown in Figure 2E. Both free LA and LA NPs
could obviously inhibit foam cell formation compared with the
model group. LA NPs showed slightly better effect than free

LA, which provided direct evidence of foam cell formation
suppression.

3.3. Establishment of Atherosclerosis Model of
apoe−/− Mice and Ultrasound Imaging. Given the good
anti-inflammatory and antioxidant effects of NPs, we further
investigated their efficacy in vivo, and the treatment regimen
timeline is shown in Figure 3A. First, the apoe−/− mice were
fed with high fat for one month to establish a mice model of
atherosclerosis. One mouse was selected, and its aortic sinus
was isolated for H&E staining, and the results are shown in
Figure 3B. There was significant intimal hyperplasia and foam
cell deposition in the aortic sinus vessels of mice, indicating
successful establishment of an atherosclerosis model. After a
two-month treatment, the aortic arch and abdominal aorta
were observed by ultrasound imaging to determine the therapy
effect. As shown in Figure 3C, ultrasound images of mice in the
saline group showed significant bulges at the bend of the aortic
arch and significant thickening of the abdominal aortic vessel
wall, both of which represent the progression of atherosclerotic
plaque. There was also obvious thickening shown by

Figure 2. In vitro anti-inflammatory evaluation of NPs. (A) Fluorescent imaging of ROS production in LPS-stimulated RAW264.7 cells labeled
with DCFH-DA (scale bar = 10 μm). (B, C) Flow cytometry quantification of intracellular ROS levels in RAW264.7 cells subjected to various
treatments. Mean ± SD, n = 3. *P < 0.05. (D) Inflammatory cytokines TNF-α, IL-6, and CRP released by RAW264.7 cells following treatment with
different formulations. Mean ± SD, n = 3. *P < 0.05, **p < 0.01, ***p < 0.001. (E) Representative ORO stained RAW264.7 cells treated with
different groups.
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Figure 3. (A) Treatment regimen timeline for combating arteriosclerosis. (B) H&E staining image of the aortic sinus in apoe−/− mice with
atherosclerosis. (C) Ultrasound images of abdominal aorta and aortic arch in atherosclerosis mice after treatment.

Figure 4. Evaluation of the treatment efficacy of LA NPs on atherosclerotic plaque. (A) Image of ORO-stained en face aortas. (B) Representative
images of aortic sinus sections stained with ORO. (C) Quantitative analysis of plaque content in aortic sinus sections stained with ORO. Mean ±
SD, n = 3, *p < 0.05, **p < 0.01. (D) Sections of aortic sinus stained with DHE staining, antibody to CD68, and IL-6. (E) Sections of aortic sinus
stained with antibody to NF-κB.
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ultrasound images of mice in the free LA group. However,
there was no obvious hyperplasia of the abdominal aorta in
mice of LA NPs group, and its aortic arch was smooth, which
showed good antiatherosclerosis effect of LA NPs.

3.4. Pathological Evaluation of Antiatherosclerosis.
After the treatment was completed, the mice were sacrificed,
their aortas were isolated, and oil red O staining was
performed. Representative oil red O staining of the aorta is
shown in Figure 4A. It was evident that the aortas of mice in
the saline group, which did not receive treatment, exhibited
extensive oil red O positive areas, indicating rapid progression
of atherosclerosis. According to the oil red positive area, both
free LA and LA NPs exhibited antiatherosclerotic effects, with
LA NPs showing a stronger effect compared to free LA.
Moreover, oil red O staining of aortic sinus sections further
demonstrated the significant antiatherosclerotic effects of LA
NPs, as evidenced by the inhibition of lipid infiltration within
the plaques (Figure 4B,C). To further elucidate the mechanism
of antiatherosclerosis by LA NPs, we conducted an additional
study on the oxidative stress and inflammatory environment
within the plaques. The immunofluorescence results are shown
in Figure 4D. ROS and IL-6 were up-regulated, and the
macrophage content significantly increased within the plaques,
indicating that inflammation and oxidative stress are risk
factors of atherosclerosis. After treatment with free LA and LA
NPs, the levels of ROS and IL-6 decreased and macrophage
infiltration was reduced. Moreover, we found that the anti-
inflammatory effect of the NPs is related to inhibition of the
NF-κB pathway. LA NPs obviously reduced NF-κB expression
within the plaque. Compared with free LA, LA NPs showed
better therapeutic efficacy owing to better anti-inflammatory
and antioxidant effects.

3.5. Biosafety Evaluation of NPs. Biosafety is a
prerequisite for the clinical use of nanomedicine. Liver, spleen,
and kidney were sliced and stained with H&E to evaluate the
biosafety of the NPs. Except for mild symptoms of a fatty liver,
no morphological damage was observed in other organs
(Figure 5A). Besides, the liver and kidney function indicators
of mice in all groups were normal (Figure 5B). All these results
show that the NPs have good biosafety. Further, we
investigated the blood lipid levels of each group of mice.
The blood lipid levels of atherosclerotic mice were all high, and
there was no significant difference between treatment groups,
suggesting that the antiatherosclerosis mechanism of LA NPs
has nothing to do with lowering blood lipid (Figure 5C).

4. CONCLUSIONS
In summary, based on the amphiphilic chemical structure of
LA, we prepared uniformly sized LA NPs using a self-assembly
method. By constructing a macrophage inflammation model,
we confirmed the inherent antioxidant and anti-inflammatory
properties of LA. Furthermore, we used apoe−/− mice to
establish an atherosclerosis model and evaluated the
antiatherosclerotic efficacy of LA NPs through ultrasound
imaging and pathological methods. We elucidated that their
good efficacy was related to their anti-inflammatory and
oxidative stress-reducing properties. Additionally, we assessed
the biosafety of LA NPs, suggesting that they are promising
nanodrugs with antiatherosclerotic properties.
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