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Purpose: The early, precise, and safe management of vulnerable atherosclerotic plaques (VAPs) remains a formidable clinical
challenge. Here, we present a targeted nanotherapeutic approach in which osteopontin-targeted nanoparticles encapsulate luteolin
(NPs-Lut) for the precise delivery and treatment of VAPs. This engineered system enables site-specific accumulation and sustained
release of luteolin at plaque sites.

Methods: We innovatively constructed an osteopontin-targeted drug delivery system designed for vulnerable atherosclerotic plaques,
in which luteolin and atorvastatin were successfully encapsulated. The system demonstrated sustained-release capability in vitro, and
its biosafety and histocompatibility were comprehensively evaluated both in vitro and in vivo. Moreover, therapeutic efficacy was
further assessed in ApoE '~ mice, confirming its potential for treating atherosclerotic lesions.

Results: In vivo evaluation in ApoE " mice demonstrated that NPs-Lut markedly outperformed atorvastatin-loaded nanoparticles
(NPs-AST) in attenuating plaque-associated inflammation, alleviating endoplasmic reticulum stress and foam cell apoptosis, and
enhancing plaque stability. Histological analysis revealed a significant reduction in plaque and necrotic core area, accompanied by
increased fibrous cap thickness and collagen deposition. By improving the aqueous solubility and bioavailability of luteolin, NPs-Lut
achieved potent therapeutic efficacy at low doses while minimizing systemic toxicity.

Conclusion: This work provides a robust and translationally promising nanoplatform for the precision treatment of VAPs, offering
a novel strategy for safe and effective intervention in atherosclerotic cardiovascular disease.

Keywords: luteolin, atorvastatin, noninvasive targeted therapy, delivery, vulnerable atherosclerotic plaques

Introduction
Cardiovascular diseases (CVDs)' remain the leading cause of mortality worldwide,” representing a critical global health
challenge that demands urgent attention.” Beyond the significant reduction in patient quality of life, CVDs impose
a substantial socioeconomic burden.* The clinical manifestations of these diseases such as myocardial infarction and
ischemic stroke are primarily driven by the rupture of vulnerable atherosclerotic plaques(VAPs).>”’ These plaques are
characterized by complex pathological features, including thin fibrous caps, large lipid cores, and a multifactorial
pathogenesis involving inflammation, oxidative stress, and apoptosis.® ' The inherent heterogeneity and complexity
of VAPs have become a major barrier to precise clinical diagnosis and effective therapeutic intervention.

Current first-line treatments for atherosclerotic cardiovascular disease primarily rely on lipid-lowering agents,
including statins and proprotein convertase subtilisin/kexin type 9 inhibitors (PCSK9i).'""'? Although these therapies
significantly reduce low-density lipoprotein cholesterol (LDL-C) levels and partially stabilize plaques, their overall
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clinical efficacy remains suboptimal,'® particularly with regard to PCSK9 inhibitors’ effects on enhancing plaque stability
and promoting plaque regression.'? Furthermore, statin-associated adverse effects, such as hepatotoxicity, nephrotoxicity
and rhabdomyolysis, necessitate regular monitoring of liver and renal function, limiting their long-term clinical utility

and patient compliance."*

15,16 17-19

Inflammatory cascades and endoplasmic reticulum stress (ERS) are key drivers in the pathogenesis of VAPs.
Luteolin (3',4',5,7-tetrahydroxyflavone), a natural flavonoid abundantly found in vegetables (eg, carrots, cabbages), fruits
(eg, apples), and medicinal plants (eg, green tea, celery), has demonstrated potent anti-inflammatory, anti-apoptotic, and
anti-atherosclerotic effects.’® >* However, its clinical application is severely limited by extremely low water solubility** 2’
and poor bioavailability,”* 2 loading luteolin into nano-drug delivery systems (NDDS) represents a promising strategy to
surmount these limitations.*”

Our team previously developed an OPN Ab Ce6/PFP-Au NPs@SiO, nanoplatform capable of noninvasive, targeted
imaging of VAPs. This platform demonstrates excellent biosafety, scalability, and translational potential, laying the
foundation for further therapeutic innovations.**

Building upon these findings, this study developed a targeted luteolin-loading nanoparticles (NPs-Lut) designed to

achieve precise delivery of luteolin to VAPs, leveraging the carrier properties of nanoparticles (NPs). For comparison,
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a parallel formulation encapsulating the first-line lipid-lowering drug atorvastatin (NPs-AST) was constructed to system-
atically assess drug-loading capacity, sustained-release behavior, and biosafety.

In vitro analyses demonstrated that both NPs-Lut and NPs-AST exhibited high drug-loading efficiency, sustained-
release profiles, and cytotoxicity within a safe range. In vivo studies further revealed that, compared to non-targeted
controls, NPs-Lut exerted superior anti-inflammatory effects in a vulnerable plaque model-—markedly reducing pro-
inflammatory cytokines (IL-1p, IL-6, TNF-a), decreasing total plaque area to ~80% of the non-targeted group, shrinking
necrotic core areas to ~40%, and increasing collagen content to ~130%. Notably, fibrous cap thickness was significantly
enhanced in the NPs-Lut group, collectively indicating improved VAPs stability.

Both NPs-AST and NPs-Lut exhibit good lipid-lowering effects, and their effects are comparable. However, NPs-Lut
demonstrated clear advantages in modulating the ERS pathway—evidenced by downregulation of GRP78, Caspase-12
and CHOP expression—and in suppressing foam cell apoptosis. These findings suggest that targeted suppression of ERS
and apoptosis may represent a robust mechanism by which luteolin stabilizes VAPs.

This study is the first to report the targeted therapeutic efficacy of NPs-Lut in VAPs and to elucidate its potential
molecular mechanisms. The platform demonstrates excellent targeting efficiency and favorable biosafety, with no
significant abnormalities observed in liver and kidney function parameters. These findings provide critical experimental
evidence supporting the clinical translation of precision nanotherapeutics for VAPs management.

Materials and Methods

Materials and Instruments

Luteolin (purity: 99.51%) and atorvastatin (purity: 99.67%) were purchased from MedChemExpress (MCE, China).
Tetrachloroauric (II1) acid (HAuCl,-3H,0), Calcein-AM and propidium iodide (PI), annexin V-FITC/PI cell apoptosis kit
(KGAF001); ammonia solution,3-aminopropyltrimethoxysilane (APTMS), Oil Red O, Cell Counting Kit-8 (CCK-8),
absolute ethanol, phosphate-buffered saline (PBS), ELISA kits for TNF-o, IL-1B, and IL-6, and dimethyl sulfoxide
(DMSO) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s Modified Eagle Medium (DMEM) and
fetal bovine serum (FBS) were purchased from Gibco (Grand Island, NY, USA), Rabbit osteopontin antibody (OPN Ab)
were purchased from Abcam (Cambridge, UK). All chemicals and reagents were used as received without further
purification. Zeta potential and hydrodynamic diameter measurements of nanoparticles were carried out using a Zetasizer
Nano ZS90 (Malvern Instruments, UK). Quantitative real-time PCR was conducted using the ABI 7500 Real-Time PCR
System (Applied Biosystems, USA). Tissue homogenization was performed with a Pro200 Precision Tissue
Homogenizer (ProScientific Inc., USA).

Drug Loading and Encapsulation Efficiency of NPs-Lut and NPs-AST

Luteolin solutions were diluted with deionized water to concentrations of 0.0625 mg/mL, 0.125 mg/mL, 0.250 mg/mL,
0.500 mg/mL, and 1.000 mg/mL. Spectral scans of any luteolin solution using a UV spectrophotometer revealed
a maximum absorbance at 286 nm. Absorbance values of these solutions were measured at 286 nm to plot the standard
curve of luteolin in aqueous solution. 20 mg of nanoparticles were dispersed in 9 mL of deionized water and sonicated
for 90 min. Subsequently, 1 mL of 1.5 mg/mL luteolin solution was added, followed by additional sonication to ensure
thorough mixing. The mixture was then stirred at low speed for 20 h in the dark. Afterward, the solution was transferred
to centrifuge tubes and centrifuged at 13,000 rpm. The solid precipitate was freeze-dried for 24 h to obtain drug-loaded
nanoparticles. The supernatant was diluted, and its absorbance at 286 nm was measured using a UV spectrophotometer.
The residual drug concentration was calculated from the standard curve to determine the drug loading and encapsulation
efficiency of the nanoparticles.

M = Ma o 100% (1)

Drug Loading(%) =
may

Mo = Ma . 100% @)

Encapsulation Efficiency(%) =
my,
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In the formula, ma is the mass of the drug in the supernatant (mg), mb is the total mass of the drug added to the system
(mg), and mdl is the mass of the drug-loaded nanoparticles (mg). The same procedure was used to determine the standard
curve, drug loading, and encapsulation efficiency of AST in aqueous solution.

In vitro Release Analysis of Drug-Loaded Nanoparticles

The prepared drug-loaded nanoparticles were placed in a 3500KD dialysis bag and stirred at 200 /s in a pH 7.2 buffer
solution (37°C). At different time points, 1 mL of the dialysis buffer was collected, and the same volume and pH of the
drug-release medium was added to the system before pouring the solution back into the buffer to continue the release
experiment. The absorbance of the samples collected at different time points was measured using a UV-Vis spectro-
photometer. The amount of released luteolin was calculated using a standard curve. Finally, the cumulative release profile
of NP-Lut was plotted to assess its release behavior. The same procedure was used to NPs-AST release analysis.

Cytotoxicity Assay and Blood Compatibility Assessment

RAW264.7 macrophages, along with vascular endothelial cells, were purchased from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China). RAW264.7 macrophages were cultured with complete Dulbecco’s Modified
Eagle’s Medium (DMEM) medium containing 10% FBS and endothelial cell medium (ECM) at 37 °C in 5% CO?2,
respectively. All the cells were regularly checked for mycoplasma contamination. RAW264.7 macrophages was seeded in
96-well plates at a density of 1.0x10* cells/well. The cells were incubated with 100 pL of fresh complete medium
containing various concentrations of NPs-Lut or NPs-AST for another 24 h. Then, the medium was replaced with fresh
complete medium. A volume of 10 pL. of CCK-8 reagent was added to each well and incubated for 2 h. Then, 100 pL
supernatant from each well was transferred to a 96-well plate. The adsorption measurements were recorded at 450 nm using
a microplate reader. Data processing was performed using GraphPad Prism software. For calcein-AM and PI double
staining assay, macrophages were cultured using DMEM medium containing various concentrations of NPs for 24 h,
subsequently being treated with calcein-AM (5 pg/mL) and PI (5 pg/mL) for another 30 minutes. After washing with PBS,
the macrophages were carried out for the inverted fluorescence microscope imaging. Besides, macrophages treated with
different concentrations of NPs-Lut were harvested and performed the double staining of PI and Annexin V-FITC. The
obtained results were analyzed using flow cytometry with flowjo research software. For the hemolysis assay, blood from
C57BL/6]J mice was centrifuged at 3000 rpm and washed with PBS buffer for 6 times to obtain pure erythrocytes. 150 pL of
erythrocytes (4%, v/v) was mixed with the same volume of distilled water, PBS buffer and PBS solution containing
different concentrations of NPs-Lut, respectively. After 8§ h of incubation, the mixtures were centrifuged to spin down
erythrocytes and the obtained supernatants were measured with the adsorption of 540 nm via the microreader. Hemolysis
rate was calculated According to the equation (3), in which I was the adsorption intensity of the erythrocytes incubated with
NPs-Lut solutions while I, is the adsorption intensity of the erythrocytes in distilled water.

Hemolysis (%) = (I/1y) * 100% 3)

In vivo Animal Experimentation

Ethical Compliance and Experimental Animals ApoE ™~ mice are derived from C57BL/6] mice with the apolipoprotein
E gene knocked out. They are commonly used in studies on the pathogenesis of atherosclerosis and therapeutic drugs.
Thirty-six 6-week-old male ApoE™~ mice (specific pathogen-free, SPF) and 6 age-matched male C57BL/6J mice,
weighing 20-25 g, were provided by Beijing Wei tong Lihua Experimental Animal Technology Co., Ltd. The mice
were housed in a 10,000-class clean barrier system, with environmental conditions controlled at a temperature of
20-26°C and humidity of 40%-70%. They were kept in IVC cages with autoclaved bedding, having ad libitum access
to standard rodent feed and drinking water. Strict disinfection procedures for personnel and items were strictly
enforced. The ApoE '~ mice were fed a high-fat diet for 16 weeks and then randomly divided into 6 groups (n=6):
normal saline group (NS group), nanoparticle group (NPs group), atorvastatin group (AST group), luteolin group (Lut
group), atorvastatin-loaded nanoparticle group (NPs-AST group), and luteolin-loaded nanoparticle group (NPs-Lut
group). The interventions were administered via tail vein injection for 10 weeks at the following doses: 0.9% normal
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saline, 2 mg/kg/day NPs, 3 mg/kg/day AST, 3 mg/kg/day NPs-AST, and 1.5 mg/kg/day NPs-Lut, respectively. All
animal experiments in this study adhered to the National Institutes of Health (NIH) Guidelines for the Use of Animals
in Research. The use of experimental animals was approved by the Experimental Animal Ethics Committee of Xuzhou
Medical University (approval number: 202503T020). The high-fat diet was processed and prepared by Beijing Wei
tong Lihua Experimental Animal Technology Co., Ltd., with the formula as follows: 2% cholesterol, 8% egg yolk
powder, 10% lard, 0.2% bile salt, and 80% basal diet (accounting for the remaining proportion). Finally, euthanize the
mice with excessive CO,.

Establishment of Vulnerable AS Model Mice

To establish the animal models of VAPs, ApoE "~ mice, were employed. 6-week-old mice were adaptively fed for 7 days
and then continuously fed with a high-fat diet for 16 weeks. After 4 months of HFD feeding, the whole aorta was
harvested to confirm the formation of VAPs in HFD mice. Meanwhile, the frozen sections of the aortic arch (n = 3) were
treated with Hematoxylin-eosin (HE) staining, Masson’s trichrome staining, and oil red O staining, respectively,
validating the presence of the formation hallmarks of VAPs.

In vivo Biocompatibility Assessment

Healthy C57BL/6] mouse was administered intravenously with saline and NPs-Lut solution (3 mg/kg/day; 2-folder
higher concentration than that used for AS treatment) as same dosing frequency. At 0 d and 12 w, the blood serum was
collected for biochemistry and blood routine examinations, and the main organs of mice were harvested for histopatho-
logical changes analysis, aiming at testifying long term toxicity of NPs-Lut.

Western Blotting

Information on the antibodies is provided in Table S1. Sample Aortic tissues were weighed and transferred into 1.5 mL
EP tubes, then minced into small pieces. The tissue fragments were mixed with lysis buffer, fixed onto a tissue
homogenizer, and homogenized thoroughly for 1 minute. The mixture was subsequently lysed on ice for 30 minutes,
followed by centrifugation to obtain the supernatant. Protein concentrations in the supernatant were determined using
a BCA Protein Assay Kit according to the manufacturer’s instructions. Samples were adjusted to equal protein
concentrations before being subjected to SDS-PAGE gel electrophoresis for separation. Proteins were then electrophor-
etically transferred onto PVDF membranes for immunoblot analysis. The PVDF membranes were blocked with 5%
skimmed milk in blocking buffer by gentle shaking on a rocking platform at room temperature for 2 hours. After
blocking, membranes were incubated with primary antibodies overnight at 4°C. The next day, following washing,
membranes were exposed to ECL working solution, gently agitated to ensure uniform contact with the detection reagent,
and then placed on a detection plate. Protein signals were visualized and photographed using an ECL chemiluminescence
imaging system. Exported images were subjected to semi-quantitative analysis using ImageJ software.

QRT-PCR
The primers we designed are as follows:

GAPDH: F 5-GAGAGGGAAATCGTGCGT-3', R 5-GGAGGAAGAGGATGCGG-3';

GRP78: F 5'-CTCCGGCGTGAGGTAGAAAA-3', R 5'-~AGAGCGGAACAGGTCCATGT-3";

CHOP: F 5-AGGAGGTCCTGTCCTCAGATGA-3’, R 5'-ATGTGCGTGTGACCTCTGTTG-3';

caspasel2: F 5'-CTCAAAGAAGTGCGGACCCTCAAG-3', R 5-TCGGCTGTCTCTGCTCCATTCC-3'. Detection
of GPR78, CHOP, and caspasel2 mRNA Expression in aorta. This section focuses on the isolation and quantification of
mRNA from aortic tissue. Total RNA was extracted using Trizol reagent according to standard protocols, and com-
plementary DNA (cDNA) was synthesized via reverse transcription. Quantitative real-time PCR (qRT-PCR) was then
conducted using specific primers targeting GRP78, CHOP, and caspase-12. All additional procedures were performed in
strict accordance with the respective manufacturer’s guidelines.
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Statistical Analysis

Data are presented as the mean + standard deviation (mean = SD). All experiments were conducted with at least three
biological replicates (n > 3). Comparisons between two groups were performed using Student’s ¢-test, while comparisons
among three or more groups were assessed using one-way analysis of variance (ANOVA). Statistical analyses and graphical
representations were carried out using GraphPad Prism 8. A p value < 0.05 was considered statistically significant.

Results and Discussion
Synthesis and Characterization of NPs-Lut and NPs-AST

The presence of abundant mesopores and a robust structural framework is essential for achieving sustained drug release.*>>*
In this study, an amino-functionalized hollow mesoporous silica (HMS) nanoparticle with a highly porous architecture was
successfully synthesized using a previously established protocol.** As shown in the TEM and SEM images (Figure 1A and B),
the particles exhibited a uniform spherical morphology with an average diameter of approximately 250 nm. The excellent
drug-loading capability of the HMS platform has been demonstrated in previous work.**

To enable specific targeting, the sulthydryl (-SH) groups of the osteopontin (OPN) antibody were activated using
dithiothritol (DTT), and the amino (-NH,) groups on the HMS carrier were covalently linked via the heterobifunctional
crosslinker succinimide 4-(n—maleimide methyl) cyclohexane-1-carboxylate (SMCC). The OPN antibody was then
stably conjugated to the carrier surface, resulting in NPs endowed with OPN-targeting functionality.

Subsequently, the engineered nanoparticles were incubated with luteolin or AST solutions under reduced pressure and
continuous stirring at 4 °C. After centrifugation and subsequent lyophilization, the drug-loaded formulations—NPs-Lut
and NPs-AST—were successfully obtained as dry powders.

Dynamic light scattering (DLS) analysis revealed that the hydrodynamic diameter of NPs-Lut remained within the
range of 240-250 nm, suggesting that drug loading did not significantly alter particle size (Figure 1C). Zeta potential
measurements showed a shift from —11.05 to —12.56 mV for free luteolin from —15.01 to —16.35 mV for NPs-Lut,
confirming successful drug encapsulation. A similar trend was observed for NPs-AST, although NPs-Lut exhibited
a more pronounced negative surface potential (Figure 1D), likely contributing to improved colloidal stability.

Drug loading content (DLC) and encapsulation efficiency (EE) were quantitatively evaluated as critical indicators of
the nanocarrier’s drug-loading performance. Luteolin showed excellent linear relationships between absorbance and
concentration in aqueous solution (Figure 1E). At a luteolin concentration of 0.300 mgmL ', the EE reached 88.25%,
and the DLC was 52.08%, representing the optimal formulation (Figure 1F). Similarly, AST showed excellent linear
relationships between absorbance and concentration in aqueous solution too (Figure 1G), and the EE and DLC at the
same concentration were 89.17% and 50.10%, respectively (Figure 1H). These results collectively indicate that the
developed NPs exhibit high drug-loading capacity and efficiency, rendering them promising candidates for targeted
therapeutic delivery.

In vitro Drug Release of NPs-Lut and NPs-AST

The in vitro drug release profiles revealed a sustained and controlled release behavior for both NPs-Lut and NPs-AST.
For NPs-Lut, the cumulative drug release reached 5.03% within the first 0.5 h, 55.76% at 12 h, and 63.17% at 24 h, with
the release curve gradually plateauing thereafter (Figure 1I). Similarly, for NPs-AST, cumulative release was 5.67%
within the first 0.5 h, 56.32% at 12 h, and 64.04% at 24 h, also demonstrating a steady and controlled release profile
(Figure 1J). Importantly, no burst release was observed for either formulation, indicating the excellent structural stability
of the nanoparticles and their capacity for sustained drug release.

In vitro Cytotoxicity Assays and Hemocompatibility of NPs-Lut

The cytotoxicity and hemocompatibility of NPs-Lut are crucial parameters for their safe application in vivo. To
evaluate the cytotoxicity and biocompatibility of NPs-Lut, we first assessed cell viability of macrophages and
endothelial cells treated with varying concentrations of the drug (0, 12.5, 25, 50, 75, 100, and 125 pg/mL) using the
CCK-8 assay. The results showed that at the highest tested concentration of 125 pg/mL, cell viability for both cell
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Figure | Characterizations and Properties of NPs-Lut and NPs-AST Nanoparticle Formulations. (A) TEM observation of NPs, scale bar: 100 nm; (B) SEM observation of
NPs, scale bar: 100 nm; (C) The hydrodynamic diameter of NPs-Lut Nanoparticles; (D) Zeta potentials of NPs, NPs-AST and NPs-Lut; (E) The linear relationship between
the concentration of luteolin in aqueous solution and the absorbance; (F) The drug loading capacity and encapsulation efficiency of NPs at different luteolin concentrations;
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different AST concentrations; (I) In vitro drug release curve of NPs-Lut; (J) In vitro drug release curve of NPs-AST. (n = 3). Each bar in the graph represents the mean *
standard deviation.
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types remained above 85% (Figure 2A). To directly observe the effect of NPs-Lut on cell survival and death, live/dead
dual staining (Calcein AM/propidium iodide) was performed on macrophages. Notably, even at a concentration of
150 pg/mL, a high proportion of live cells was observed, with only a few dead cells detected, as evidenced by the
predominance of green fluorescence (Figure 2B). To further confirm the cytocompatibility, flow cytometry analysis
was conducted. Consistently, at a concentration of 125 pg/mL, macrophage viability exceeded 90% (Figure 2C),
corroborating the previous assays. These results collectively demonstrate that the cytotoxicity of NPs-Lut is negligible.
Furthermore, hemolysis assays were performed to evaluate the effect of NPs-Lut on red blood cells (RBCs) at different
concentrations, using PBS and deionized water as negative and positive controls, respectively. Even at the highest
concentration tested, NPs-Lut induced minimal hemolysis (<5%, Figure 2D), indicating excellent hemocompatibility.
Taken together, these findings strongly support the high biocompatibility of NPs-Lut as a nano-drug delivery system
for targeted therapy of VAPs.

Development of AS Model Mice and Assessment of VAPs

To establish an animal model of VAPs, apolipoprotein E double knockout C57BL/6] mice (ApoE ") were used. Six-
week-old mice were acclimated for 7 days, followed by continuous feeding with a high-fat diet (HFD) for 5 months.
After 4 months of HFD feeding, vascular tissues from the heart and the aorta extending to the iliac arteries were collected
(Figure 3A, left) to confirm the formation of VAPs. Oil Red O staining revealed lipid-rich lesion areas in the ApoE '~
mice, confirming the presence of VAPs (Figure 3A, right). Additionally, histological analyses of AS plaque sections were
performed using hematoxylin and eosin (H&E), Masson’s trichrome, and Oil Red O staining. As shown in Figure 3B,
typical features of VAPs were observed in the aorta, including eccentric lipid necrotic cores, thin and rupture-prone

fibrous caps, markedly reduced collagen fibers, and abundant lipid accumulation.
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Figure 2 Cytotoxicity and biocompatibility of the NPs-Lut. (A) The viability of macrophages and endothelial cells after incubation with different concentrations of NPs-Lut
was assessed using the CCK-8 assay; (B) CLSM images of Calcein-AM/PI costained macrophages after treatment with 0 and 150 pug/mL NPs-Lut. Green signal: live cells, red
signal: dead cells. Scale bars are 100 um; (C) The relative viability of macrophages treated with different concentrations of NPs-Lut was analyzed by flow cytometry. (D) The
hemolysis rate of normal C57BL/6] mouse erythrocytes treated with different concentrations (0 to 125 pg/mL) of NPs-Lut. PBS was used as the negative control, and
deionized water was used as the positive control; (n=3). Each bar in the graph represents the mean * standard deviation.
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In vivo Changes in Serum Lipid Parameters
It is well established that dyslipidemia is an independent risk factor for atherosclerosis (AS).>'"** The initiation of AS is
generally attributed to the infiltration of lipid particles including low-density lipoprotein (LDL) particles into the vascular
wall. Oxidized LDL (ox-LDL) is readily taken up by macrophage scavenger receptors, leading to the formation of foam
cells. The excessive accumulation of foam cells increases the likelihood of plaque rupture in AS lesions. In our previous
study, we demonstrated that luteolin could alleviate ox-LDL-induced lipid accumulation in macrophages in vitro.*°

In the present study, we assessed the serum lipid profiles—total cholesterol (TC), triglycerides (TG), high-density
lipoprotein cholesterol (HDL-C), and LDL-C in mice subjected to different treatments. As shown in Figure 4A, all
treatment groups except the NS and NPs groups exhibited a significant reduction in TC levels, with luteolin showing
a marked lipid-lowering effect, albeit slightly weaker than that of AST. Similar trends were observed for TG and LDL-C
levels (Figure 4B and C). Interestingly, both NPs-Lut and NPs-AST demonstrated weaker lipid-lowering effects
compared to free AST and luteolin. This may be attributed to the nanoparticle carriers facilitating targeted delivery of
luteolin and AST to atherosclerotic plaques, thereby limiting the systemic exposure of the drugs and diminishing their
systemic lipid-lowering activity. Notably, no significant differences were observed in HDL-C levels across all experi-
mental groups (Figure 4D).

In vivo Changes in Serum Inflammatory Parameters

Inflammatory responses play a central role in the initiation and progression of VAPs.*'** Oxidative modification of LDL
has long been recognized as a critical step in the pathogenesis of AS, mediated through complex inflammatory and
immune mechanisms.*>*’ Regardless of the primary morphology of plaques, rupture or erosion of the intima at sites of
thrombogenic AS is consistently characterized by inflammation. Targeted modulation of inflammation has been shown to
reduce residual cardiovascular risk beyond LDL-C lowering, significantly slowing AS progression.**>°

Tumor necrosis factor-a (TNF-a) is a key pro-inflammatory cytokine implicated in AS development. Studies have demon-

strated that TNF-a not only influences lipid metabolism but also promotes the synthesis of other inflammatory mediators, such as
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Figure 4 (A-D) represent serum TC, TG, LDL-C and HDL-C levels of mice in each group respectively; (E-G) showed serum TNF-o, IL-IB, IL-6 levels of mice in each
group respectively; (H) Schematic diagram of NPs-Lut reducing inflammatory factors. * indicates p <0.05 compared with the NS group; A indicates p <0.05 compared with
the NPs group; # indicates p <0.05 compared with the AST group; & indicates p <0.05 compared with the NPs-AST group; $$ indicates p <0.01; $$$ indicates p <0.001,
compared with the Lut group; ** indicates p <0.01; *** indicates p <0.001; ## indicates p <0.01; ### indicates p <0.001; A A indicates p <0.01; A A A indicates p <0.001;
and so on. (n=3). Each bar in the graph represents the mean * standard deviation.

interleukin-1 (IL-1) and interleukin-8 (IL-8), thereby amplifying local inflammatory responses.'® Additionally, TNF-a induces
matrix metalloproteinase expression, leading to fibrous cap thinning and promoting plaque instability.”'

Interleukin-1p (IL-1p) is another pivotal pro-inflammatory cytokine.’® Cholesterol crystals have been demonstrated to
induce macrophages to secrete IL-1p, thereby exacerbating intra-plaque inflammation. IL-1p not only amplifies inflam-
mation by promoting the production of other pro-inflammatory cytokines but also contributes to macrophage
recruitment.” Interleukin-6 (IL-6) further exacerbates the disease by inducing endothelial dysfunction, promoting
vascular smooth muscle cell proliferation and migration, and recruiting and activating inflammatory cells.>*

In this study, serum levels of TNF-a, IL-1B, and IL-6 were measured after 10 weeks of different interventions. As
shown in Figure 4E, TNF-a levels were progressively reduced across the AST, luteolin, NPs-AST, and NPs-Lut groups,
with significant differences observed among all groups. Notably, NPs-Lut exhibited the strongest inhibitory effect on
TNF-o expression. A similar trend was observed for IL-1p and IL-6 levels (Figure 4F and G). These results demonstrate
the potent anti-inflammatory effect of NPs-Lut in reducing TNF-a, IL-1p, and IL-6 levels (Figure 4H), with a statistically
significant difference compared to the luteolin group (P < 0.001). These findings confirm the intrinsic anti-inflammatory
activity of luteolin and, importantly, highlight the precise targeting capability of NPs-Lut in modulating inflammation at

its source within AS plaques.

In vivo Treatment-Induced Pathological Changes in VAPs

To investigate the effects of different interventions on AS lesions in ApoE ™~ mice, aortic root sections were harvested after
10 weeks of treatment and subjected to Oil Red O staining (Figure 5A). Quantification of plaque areas in the aortic root
revealed no significant differences between the NPs group and the NS group. In contrast, both AST and luteolin treatments
significantly reduced plaque areas compared to the NS group. Notably, there was no significant difference in plaque area
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between the AST and Lut groups. Furthermore, both the NPs-AST and NPs-Lut groups showed a marked reduction in plaque
area compared to the NS group, with no significant difference between NPs-AST and NPs-Lut groups (Figure 5B).

To assess plaque stability, a key determinant of vulnerability, Masson’s trichrome staining was performed on aortic
arch sections collected after 10 weeks of treatment (Figure 5C). Analysis of collagen fiber content within plaques showed
no significant difference between the NPs and NS groups. However, collagen content was significantly increased in the
AST, Lut, NPs-AST, and NPs-Lut groups compared to the NS group. While there was no significant difference between
the AST and luteolin groups, both the NPs-AST and NPs-Lut groups exhibited markedly higher collagen content than the
AST and Lut groups. Importantly, collagen content in the NPs-Lut group was significantly higher than that in the NPs-
AST group (Figure 5D).
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Fibrous cap thickness, another critical indicator of plaque stability, was also evaluated. The NS and NPs groups
exhibited significantly thinner fibrous caps compared to the AST and luteolin groups. In contrast, fibrous cap thickness
was markedly increased in the NPs-AST and NPs-Lut groups, with average thicknesses of approximately 20.6-22.8 um
and 35.7-41.3 pm, respectively. Remarkably, fibrous cap thickness in the NPs-Lut group was approximately 1.8 times
greater than that in the NPs-AST group, having differences statistical (Figure 5E).

To assess changes in necrotic core area within plaques across treatment groups, hematoxylin and eosin (H&E)
staining was performed on aortic root sections (Figure 5F). Quantitative analysis revealed no significant difference in
necrotic core area between the NPs and NS groups. In contrast, the AST, luteolin, NPs-AST, and NPs-Lut groups
exhibited a significant reduction in necrotic core area compared to the NS group. No significant difference was observed
between the AST and luteolin groups. Notably, both the NPs-AST and NPs-Lut groups showed markedly reduced
necrotic core areas, with the NPs-Lut group demonstrating a further significant reduction compared to the NPs-AST
group (Figure 5QG).

Finally, to provide a visual representation of plaque burden, Oil Red O staining was performed on abdominal aortas
from each group (Figure SH). The results clearly demonstrated that the NPs-Lut group exhibited the smallest plaque
areas among all groups.

In vivo Treatment-Induced mRNA and Protein Expression of ERS and

Apoptosis-Related Genes in Each Experimental Group

The endoplasmic reticulum (ER) not only serves as a critical site for free cholesterol-induced secretion of pro-
inflammatory cytokines such as TNF-o and IL-6 in macrophages but also contributes to the induction of TNF-a
production. ERS is a prominent feature of macrophages within human and murine AS lesions.”®> Glucose-regulated
protein 78 (GRP78) plays a key regulatory role during ERS,>® and its expression typically increases in response to ERS.

CHOP, a central node integrating signals from the three canonical ERS pathways (pERK, ATF6, and IRE1), is
a critical mediator linking ERS to apoptosis.’’ Under physiological conditions, CHOP is minimally expressed in the
cytoplasm; however, during ERS, the dissociation of BiP/GRP78 from ER transmembrane proteins such as pERK and
ATF6a leads to CHOP activation.”® Caspase-12, located in the ER, is a key initiator of ERS-dependent apoptosis,”’
triggering caspase cascades and pERK-CHOP-Bax-mediated mitochondrial apoptotic pathways. Additionally, CHOP
overexpression can downregulate anti-apoptotic Bel-2, facilitating Bax translocation from the cytosol to mitochondria
and triggering mitochondrial-dependent apoptosis. Therefore, assessing ERS-related protein expression provides valuable
insights into ERS-induced apoptosis.

In this study, following 10 weeks of treatment, we evaluated the expression of ERS and apoptosis-related genes and
proteins within VAPs of ApoE " mice.

For GRP78 mRNA, no significant differences were observed between the NPs and NS groups. However, GRP78 mRNA
levels were significantly reduced in the AST, luteolin, NPs-AST and NPs-Lut groups compared to the NS group. No significant
difference was noted between the AST and Lut groups. Notably, both the NPs-AST and NPs-Lut groups exhibited further
reductions in GRP78 mRNA expression, with the NPs-Lut group showing a more pronounced decrease than the NPs-AST
group (Figure 6A). Similarly, GRP78 protein levels showed no significant changes in the NPs group relative to the NS group,
while they were significantly decreased in the AST, luteolin, and NPs-AST groups. No difference was found between the AST
and luteolin groups. Both NPs-AST and NPs-Lut groups showed further reductions in GRP78 protein expression, with the
NPs-Lut group exhibiting the most substantial decrease (Figure 6B and C).

For CHOP mRNA, no significant difference was observed between the NS and NPs groups. However, CHOP mRNA
expression was markedly reduced in the AST, luteolin, NPs-AST, and NPs-Lut groups compared to the NS group. No
significant difference was found between the AST and luteolin groups. Both the NPs-AST and NPs-Lut groups
demonstrated further reductions, with the NPs-Lut group showing the lowest CHOP mRNA levels (Figure 6D).
Consistently, CHOP protein levels followed a similar trend: no significant difference between NS and NPs groups,
while AST, luteolin, and NPs-AST groups showed significant reductions. No difference was observed between the AST
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and luteolin groups. Both NPs-AST and NPs-Lut groups showed further reductions in CHOP protein expression, with
NPs-Lut exhibiting the greatest suppression (Figure 6B and E).

For caspase-12 mRNA, no significant difference was observed between NS and NPs groups, while AST, luteolin,
NPs-AST and NPs-Lut groups showed significant reductions. No difference was observed between AST and luteolin
groups. Notably, NPs-AST and NPs-Lut groups showed further reductions in caspase-12 mRNA, with NPs-Lut demon-
strating a greater decrease than NPs-AST (Figure 6F). At the caspase-12 protein level, no significant difference was
observed between NS and NPs groups, whereas AST, luteolin, NPs-AST and NPs-Lut groups showed significant
reductions. No difference was observed between AST and luteolin groups. Both NPs-AST and NPs-Lut groups exhibited
further reductions, with NPs-Lut showing the greatest suppression (Figure 6G and H).

Regarding the Bcl-2/Bax ratio, no significant difference was observed between NS and NPs groups. In contrast, the
AST, luteolin, NPs-AST and NPs-Lut groups demonstrated significant increases in the Bcl-2/Bax ratio. No difference was
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observed between the AST and luteolin groups. Both NPs-AST and NPs-Lut groups showed further increases, with the
NPs-Lut group exhibiting the highest Bcl-2/Bax ratio (Figure 6G and I).

Collectively, these findings demonstrate that NPs-Lut effectively suppresses ERS and apoptosis in VAPs, outperform-
ing NPs-AST in modulating ERS-associated apoptotic pathways.

Body Weight and Biosafety Evaluation of NPs-Lut in ApoE ™~ Mice
To further assess the biosafety of NPs-Lut, especially at double the standard dosage, we performed comprehensive
hematological and biochemical analyses. Key parameters included liver function markers alanine aminotransferase
(ALT), aspartate aminotransferase (AST), renal function indicators blood urea nitrogen (BUN), creatinine (CREA), cardiac
enzymes creatine kinase (CK), lactate dehydrogenase (LDH), and hematological variables white blood cells (WBC), red
blood cells (RBC), platelets (PLT), and hemoglobin (HGB). Notably, there were no significant changes in these indices two
weeks after the end of treatment compared to baseline levels (Figure 7A). Throughout the treatment period, the body
weights of mice in each group were meticulously monitored. No significant differences in body weight were observed
among the groups before and after treatment (Figure 7B). These findings suggest that NPs-Lut administration did not induce
significant hepatotoxicity, nephrotoxicity, or systemic adverse effects. Histological evaluations further supported the
biosafety profile of NPs-Lut. No significant morphological or histopathological abnormalities were observed in major
organs, including the heart, liver, spleen, lung, and kidney (Figure 7C). This favorable safety profile is likely attributable to
the excellent targeting capability of the NPs, which effectively deliver luteolin to atherosclerotic plaques while sparing
healthy tissues from off-target effects. Collectively, these results underscore the potential of NPs-Lut as a precise, safe, and
effective nanotherapeutic for the targeted treatment of VAPs, paving the way for its future clinical application.

Due to the inherent hydrophobicity of luteolin caused by its hydrophobic moieties, luteolin suffers from poor aqueous
solubility, rapid metabolism, a short half-life, low bioavailability, and suboptimal therapeutic efficacy, which factors have
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significantly limited its clinical application. This also accounts for the paucity of research regarding luteolin’s targeted
therapy for VAPs. Therefore, based on previous research, we took the lead in conducting a study on the targeted therapy
of VAPs with luteolin. In our study, Pharmacodynamic data demonstrated that luteolin and the reference compound AST
exhibited notable lipid-lowering effects (LDL-C reduction: 17.5% vs 23.7%; total cholesterol reduction: 19.6% vs
30.2%; triglyceride reduction: 14.0% vs 26.3%) differences may be attributed to disparities in bioavailability.
Importantly, in terms of improving the stability of VAPs, the NPs-Lut achieved markedly superior therapeutic outcomes
to non-targeted formulations (plaque area reduction: 28.4% vs 11.5%, P < 0.01). Notably, NPs-Lut demonstrated
exceptional performance in enhancing plaque stability by suppressing pro-inflammatory cytokines TNF-a, IL-1B, and
IL-6 while promoting collagen synthesis, NPs-Lut treatment resulted in a 150% increase in fibrous cap thickness and
a 35.9% reduction in necrotic core area compared to NPs-AST.

Mechanistic investigations revealed that the therapeutic advantages of NPs-Lut were attributable to its dual regulatory
effects: (1) a targeted, sustained release within the plaque microenvironment via nanoparticle-mediated delivery, and (2)
attenuation of ERS by downregulating GRP78 and CHOP expression, thereby reducing macrophage apoptosis.
Furthermore, the biosafety profile of NPs-Lut was rigorously validated by liver and kidney function tests, hematological
analyses, and histopathological evaluations of major organs, collectively supporting its translational potential for precise
therapy of VAPs in clinical settings.

Conclusion
In this study, we successfully developed a targeted nanodrug delivery system, NPs-Lut, providing a breakthrough strategy
for the precise treatment of VAPs. The active targeting capability of NPs to VAPs was comprehensively validated through
both in vitro and in vivo experiments, enabled by rational molecular modifications.** For the first time, we overcame the
inherent limitations of the natural compound luteolin, including its low aqueous solubility and poor bioavailability,
achieving precise accumulation and sustained release of luteolin within the lipid-rich and structurally complex core
regions of VAPs.

Collectively, NPs-Lut holds great promise as a next-generation candidate for the precision treatment of vulnerable plaques,
owing to its superior targeting efficiency, potent therapeutic efficacy, and favorable safety profile. These findings lay a solid
foundation for the translational potential of NPs-Lut, warranting further in-depth investigations toward clinical application.
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