Drug Design, Development and Therapy DIOVGPI‘CSS
Taylor & Francis Group

ORIGINAL RESEARCH

Oleanolic Acid@SPIONs Alleviates
Lipid-Oxidative Stress Injury of Zebrafish Blood
Vessels via Regulating the Expression of JNK and

MAPK Signaling Pathways in Vascular Endothelial
Cells

Hongguo Gao 2% Te Liud*, Junfeng Liu**, Lian Yang 33 Luxi Liu>*, Zeyu Cui®, Xiling Du®,
Yun Gu'~?, Peirong Huang’™®

'Department of Traditional Chinese Medicine, Graduate School, Jiangxi University of Traditional Chinese Medicine, Nanchang, 330100, People’s
Republic of China; 2Department of Geriatric Medicine, Longhua Hospital, Shanghai University of Traditional Chinese Medicine, Shanghai, 200031,
People’s Republic of China; 3Shanghai Geriatric Institute of Chinese Medicine, Shanghai University of Traditional Chinese Medicine, Shanghai, 200031,
People’s Republic of China; “Department of Nephrology, Shanghai Quyang Hospital, Shanghai, 200083, People’s Republic of China; *Class |, Grade 8,
Shanghai Wenlai Middle School, Shanghai, 201101, People’s Republic of China; ®School of Life Science and Technology, Tongji University, Shanghai,
200092, People’s Republic of China; ’Department of Ophthalmology, Shanghai General Hospital, Shanghai Jiao Tong University School of Medicine,
Shanghai, 200080, People’s Republic of China; ®National Clinical Research Center for Eye Diseases, Shanghai, 200080, People’s Republic of China;
Shanghai Key Laboratory of Ocular Fundus Diseases, Shanghai, 200080, People’s Republic of China

*These authors contributed equally to this work

Correspondence: Peirong Huang, Department of Ophthalmology, Shanghai General Hospital, Shanghai Jiao Tong University School of Medicine,
100 haining Road, Hongkou District, Shanghai, 20003 |, People’s Republic of China, Tel +86-21-63240090, Email peirong_huang@ |26.com; Yun Gu,
Department of Traditional Chinese Medicine, Graduate School, Jiangxi University of Traditional Chinese Medicine, 1688 Meiling Avenue, Zhaoxian
Town, Xinjian District, Nanchang, 330100, People’s Republic of China, Tel +86-791-87119529, Email birgitgu@ |63.com

Background and Aims: The incidence of and mortality due to atherosclerosis, a leading cause of cardiovascular disease, is rising
annually. Oleanolic acid (OA), an active component of the traditional Chinese medicine Ligustrum lucidum, has been proven to have
significant anti-inflammatory and lipid-lowering potential.

Methods: The flila::EGFP+ zebrafish fed with oxidized low-density lipoprotein (oxLDL) diet were used as Atherosclerosis model.
The zebrafish Atherosclerosis model were fed with oxalic acid driven by superparamagnetic ferrite nanoparticles (OA@SPIONS).
Isolation and enrichment of flila::EGFP+ zebrafish endothelial cells (zeECs) from each group and RNA-seq to analyze changes in
gene transcription. The H&E, MASSION, Oil red O staining were used to identifying pathological phenotypes.

Results: Pathological staining and ultrastructural identification indicated that oxLDL-treated zebrafish exhibited significant lipid
plaque deposition and signs of cellular senescence that were significantly alleviated by OA@SPIONs treatment. OA@SPIONs
treatment notably improved the ultrastructural integrity of myocardial, liver, and intestinal tissues in oxLDL-treated zebrafish. The
RNA-seq results showed that OA@SPIONSs treatment significantly altered the expression levels of multiple gene transcripts in zeECs.
The KEGG analysis revealed that in the OA@SPION-treated group zeECs, key genes in the JNK and MAPK signaling pathways, such
as Cacnalc, Rablab (Ras), Map3kl (MEKK1), Mapk8b (JNK), and JunD, had significantly lower sequencing signals than in the
oxLDL+SPION-treated group zeECs. The qPCR results were highly consistent with the RNA-sequencing data.

Conclusion: Therefore, our results confirm that SPIONs can effectively deliver OA for stable release in zebrafish and provide strong
evidence that OA@SPION-polyethyleneimine exerts protective effects against oxLDL-induced damage in zebrafish by downregulat-
ing the expression of the JNK and MAPK signaling pathways.

Keywords: atherosclerosis, super paramagnetic iron oxide nanoparticles (SPIONs), zebrafish, oleanolic acid (OA), JNK and MAPK
signaling pathways
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Introduction

Atherosclerosis is a major cause of cardiovascular disease development. With changes in modern diet and lifestyle, the
incidence and mortality rate of atherosclerosis have been increasing annually.' > Blood vessels are widely distributed
throughout various tissues and organs in the body. Atherosclerosis is characterized by lipid deposition in the arterial walls
and chronic inflammation. Oxidized low-density lipoprotein (oxLDL) stimulates vascular endothelial cells (ECs) to
secrete large amounts of inflammatory mediators, driving the infiltration of inflammatory cells beneath the ECs.> This
process leads to chronic inflammation, ultimately forming atherosclerotic plaques.'* It is now believed that vascular
aging is a significant factor in many age-related diseases and individual aging.

The main physiological functions of ECs include acting as barriers, secreting factors, and participating in
angiogenesis.> Research has shown that modified lipoproteins, particularly oxLDL, can induce EC apoptosis and
trigger atherosclerosis, making them early risk factors for atherosclerosis.'® Chronic and prolonged endoplasmic
reticulum stress can induce the unfolded protein response, leading to EC dysfunction, which results in cell apoptosis,
inflammation, and atherosclerosis.'" Triglyceride-rich lipoproteins, which are produced in patients with hypertriglycer-
idemia, can induce high expression of VCAM-1 in aortic ECs, ultimately leading to atherosclerosis.'' Additionally, EC
aging significantly affects processes such as angiogenesis, heart failure, and atherosclerosis, while the clearance of
senescent cells can effectively inhibit the progression of related pathologies.'>'* Thus, ECs play a crucial role in the
development of atherosclerosis.

Oleanolic acid (OA) is a pentacyclic triterpenoid compound isolated and extracted from the whole herb of Swertia
mileensis of the Gentianaceae family or the fruits of Ligustrum lucidum. Existing in both free bodies and ligands,'>'® OA
is widely present in plants, with typical concentrations ranging from 0.2 to 2% and high levels found in the fruits of
Cucurbitaceae plants and Ligustrum lucidum. OA is a broad-spectrum antibacterial agent clinically used to protect liver
function, and some studies have also indicated its efficacy in treating bronchitis, acute gastroenteritis, urinary system
infections, and cancer.'”'® Recent research has discovered that OA can enhance cholesterol reverse transport and
promote the breakdown and metabolism of cholesterol in the liver. Additionally, OA has been found able to clear
lipid deposits from the inner walls of blood vessels.'**® These studies provide an intriguing basis for the treatment of
atherosclerosis by OA.

Superparamagnetic iron oxide nanoparticles (SPIONs) are nanospheres approximately 20 nm in size.?' >* Increasing
research has shown that by chemically modifying the surface of SPIONS, their hydrophobic properties can be converted
into hydrophilic properties, allowing them to effectively disperse in physiological saline or phosphate-buffered saline
(PBS) buffer solutions.' 2* Based on this characteristic and after their surface modification with proteins, liposomes, or
polymers, SPIONs have been widely applied in drug delivery and release, magnetic resonance imaging (MRI), tumor
magnetic hyperthermia, magnetic chromatography, magnetic transfection, and biosensors.*>** Based on these findings,
this study aimed to develop a nanodrug delivery system by loading OA onto SPIONs (OA@SPIONSs) and explore its
therapeutic effects and potential drug targets in an oxLDL-induced atherosclerosis zebrafish model.

Materials and Methods

Preparation of SPIONs Bound Oleanolic Acid

The products of SPIONs (SPION-polyethyleneimine [PEI]) were purchased from NOVOBIO Biotechnology Co., Ltd.
(Shanghai, China). In brief, 100 mg of OA (Yuanye Biotechnology, Shanghai, China) in 1.0 mL of phosphate buffer
(0.2 mol/L Na,HPO,, 0.2 mol/L NaH,PO,, pH 6.0) and 100 mg of SPIONs were mixed and then ultrasonicated for
60 min. After the product was separated from the mixture using a neodymium magnet, the product was washed with
water and ethanol three times and vacuum-dried at room temperature.

Zebrafish Feeding and Drug Treatment

A total of 300 zebrafish embryos of the transgenic zebrafish line Tg(flila::EGFP) were obtained 24 h post-fertilization
from the Shanghai Research Centre for Model Organisms (Shanghai, China). All embryos were cultured in E3 zebrafish
culture medium (0.58 g/l NaCl, 0.27 g/l KCl, 0.97 g/l CaCl2-2H20, 0.16 g/l MgCl2-:6H20, 1% methylene blue; pH 7.2;
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all from Sigma-Aldrich, St. Louis, MO, USA; Merck KGaA, Darmstadt, Germany) in a fish tank.?”*® All zebrafish were
randomly divided into three groups of 100 dechorionated embryos per group at 48 h post-fertilization (hpf). The WT
group was raised under normal conditions without any treatment. The OA@SPIONs-treated group consisted of zebrafish
raised in E3 zebrafish culture medium containing 500 pg/mL oxLDL (Yuanye Biotechnology) and 0.2 mg/mL
OA@SPIONSs.?>*° The control-treated group consisted of zebrafish raised in E3 zebrafish culture medium containing
500 pg/mL oxLDL (Yuanye Biotechnology) and an equal amount of saline.>' >* All zebrafish in all groups were raised
for 72 h.

Flila::EGFP+ Zebrafish Endothelial Cell Isolation And Enrichment

Flila::EGFP+zebrafish endothelial cell (zeEC) isolation and enrichment consisted of the following steps. First, 20 mL of
0.25% trypsin (Sigma-Aldrich) was added to a 50 mL centrifuge tube and a 100 flila::EGFP zebrafish placed in each
tube for incubation in the centrifuge tubes at 28°C with rotation for 6 h. The liquid was mixed by pipetting once
every hour. After digestion was complete, the cell was passed by suspension through a 20 mL syringe with a 0.8 mm
needle six times. Then, the cell suspension was filtered through a 100 pm cell strainer (BD Falcon, Franklin Lakes, NJ,
USA). The cell suspension was collected and centrifuged at 4°C and 1500 rpm for 10 min before the supernatant was
removed and the cell pellet resuspended in saline containing 10% fetal bovine serum (Sigma-Aldrich). Next, a zebrafish
cell suspension was prepared at 1x10'° cells/mL before 0.5 mL of ice-cold sterile PBS (HyClone, Logan, UT, USA) was
added, and then a flow cytometer (BD FACS Aria, BD Bioscience, Franklin Lakes, NJ, USA) was used to sort and enrich
enhanced green fluorescent protein positive (EGFP+) zeECs.

Transmission Electron Microscopy Analysis

Briefly, tissue samples were fixed with 1% glutaraldehyde (Sigma-Aldrich) for 4 h, followed by fixation with 1% osmium
tetroxide for 1 h. The samples were then dehydrated with acetone and embedded in Resin 12 (Ted Pella, Redding, CA,
USA). Ultrathin sections (70 nm in thickness) were mounted on copper grids, stained with 1% uranyl acetate (Sigma-
Aldrich) and 1% lead citrate (Sigma-Aldrich), and observed and photographed using a JEM-1230 transmission electron
microscope (JEOL, Kanagawa, Japan).

Nanoparticle Tracking Analysis

A dark field microscope (NS500; Nanosight, Amesbury, UK) with a 45 mW 405 nm laser and an electron multiplying
charge-coupled device (EMCCD) was used to determine the SPIONs by tracking the Brownian motion of single
particles.

Hematoxylin and Eosin Staining

In brief, tissue samples were fixed with 4% paraformaldehyde, dehydrated, and embedded in paraffin. Sections with
a thickness of 4 pm were cut using a microtome and mounted on slides before being dewaxed using xylene and subjected
to a gradient of ethanol dehydration. The samples were stained with hematoxylin at room temperature for 5 min,
differentiated with 1% hydrochloric acid ethanol for 30s, and returned to blue with dilute ammonia water for 1 min,
followed by rinsing with distilled water for 5 min. Subsequently, the samples were stained with eosin at room
temperature for 2 min and rinsed with distilled water for 2 min. A gradient of ethanol was used for dehydration. The
samples were cleared with xylene for 2 min before being mounted with neutral gum.

Masson Staining

Masson staining was performed according to the instructions of the Masson staining kit (Beyotime Biotechnology,
Jiangsu, China). After embedding, sectioning, and dewaxing the tissue samples, they were stained with the prepared
hematoxylin solution (A1l and A2 mixed at a 1:1 ratio) for 10 min, followed by differentiation in acidic ethanol for 5s and
rinsing with distilled water for 10s. The Masson blue solution was applied to the samples for 3 min, followed by rinsing
of the samples with distilled water for 1 min. The samples were then stained with Lichun red solution for 7 min, washed
with weak acid working solution for 1 min, rinsed with phosphomolybdic acid solution for 1 min, and again washed with
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weak acid working solution for 1 min. The aniline blue solution was used for staining of the samples for 2 min, followed
by washing with weak acid working solution for 1 min. Subsequently, rapid dehydration was performed with 95%
ethanol, followed by three rounds of dehydration with anhydrous ethanol for 10s each. Finally, the samples were cleared
with xylene three times for 2 min each before they were mounted with neutral gum for observation and photography
under a microscope.

Oil Red O Staining

To perform Oil Red O staining, an adequate number of zebrafish were collected, rinsed with PBS, and fixed with 4%
paraformaldehyde (PFA) at room temperature for 1 h or overnight at 4°C. After treatment with 25, 50, 75, and 100%
propylene glycol diluted with PBS, the samples were stained with Oil Red O solution overnight in the dark at room
temperature. Subsequently, the samples were treated sequentially with 75, 50, and 25% propylene glycol diluted with
PBS and preserved in glycerol before photographs were taken under a microscope.

Senescence-Associated 3-Galactosidase Staining

SA-B-gal staining was performed according to the instructions of the SA-B-gal staining kit (Beyotime). In brief, the
samples were rinsed once with PBS and then fixed with the fixing solution for 10 to 15 min. After the samples were
washed twice with PBS, 800 pL of freshly prepared staining solution, in which 1 mL included 930 uL of staining
solution, 10 puL of solution A, 10 uL of solution B, and 50 pL of X-gal (20 mg/mL), was added. The samples were then
incubated in a 37°C incubator in the dark for 16 h. After staining, the samples were washed twice with PBS before being
observed and photographed under a microscope.

Filipin Staining

To perform filipin staining, the samples were rinsed twice with PBS and fixed at room temperature with 4% PFA for
30 min. In a dark environment, filipin staining solution, of which the storage solution is a 25 mg/mL dimethyl sulfoxide
(DMSO) solution and the working solution is a 50 pg/mL (DMSO) solution (Yuanye Biotechnology, Shanghai, China),
was added to stain the samples for 1 h. After staining, the samples were washed several times with PBS, mounted with an
aqueous mounting medium, and observed and photographed under a fluorescence microscope.

RNA-Sequencing

In brief, the total RNA from each group of samples was assessed for integrity using agarose gel electrophoresis and
quantified with a NanoDrop ND-1000 (Thermo Fisher Scientific) for further quality control. For sequencing library
construction, 1 to 2 pg of total RNA from each sample was selected. Total RNA was first enriched for mRNA using the
NEB Next® Poly(A) mRNA Magnetic Isolation Module (New England BioLabs, Southwick, MA, USA) or treated with
the RiboZero Magnetic Gold Kit (Illumina, San Diego, CA, USA) for rRNA removal. The RNA products after treatment
were used to construct libraries with the KAPA Stranded RNA-Seq Library Prep Kit (Illumina). The constructed libraries
underwent quality control (QC) using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA),
assessing library concentration, fragment size of 400 to 600 bp, and the presence of adapters and other factors, and
further quantified using quantitative polymerase chain reaction (QPCR; Shanghai Personal Biotechnology Co., Ltd.,
Shanghai, China). Based on the quantification results and the final sequencing data requirements, the sequencing libraries
from different samples were mixed, and the sequencing process was entered. The sequencing data generated by the
Illumina NovaSeq 6000 (Illumina) were raw sequencing data that had undergone QC to evaluate whether the sequencing
data could be used for subsequent data analysis.

After QC, the trimmed data produced through the preprocessing and filtering steps, during which adapter sequences
and overly short fragments were removed, was aligned to the reference genome. Statistical analysis of the alignment
results, which included determination of the alignment rate, ribosomal RNA (rRNA)/mitochondrial RNA (mtRNA)
content, and potential bias of sequencing fragments on genes, was performed to determine whether the alignment results
could be used for further data analysis. If the alignment results were satisfactory, a series of analyses were conducted,
including gene and transcript expression quantification, various analyses based on gene expression levels, differential
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gene expression screening, gene ontology (GO) functional enrichment analysis, and pathway significance enrichment
analysis. Finally, various visualization views, such as scatter plots, volcano plots, and clustering diagrams, were
generated to facilitate data browsing (Shanghai Personal Biotechnology Co., Ltd).

RNA Extraction, Reverse Transcription, and Quantitative Real-Time PCR

According to the RNAprep Pure Tissue Kit (TTANGEN Biotech (Beijing) Co., Ltd., Beijing, China) instructions, cells
were mixed with 800 pL of lysis buffer and vigorously shaken. Next, 200 uL of chloroform was added, and the mixture
was inverted and mixed well. The sample was then centrifuged at 4°C at 13,400 xg for 15 min, and the supernatant was
collected. After two volumes of anhydrous ethanol relative to the supernatant volume were added and mixed well, the
mixture was centrifuged at 4°C at 13,400 xg for 30 min. The RNA pellet was resuspended in 500 pL of 75% ethanol and
centrifuged at 4°C at 13,400 xg for 5 min. The excess liquid was removed, and the pellet was dissolved in 300 pL of
diethyl pyrocarbonate (DEPC)-treated water. One microliter of the RNA solution was used to measure the OD260/
OD280 ratio (generally controlled between 1.8 and 2.0) to determine RNA purity and total concentration.

Following the instructions of the messenger RNA (mRNA) first-strand complementary DNA (cDNA) synthesis kit
(TIANGEN Biotech), 20 pL of total RNA (100 ng/uL), 25 pL of 2 x mRNA RT Reaction Buffer, 4 pL of 1 x mRNA RT
Enzyme Mix, and 6 pL of RNase-Free deionized water were mixed thoroughly. The following reactions were conducted
in a PCR machine: the sample was incubated at 42°C for 60 min for poly(A) tail addition and reverse transcription before
being incubated at 95°C for 3 min for enzyme inactivation. Subsequently, following the instructions of the mRNA qPCR
Detection Kit (TTANGEN Biotech), the following reagents and samples were added according to the system: 10 pL of 2
x mRcute Plus mRNA Premix (with SYBR), 1 pL each of 1 x Forward Primer and Reverse Primer (10 uM), 4 pL of
first-strand cDNA, and 4 pL of deionized water. The following reactions were performed on the real-time fluorescence
quantitative PCR instrument: 95°C for 15 min, 94°C for 20s, and 60°C for 34s while reading fluorescence values for
a total of 40 cycles. The relative expression levels of genes were determined using the 2-AACt method, where ACt =
Ct_genes — Ct_18s rRNA; AACt = ACt_all_groups — ACt_control_group. The mRNA expression levels were normalized
according to the expression level of 18s rRNA.

Statistical Analysis

Each experiment was performed at least three times, and the data are shown as the mean (standard error) where
applicable. Differences were evaluated using the Student’s ¢ test, and a P value less than 0.05 was considered statistically
significant. Meanwhile, Using the One-Way ANOVA with Bonferroni test for multiple group comparisons, significant
interactions, differences and main effects for all statistical tests were analyzed (o = 0.05). A P value less than 0.05 was
considered to be statistically significant.

Results

The Successful Loading of OA@SPION-PEI Has the Advantages of Good
Dispersibility, Stability, and Non-Toxicity

In order to overcome the disadvantages of poor solubility and stability of OA and improve the therapeutic effect, using
a distributed synthesis method, we loaded polyethyleneimine (PEI) onto the surface of SPIONSs and then incorporated OA
to form an OA@SPION-PEI nanocomposite (Figure 1A). The SEM and TEM results indicated that OA@SPION-PEI
exhibited a spherical shape, with a diameter of approximately 50 nm (Figure 1B and C). NAT analysis confirmed that the
particle size of OA@SPION-PEI ranged from 28 to 149 nm (Figure 1D).

The results of Fourier transform infrared spectroscopy (FTIR) shown that the vibration peak of OA was at 1000—1500
nm, and the simultaneous presence of this peak in the curve of the OA@SPION-PEI confirmed the successful loading of
OA onto SPION in the nanomedicine (Figure 1E). The results of UV spectrophotometer detection indicated that the
absorption peak of OA was mainly concentrated around 260 nm, while the ultraviolet absorption peak of SPION was
mainly located around 400—550 nm; Therefore, the absorption peaks of OA@SPION-PEI were mainly located between
250-300 nm and 400-550 nm (Figure 1F). The Zeta potential detection results revealed that both SPION and OA had
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Figure | The successful loading of OA@SPION-PEI has the advantages of good dispersibility and stability. (A) Loading process of OA and SPION-PEL. (B) Scanning electron
microscopy results showed that surface of OA@SPION-PEI was a spherical structure. (C) Transmission electron microscopy results showed that OA@SPION-PEI appeared
spherical with a diameter of approximately 50 nm. Scale bar = 50 nm. (D) NAT detection results confirmed that the particle size of OA@SPION-PEI was between 28 and
149 nm. (E) The results of Fourier transform infrared spectroscopy (FTIR) assay. (F) The results of UV spectrophotometer detection. (G) The Zeta potential detection
results revealed that the zeta potential of OA@SPION-PEI was approximately —16.63+0.31 mV. (H) The UV visible spectrophotometer detection results showed that the
packaging closure rate of OA in nanomedicine was greater than 60%. (I) The in vitro release rate of OA in OA@SPION-PEI was detected in different pH environments.

negative and relatively stable Zeta potentials; Meanwhile, The zeta potential of OA@SPION-PEI was approximately
—16.63+0.31 mV (Figure 1G). In addition, the UV visible spectrophotometer detection results showed that the packaging
closure rate of OA in nanomedicine was greater than 60% (Figure 1H).

In order to evaluate the controlled release ability of the nano drug delivery system, the in vitro release rate of OA in
OA@SPION-PEI was detected in different pH environments. The experimental results showed that the pH=5.0
environment is more likely to stimulate the release of OA than the pH=7.0 environment (Figure 1I). Under acidic

conditions, the release rate of OA significantly increases, making it easier to exert anti-tumor effects. In addition, the
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experimental results also showed that with the increase of time, the diameter of OA@SPION-PEI exposed to serum
(FBS) was significantly smaller than that exposed to PBS. The experimental results indicated that OA@SPION-PEI in
serum was not prone to aggregation. The results of the above experiments indicated that the loading of OA@SPION-PEI
nanomedicine is successful, and it has good dispersibility and stability characteristics.

To assess whether OA@SPION-PEI has any toxic effects on zebrafish growth and development, we added 21 mg/mL
of OA@SPION-PEI to zebrafish embryos 0 days post-fertilization (dpf) and maintained continuous culture until 3 dpf.
Microscopic examination revealed that the zebrafish embryos developed normally without any morphological defects in
their organs. All zebrafish successfully progressed to the juvenile stage, with clear green fluorescence observed in the
vascular regions (Figure 2). The experimental results indicate that OA@SPION-PEI has no toxic side effects on zebrafish
growth and development.

Bright field GFP

Figure 2 OA@SPION-PEI has no effect on zebrafish growth and development. Observation of zebrafish embryonic development under microscopy. Scale bar: 500 um.
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OA@SPION-PEI Significantly Alleviates Lipid Deposition and Organ Pathological
Aging Induced by oxLDL in Zebrafish

H&E staining revealed that the zebrafish in the oxXLDL+SPIONs group exhibited vacuolar structures in multiple organs
and notable muscle damage, including myocardial injury, suggesting lipid deposition as the likely cause. However, the
zebrafish in the oxLDL+OA@SPION-treated group showed significant restoration of organ morphology (Figure 3A).
Masson’s staining indicated that although both the oxLDL+SPIONs and oxLDL+OA@SPION-treated groups exhibited
pronounced deep red staining in various tissues, especially in muscle, indicating significant lipid deposition, the organ
morphology of the oxLDL+OA@SPION-treated group appeared more intact (Figure 3B). SA-B-gal staining revealed that
although all three groups exhibited positive staining, the oxLDL+SPIONs group displayed a dark green color, particu-
larly in the yolk sac region, indicating a higher degree of organ aging. In contrast, the oxXLDL+OA@SPION-treated
group demonstrated significantly reduced SA-B-gal staining, suggesting marked improvement in organ aging (Figure 3C).

Additionally, Oil Red O staining indicated that the oxLDL+SPIONs group exhibited pronounced deep red staining,
particularly in the yolk sac region, reflecting high levels of organ lipid deposition. In contrast, the oxLDL+OA@SPION-
treated group displayed a lighter red color, indicating significant improvement in lipid deposition (Figure 4A). The results
of filipin staining were consistent with those of Oil Red O staining (Figure 4B). Furthermore, TEM examination revealed
significant improvements in the ultrastructural integrity of myocardial, hepatic, and intestinal tissues in the oxLDL
+OA@SPION-treated group (Figure 5). The results of these multiple pathological assessments suggest that OA@SPION
can significantly alleviate lipid deposition and pathological organ aging induced by oxLLDL in zebrafish.

oxLDL Alters the Expression Levels of Multiple Gene Transcripts in zeECs

Using flow cytometry sorting technology, GFP+ zeECs were enriched from the somatic cells of zebrafish, and RNA seq
was utilized to identify differences in gene transcript levels among the three sample groups. A total of 25,432 gene
transcripts were detected across the three samples (Figure 6A and Supplementary Data Figure S1). Bidirectional

clustering analysis was performed on the intersection of differentially expressed genes across all comparison groups
using the R language packages pheatmap and ComplexHeatmap. Based on the expression levels of the same gene in
different samples and the expression patterns of different genes within the same sample, the transcripts were classified
into nine clusters (Figure 6A and Supplementary Data Figure S1). Specifically, gene sets in Clusters 1, 3, and 4 exhibited
significantly higher expression levels in the untreated group (WT) and the oxLDL+OA@SPION treated group (T)
compared with the oxLDL+SPIONs group (M; Figure 6B and Supplementary Data Figure S2). Conversely, gene sets in

Clusters 7, 8, and 9 displayed opposite expression trends (Figure 6B and Supplementary Data Figure S2). All transcripts

corresponded to genes located on 25 chromosomes (Figure 6C and Supplementary Data Figure S3). Using the criteria of

log2FoldChange > 2 for significantly upregulated genes and log2FoldChange < — 2 for significantly downregulated
genes, all transcripts were filtered. The statistical results indicated that in the comparison of the oxLDL+SPIONs group
vs the untreated group, there were 484 significantly upregulated gene transcripts and 294 significantly downregulated
gene transcripts, and in the comparison of the oxLDL+OA@SPION treated group vs the oxLDL+SPIONs group, there
were 486 significantly upregulated gene transcripts and 203 significantly downregulated gene transcripts (Figure 6D).
Among these, 43 gene transcripts were identified in the intersection of significantly differentially expressed genes across
the three groups (Figure 6E).

GO analysis of the significantly differentially expressed gene transcripts revealed that in the comparison of the oxLDL
+SPIONSs and untreated groups, the differentially expressed gene transcripts were mainly associated with biological
processes (BPs) such as the response to xenobiotic stimuli and molecular functions (MFs), eg, peptidase activity. In the
comparison of the oxXLDL+OA@SPION-treated and oxLDL+SPIONs groups, the differentially expressed gene transcripts
were primarily related to intracellular sequestering of the iron ion, a BP; lactose synthase activity, an MF; and apolipopro-
tein B mRNA editing enzyme complex, a cellular component (CC; Figure 6F and Supplementary Data Figure S4).

Furthermore, Kyoto Encyclopedia of Genes and Genomes (KEGQG) analysis revealed that the differentially expressed
gene transcripts in the comparison of the oxLDL+SPIONs and untreated groups were mainly involved in signaling
pathways such as the Toll-like receptor signaling pathway. In the comparison of the oxLDL+OA@SPION-treated and

2928 https: Drug Design, Development and Therapy 2025:19


https://www.dovepress.com/article/supplementary_file/512752/Supplementary+data_1_1.pdf
https://www.dovepress.com/article/supplementary_file/512752/Supplementary+data_1_1.pdf
https://www.dovepress.com/article/supplementary_file/512752/Supplementary+data_1_1.pdf
https://www.dovepress.com/article/supplementary_file/512752/Supplementary+data_1_1.pdf
https://www.dovepress.com/article/supplementary_file/512752/Supplementary+data_1_1.pdf
https://www.dovepress.com/article/supplementary_file/512752/Supplementary+data_1_1.pdf

Gao et al

A. Untreated oxLDL+SPIONs oxLDL+OA@SPION

9‘ e y 'wa‘».-x i

O

B. Untreated oxLDL+SPIONs oxLDL+OA@SPION

C. Untreated oxLDL+SPIONs oxLDL+OA@SPION

(@) — — —

Figure 3 Pathological staining shows that OA@SPION-PEI alleviates oxLDL-induced organ damage and pathological aging in zebrafish. (A) H&E staining results showed
significant restoration of morphology in various organs of zebrafish treated with OA@SPION-PEL. (a) Magnification: 40x. Scale bar: 500 um. (b) Magnification: 200x. Scale
bar: 100 um. (B) Masson staining results indicated that OA@SPION-PEI significantly restored the structural integrity of zebrafish tissues and organs. (a) Magnification: 40x.
Scale bar: 500 pum. (b) Magnification: 200x. Scale bar: 100 pum. (C) SA-B-gal staining resules demonstrated that OA@SPION-PEI significantly improved the degree of organ
aging in zebrafish. (a) Magnification: 40%. Scale bar: 500 pm. (b) Magnification: 200%. Scale bar: 500 pum.
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A. Untreated oxLDL+SPIONs oxLDL+OA@SPION

(a)

Untreated oxLDL+SPIONs oxLDL+OA@SPION

FILIPIN Fli1a::GFP

Merge

Figure 4 Pathological staining shows that OA@SPION-PEI alleviates oxLDL-induced lipid deposition in zebrafish organs. (A) Oil Red O staining of zebrafish in the
OA@SPION-PEI group exhibited a light red coloration, indicating significant improvement in lipid deposition. (a) Magnification: 40%. Scale bar: 500 um. (b) Magnification:
100x%. Scale bar: 200 um. (B) Filipin staining of the OA@SPION-PEI group showed significantly reduced lipid deposition in various zebrafish organs. Magnification: 100x.
Scale bar: 200 pm.
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oxLDL+OA@SPION

>

j

Figure 5 Transmission electron microscopy confirms protective effects of OA@SPION-PEI on microstructure of zebrafish tissues and organs. (a) OA@SPION-PEI

group showed significant restoration of cardiomyocyte structure. Scale bar = 2 pm. (b) OA@SPION-PEI group showed significant restoration of intestinal cell
structure. Scale bar = 2 um. (c) OA@SPION-PEI group showed significant restoration of liver cell structure. Scale bar = 2 um.

oxLDL+SPIONs groups, the differentially expressed gene transcripts were primarily related to signaling pathways such as
galactose metabolism (Figure 6G and Supplementary Data Figure S5). These research findings suggest that oxLDL can

alter the expression levels of multiple gene transcripts in zeECs.

OA@SPION-PEI Treatment Alters Gene Transcript Expression Levels in zeECs in an

Atherosclerosis Model
To determine the effect of OA@SPION on gene transcripts in oxLDL-induced zebrafish atherosclerosis model zeECs, we
conducted four comparisons of the intersections of transcripts from two groups: the oxLDL+SPIONs group vs the
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the three sample groups. (F) GO analysis predictions for the functions of differential gene transcripts among the three sample groups. (G) KEGG analysis predictions for the
functions of differential gene transcripts among the three sample groups.
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untreated group (high), the oxLDL+OA@SPION-treated group vs the oxLDL+SPIONs group (low; group 1), the oxLDL
+SPIONS group vs the untreated group (low), and the oxLDL+OA@SPION-treated group vs the oxLDL+SPIONs group
(high; group 2; Figure 7A). The statistical analysis indicated that group 1 included 64 differentially expressed transcripts,
which represented transcripts significantly downregulated after OA@SPION treatment (Figure 7A, B and Supplementary
Data Figure S6). Conversely, group 2 included 142 differentially expressed transcripts representing transcripts signifi-
cantly upregulated after OA@SPION treatment (Figure 7A, B and Supplementary Data Figure S6). GO analysis revealed

that the significantly downregulated transcripts in group 1 were associated with BPs such as response to cadmium ion,
CCs such as the lipopolysaccharide receptor complex, and MFs such as cholesterol 25-hydroxylase activity (Figure 7C
and Supplementary Data Figure S7). On the other hand, the significantly upregulated transcripts in group 2 were linked to

BPs such as germ cell development, integral components of the membrane (CCs), and mitogen-activated protein (MAP)
kinase activity (MF; Figure 7C and Supplementary Data Figure S7). Additionally, KEGG analysis demonstrated that the

significantly downregulated transcripts in group 1 were primarily associated with signaling pathways such as the
mitogen-activated protein kinase (MAPK) signaling pathway (Figure 7D and Supplementary Data Figure S8). In

contrast, the significantly upregulated transcripts in group 2 were involved in signaling pathways such as gap junctions
(Figure 7D and Supplementary Data Figure S8). Overall, these findings suggest that after oxLDL+SPION treatment, the

expression levels of multiple gene transcripts and the associated physiological and biochemical signaling pathways in
zeECs of the zebrafish atherosclerosis model undergo significant changes with OA@SPION treatment.

OA@SPION-PEI Mitigates oxLDL-Induced Damage to zeECs by Regulating JNK and

MAPK Signaling Pathway Expression

Integration of the RNA-seq and KEGG prediction results indicates that OA@SPION has a role in modulating the
expression of the JNK and MAPK signaling pathways, which are positively correlated with inflammation activation
and cell apoptosis (Figure 8A). Heatmap and visualization analyses revealed that in the OA@SPION-treated group,
the key genes involved in the JNK and MAPK signaling pathways, such as Cacnalc, Rablab (Ras), Map3kl
(MEKK1), Mapk8b (JNK), and JunD showed significantly lower sequencing signals compared with the oxLDL
+SPION-treated group (Figure 8B and C). The qPCR results further indicated that the mRNA expression levels of
Cacnalc, Rablab, Map3kl, Mapk8b, and JunD were significantly lower in the OA@SPION-treated group zeECs
compared with the control group zeECs, whereas the expression levels of the negatively regulated genes HSP70.1
and HSP70.3 exhibited an opposite trend (Figure 8D). Therefore, the experimental findings suggest that
OA@SPION likely alleviates oxLDL-induced damage to zeECs by regulating the expression of the JNK and
MAPK signaling pathways.

Discussion
The aging of vascular ECs, lipid deposition, and inflammatory cell infiltration collectively exacerbate the occurrence and
development of atherosclerosis.'*> Atherosclerosis significantly impacts human health and longevity, making the
search for effective therapeutic agents essential. Recent reports indicate that OA exerts various beneficial effects,
including the reduction of reactive oxygen species (ROS), the accumulation of lipid peroxides, and the mitigation of
chronic inflammation.'>~'"'%*3 However, OA also has critical drawbacks, such as poor water solubility and low cellular
absorption and bioavailability, which severely hinder its therapeutic efficacy.'”"'” Currently, nanomedicine is gaining
traction among clinical drug developers due to its high loading capacity, excellent cell membrane permeability, low
toxicity, and stable sustained-release capabilities.”' >

Increasing evidence supports that SPIONs can effectively combine with various lipophilic or hydrophilic drugs to
facilitate their efficient delivery into cells.”'>*2> In light of this evidence, we aimed to load OA onto the surface of
SPIONs to create an OA@SPION-PEI nanomedicine and explore its therapeutic effects and target mechanisms in
a zebrafish model of atherosclerosis. We selected zebrafish as a novel model organism for studying lipid metabolism
because it has several advantages over mice.>> >’ First, high-cholesterol diets can induce early phenotypes of hyperch-
olesterolemia and atherosclerosis in zebrafish without requiring genetic mutations.*> >’ Additionally, zebrafish larvae can
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Figure 7 OA@SPION-PEI alters expression levels of multiple gene transcripts in zeECs. (A) Intersection results of significantly differentially expressed gene transcripts
obtained from pairwise comparisons among the three sample groups. (B) Heatmap results of significantly differentially expressed gene transcripts obtained from pairwise
comparisons among the three sample groups. (C) GO analysis predictions for significantly differentially expressed gene transcripts obtained from pairwise comparisons
among the three sample groups. (D) KEGG analysis predictions for significantly differentially expressed gene transcripts obtained from pairwise comparisons among the

three sample groups.
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Figure 8 OA@SPION-PEI alleviates oxLDL-induced damage to zeECs by regulating expression of JNK and MAPK signaling pathways. (A) Composition of the JNK and
MAPK signaling pathways. (B) Heatmap showing that OA@SPION-PEI significantly reduced the transcript levels of key genes in the JNK and MAPK signaling pathways in
zeECs. (C) Visualization results indicated that OA@SPION-PEI significantly reduced the transcript levels of key genes in the JNK and MAPK signaling pathways in zeECs.
(D) gPCR results indicated that the mRNA expression levels of genes such as Cacnalc, Rablab, Map3kl, Mapk8b, and JunD are significantly decreased in the
OA@SPION-PEI-treated group zeECs. #p<0.01, One-Way ANOVA using Bonferroni test; *p<0.01, t test.

remain transparent for nearly a month after drug treatment, facilitating live imaging observations. Zebrafish also have
short breeding cycles, high fecundity, and low maintenance costs.*> >’ Considering the crucial role of ECs in the
pathogenesis of atherosclerosis, we utilized a specialized transgenic zebrafish (flila::EGFP+ zeECs) that labels ECs
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with GFP. This approach permits precise isolation of vascular ECs and subsequent gene sequencing analysis, allowing us
to accurately explore the impact of OA@SPION-PEI on zeEC gene expression.

Through systematic pathological examination, oxidized low-density lipoprotein (oxLDL) has been confirmed to
significantly induce lipid deposition, cellular aging, and structural damage in multiple organs of zebrafish. In contrast,
OA@SPION-PEI has been observed to significantly alleviate these pathological injuries. By isolating and enriching
Flila::EGFP+ zeECs from various groups and performing high-throughput RNA-seq, we found that OA@SPION-PEI
can significantly improve the gene expression levels in a substantial group of ECs, with expression trends similar to those
observed in untreated ECs. The high-throughput sequencing results indicate that OA@SPION-PEI may alleviate the
pathological damage caused by oxLLDL by correcting the expression levels of multiple genes. Furthermore, bioinfor-
matics predictions combined with the molecular biology experiments suggest that OA@SPION-PEI likely mitigates
oxLDL-induced damage to zeECs by regulating the expression of the JNK and MAPK signaling pathways.

An increasing number of studies have reported that the activation of the JNK and MAPK signaling pathways is
positively correlated with cellular inflammation, apoptosis, differentiation, and injury.*®>° Several studies have
pointed out that effectively inhibiting the activity of the JNK and MAPK signaling pathways can significantly
improve the pathological manifestations of atherosclerosis. Zhang et al confirmed that Astragaloside IV inhibited
inflammation to attenuate atherosclerosis and hepatic steatosis by decreasing the phosphorylation levels of JNK,
ERK1/2, p38, and NF-kB in the MAPK/NF-kB signaling pathway in LDLR-/- mice.** Geng et al found that the
MAPK and JNK inhibitors could reduce the expression of the CD36/MAPK/INK pathway and the formation of
foam cells and atherosclerosis induced by ox-LDL and trimethylamine N-oxide.*' Zhao et al reported that IL-4 may
induce macrophages to take on an M2 phenotype to attenuate inflammation via inhibition of MAPK signaling
pathway activity, including expression of p-ERK and p-JNK, thereby protecting against atherosclerosis.*?

Several environmental toxicology studies have shown that di-N-butyl-phthalate increases the levels of phosphoryla-
tion modifications of p-ERK1/2 and p-JNK in the JNK and ERK1/2 MAPK signaling pathways, leading to increased
testicular damage in rats.** Furthermore, microplastics have been found to induce murine reproductive toxicity through
oxidative stress and activation of the p38 MAPK signaling pathways.** These findings demonstrate that activation of the
JNK and MAPK signaling pathways significantly increases inflammation release and oxidative stress damage and
exacerbates the pathological damage of atherosclerosis. Our findings are consistent with these reports, further validating
the reliability of our experimental data. We also confirmed that OA@SPION-PEI is likely to alleviate oxLDL-induced
damage to zebrafish zeECs by downregulating the expression of the JNK and MAPK signaling pathways.

In addition, both RNA high-throughput sequencing results and pathological staining results confirmed that
OA@SPION-PEI could significantly improve the symptoms of atherosclerosis in zebrafish. Meanwhile, OA@SPION-
PEI also significantly inhibited the expression of INK and MAPK signaling pathway. And, the KEGG prediction results
also indicated that the expression level differences of the gene cluster involved in the above signal transduction pathways
were the most significant. Therefore, we have reason to believed that OA@SPION-PEI improved lipid-oxidative stress
injury of zebrafish vessels via alleviating the JNK and MAPK signaling pathways in endothelial cells. After in-depth
analysis of JNK and MAPK signaling pathway, we found that there is a negative regulatory factor on this pathway,
namely HSP70.1 and HSP70.3, members of the heat shock protein family. They achieve negative regulation of the entire
pathway by negatively regulating the expression of JNK protein. Our qPCR results showed that the expression levels of
HSP70.1 and HSP70.3 were significantly higher in the samples of OA@SPION-PEI treated group than them in the
control group. The result indicated the regulatory targets of OA@SPION-PEI for the JNK and MAPK signaling
pathways are likely to be HSP70.1 and HSP70.3. We speculated that OA@SPION-PEI may negatively regulated the
expression of JNK protein by activating the expression of HSP70.1 and HSP70.3 in vascular endothelial cells, thereby
achieving inhibitory effects on the JNK and MAPK signaling pathways. Of course, due to limitations in time and
funding, further research was not conducted. However, we believe that above result is very exciting. Meanwhile, in our
subsequent study, we will in-depth explore the molecular biology mechanisms underlying the interaction between
OA@SPION-PEI and of HSP70.1, HSP70.3.

In this study, we did not evaluate the long-term toxicity of SPIONs on zebrafish. We have referred to many clinical
research reports in the past 20 years and found that multiple SPIONs derived contrast agents were used for clinical
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diagnosis, and have fully demonstrated their safety and reliability in humans. To date, multiple companies and enterprises
around the world have participated in the research and development of SPIONs contrast agents, and various commercial
products have been launched.”>*™*® For example, the Advanced Magnetics Company (Cambridge, MA, USA) was the
first to launch the drug GastroMark (Ferumoxsil) based on magnetic iron oxide nanomaterials, based on a large amount
of clinical data, and was approved for clinical diagnosis in Europe in 1993.2**% In 1996, the US Food and Drug
Administration (FDA) approved Advanced Magnetics Company intravenous formulation Feridex for hepatic
imaging.>*>™*® In 2000, the Resovist (Ferucarbotran) developed by Schering (BAYER Group) for liver imaging was
officially approved for clinical use in Europe. Subsequently, the lymphatic system contrast agent Combidex (Sinerem)
has been appeared.>*>*® At present, more than 10 clinical products have been developed based on magnetic
nanoparticles.”>*~** In addition, Ferumoxytol, consists of an iron oxide core nanoparticle coated with carboxymethyl-
dextran, which has been primarily used as an iron injection for anemia. It provides an alternative approach for MRI of
atherosclerotic plaques. Ferumoxytol can be taken up by macrophages in the atherosclerosis plaque and provide localized
signal and imaging. For instance, In 2016, Semple et al applied Ferumoxytol for MR T2-weighted imaging with the
potential application towards atherosclerosis.*>>° Numerous clinical trials have confirmed that these magnetic nanopar-
ticles derived contrast agents are safe for the human body.>>*>*®

Our study confirms that SPIONs can effectively deliver OA for stable release in zebrafish and provides strong
evidence that OA@SPION-PEI protects against oxXLDL damage in zebrafish by lowering the expression levels of the
JNK and MAPK signaling pathways (Figure 9).

OA@SPION-PEI zeECs sortting & RNA-seq OA@SPION-PEI alleviates oxLDL

---------------------- damage to zebrafish zeECs by
regulation of JNK and MAPK
signaling pathways

o)
)
A .

Flila::EGFP+
zeECs

Differentiation
Inflammation
Apoptosis

Figure 9 OA@SPION-PEI protects against lipid damage in zebrafish by lowering expression levels of JNK and MAPK signaling pathways.
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