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Abstract: Rapeseed polyphenols have cardiovascular protective effects. Sinapine, one main rapeseed
polyphenol, possesses antioxidative, anti-inflammatory, and antitumor properties. However, no
research has been published about the role of sinapine in alleviating macrophage foaming. This
study aimed to reveal the macrophage foaming alleviation mechanism of sinapine by applying
quantitative proteomics and bioinformatics analyses. A new approach was developed to retrieve
sinapine from rapeseed meals by using hot-alcohol-reflux-assisted sonication combined with anti-
solvent precipitation. The sinapine yield of the new approach was significantly higher than in
traditional methods. Proteomics was performed to investigate the effects of sinapine on foam cells,
and it showed that sinapine can alleviate foam cell formation. Moreover, sinapine suppressed CD36
expression, enhanced the CDC42 expression, and activated the JAK2 and the STAT3 in the foam cells.
These findings suggest that the action of sinapine on foam cells inhibits cholesterol uptake, activates
cholesterol efflux, and converts macrophages from pro-inflammatory M1 to anti-inflammatory M2.
This study confirms the abundance of sinapine in rapeseed oil by-products and elucidates the
biochemical mechanisms of sinapine that alleviates macrophage foaming, which may provide new
perspectives for reprocessing rapeseed oil by-products.

Keywords: sinapine; foam cells; proteomics; atherosclerosis; lipid metabolism

1. Introduction

Rapeseeds are the second-largest source of edible oil production and one of the most
important oil crops in the world [1]. Sinapine is the most abundant phenolic compound
in rapeseeds, accounting for up to 80% of the total phenolic content [2], and is mainly
found in rapeseed meals [3]. Sinapine has some bioactivities, such as anti-inflammatory [4],
antioxidant [5], and anti-angiogenic properties [6]. Various polyphenols, such as gallic
acid [7] and chlorogenic acid [8], alleviate foam cells and prevent atherosclerosis. Though
sinapine is the main polyphenol in rapeseed meals, there are few studies on its alleviation
effect on foam cells.

Macrophages are immunological and metabolic cells involved in atherosclerosis occur-
rence and development [9]. Macrophages take up modified LDL in the form of oxidized
LDL particles (ox-LDL) through uptake receptors [10]. Lipid metabolism in macrophages
involves three distinct processes: cholesterol uptake, esterification, and efflux. The dysreg-
ulation of these lipid processes leads to the formation of lipid-dense macrophages, known
as “foam cells”, which are defined as a characteristic of early atherosclerosis [11]. Thus,
finding ways to effectively inhibit the formation of foam cells and exploring the mechanism
of inhibiting foam cells are significant for the prevention and treatment of atherosclerosis.

In this study, we developed a new extraction method to retrieve sinapine from rape-
seed meals by using hot-alcohol-reflux-assisted sonication combined with anti-solvent
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precipitation. We found a significant ameliorative effect of sinapine on foam cell forma-
tion. Through label-free quantitative proteomics (LFQ) and bioinformatics analysis of
differential proteins and the pathways involved, we found that sinapine can activate the
CD36/CDC42-JAK2-STAT3 pathway in foam cells. We achieved the efficient utilization
of rapeseed-oil by-products and revealed the main plant polyphenols in rapeseed meals,
sinapine, to alleviate macrophage foaming.

2. Results
2.1. The Effect of Extraction Methods on Sinapine

The total content of sinapine was measured according to the equation of the standard
curve: y = 0.0515x − 0.0047. The sinapine contents in rapeseed meals prepared from HE,
HE + UE, and HE + UE + AP were analyzed. The sinapine yields of the three methods were
6.69 ± 0.072, 10.92 ± 0.007, and 15.76 ± 0.015 mg/g, respectively. The sinapine content in
rapeseed meals prepared from HE + UE + AP was significantly higher than those of the
other methods (Figure 1).

Figure 1. Analysis of sinapine yields in rapeseed meal prepared from different extraction techniques.
(HE, hot-ethanol extraction; HE + UE, hot-ethanol extraction and ultrasonic extraction; HE + UE +
AP, hot-ethanol extraction with ultrasonic extraction combined with anti-solvent precipitation). Note:
*** p < 0.001.

2.2. Regulatory Effects of Sinapine on Cholesterol Accumulation in Foam Cells

Foam cells were treated with different concentrations of sinapine (0–640 µM) for
24 or 48 h. After that, cell viability was detected with a CCK8 kit. The concentration
range of sinapine that did not significantly affect the cell viability of macrophages was
determined. In the range of 0–80 µM, the cell viability was not significantly affected when
macrophages were treated with sinapine for 24 h (Figure 2A). Therefore, the effect of
sinapine on macrophages was further investigated at a concentration of 80 µM after 24 h
of incubation. The Oil Red O staining results demonstrated the intracellular lipid content
greatly decreased after adding sinapine (80 µM) for 24 h (Figure 2B). The semi-quantitative
Oil Red O assay showed that treatment with sinapine significantly reduced lipid droplet
content in foam cells (Figure 2C).
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Figure 2. Effects of sinapine on foam cells. (A) Effect of sinapine concentration (0–640 µM) on
cell viability. (B,C) Oil Red O staining results and semi-quantitative analysis. (D) Effect of sinapine
(80 µM) on total cholesterol (TC), free cholesterol (FC), and ratio of cholesterol ester to total cholesterol
(CE/TC) in macrophages. Note: * p < 0.05, ** p < 0.01, and *** p < 0.001.

After a treatment under optimal conditions, the amounts of TC, FC, and CE/TC were
measured in foam cells. In the sinapine group, the cells contained significantly more FC
than the ox-LDL group did (3.607 ± 0.041 vs. 1.037 ± 0.174 mg/g). The TC and CE/TC were
lower in the AST group than in the ox-LDL group (5.187 ± 0.256 vs. 11.163 ± 0.184 mg/g,
and 29.795 ± 3.523% vs. 85.2 ± 1.671%, respectively) (p < 0.05) (Figure 2D).

2.3. Differences in Differentially Expressed Proteins (DEPs) between Different Treatments

In total, 3554 proteins were found to be differentially expressed among the control, the
ox-LDL, and the sinapine groups by screening DEPs in foam cells with LFQ-based quanti-
tative proteomics. A principal component analysis (PCA) was used to examine the protein
expression changes induced by ox-LDL and sinapine interventions. The protein profiles
of the control, the ox-LDL, and the sinapine groups differed significantly. The protein
expressions were significantly different between the ox-LDL group and the control group.
In addition, the sinapine intervention altered the protein expression profile compared to the
ox-LDL group (Figure 3A,B). To further compare the control and ox-LDL groups with the
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sinapine group, we screened out the significantly different proteins by using the following
criteria: fold change (FC) > 1.2, p < 0.05 for upregulated proteins; FC < 0.83, p < 0.05 for
downregulated proteins. In comparing the ox-LDL group and the control group, a total
of 2390 significant DEPs and 512 DEPs proteins were identified in the sinapine group
compared to the ox-LDL group. Thus, sinapine treatment significantly affected protein ex-
pression in foam cells. Specifically, as seen in the volcano plot, when comparing the ox-LDL
group to the control group, 2368 DEPs were downregulated significantly, and 20 DEPs were
significantly upregulated, whereas 271 DEPs were downregulated significantly. Sinapine
induced the upregulation of 214 DEPs compared with the ox-LDL group (Figure 3C). As a
result, the sinapine group had more upregulated proteins than downregulated proteins.
These data indicate that the main biological effects of sinapine are the upregulation of
proteins and the downregulation of foam cells. The above results suggest that protein
expression in foam cells affected by ox-LDL is compensated by sinapine treatment and that
sinapine significantly alleviates macrophage foaming.

Figure 3. Comparison of DEPs among treatments. (A) PCA plots of proteins in foam cells (C, control
group; L, ox−LDL group; A, sinapine group). (B) The abscissa in the DEP heatmap represents
different groups (C1, C2, C3, C4, and C5 = control group; L1, L2, L3, L4, and L5 = ox−LDL group;
S1, S2, S3, S4, and S5 = sinapine group), color blocks at different positions indicate the relative
levels of protein expression, with red indicating high expression and blue indicating low expression.
(C) Volcano plots of ox−LDL group vs. control group. (D) Volcano plots of sinapine group vs.
ox−LDL group.

2.4. DEPs Enriched in Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG)

In total, 2390 DEPs in the control group versus the ox-LDL group, and 512 DEPs in
the ox-LDL group versus the sinapine group were identified (Figure 4A). Among them,
344 proteins were common in the control group, the ox-LDL group, and the AST group
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(Figure 4A). A bioinformatics analysis of these DEPs was performed to find the proteins
that play important roles in the sinapine-treating process. GO and KEGG databases were
accessed for the 344 DEPs among the control, the ox-LDL, and the sinapine groups. The
MF, CC, and BP are shown according to GO annotations (Figure 4B). The DEPs of MF
included binding, catalytic, structural molecule, molecular function regulator, transporter,
ATP-dependent, transcription regulator, molecular transducer, translation regulator, cy-
toskeletal motor, and low-density lipoprotein particle receptor activities. In the CC class,
the cellular, anatomical entity, protein-containing complex, and BP categorization activities
revealed that these DEPs were involved primarily in the cellular process, metabolic process,
biological regulation, localization, response to stimulus, multicellular organismal process,
immune system process, the biological process involved in interspecies interaction between
organisms, developmental process, locomotion, biological adhesion, biological phase, and
the reproductive process.

Figure 4. Bioinformatics analysis of DEPs in the control group, ox-LDL group, and sinapine group.
(A) Venn plot of identified control vs. ox-LDL and ox-LDL vs. sinapine proteins in foam cells. (B) GO
enrichment analysis of DEPs. (C) The above pathways were significantly enriched according to KEGG
pathway enrichment analysis (p < 0.05). Gradual changes from green to red indicate progressively
lower p-values, colors indicate significant enrichment levels, and the size of the circles indicates the
number of proteins.

Based on the shared DEPs among the control, ox-LDL, and sinapine groups, an
enrichment analysis of the 9 KEGG pathway and foam cell cholesterol metabolism pathway
was conducted (Figure 4C).

2.5. Effects of Sinapine on the Cholesterol Metabolism in Foam Cells

Whether sinapine regulated cholesterol metabolism in foam cells was investigated.
The KEGG pathway analysis revealed that some proteins were involved in those pathways,
and the STRING analysis provided evidence of interactions in these proteins. Those
proteins interacted and were closely linked, and the expression trends of these proteins in
the sinapine group were opposite to those in the ox-LDL group (Figure 5A,B). Among them,
CD36, CDC42, JAK2, and STAT3 proteins were closely associated with atherosclerosis and
foam cells, and their protein expressions were opposite to those of the ox-LDL group and
converged with those of the control group after the sinapine base intervention (Figure 5C,D).
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Those proteins are key proteins in cholesterol metabolism and foam cell cholesterol efflux,
respectively.

Figure 5. Protein changes in the affected KEGG pathway after sinapine treatment of foam
cells. (A) Protein–Protein Interaction (PPI) network analysis, with proteins represented by nodes.
(B) Heatmap of DEPs related to lipid metabolism pathway. (C,D) Regulatory pathways of key proteins
and changes in protein expression in proteomics. Red and blue indicate significantly upregulated
and downregulated DEPs, respectively. Note: *** p < 0.001.

2.6. Western Blot Validation of Key Proteins

A Western blot of key proteins was conducted to validate the LFQ-based quantitative
proteomics. CD36, CDC42, JAK2, and STAT3 DEPs participated in the KEGG pathways and
were all involved in the cholesterol metabolism pathway. Consequently, proteins related
to sinapine that prevented foam cell formation were verified by Western blot. Western
blot (Figure 6A) showed that the relative expression level of CD36 in the ox-LDL group
was higher than in the control group. The relative expression levels of CDC42, JAK2, and
STAT3 were lower than in the control group, and the relative expression level of CD36 in
the sinapine group was lower than in the ox-LDL group. The relative expression levels
of CDC42, JAK2, and STAT3 were higher than in the ox-LDL group. These results were
confirmed by proteomic analysis. The expressions of those proteins were strikingly higher
in the sinapine group than in the ox-LDL group, and this is consistent with the proteomic
analysis.
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Figure 6. Expression and validation of key proteins after sinapine treatment in foam cells. (A) Effects
of sinapine on protein levels of CD36, CDC42, JAK2, and STAT3 determined by Western blotting.
(B) Relative protein content of CD36, CDC42, JAK2, and STAT3 protein expressions was calculated by
grayscale analysis with ImageJ. Note: *** p < 0.001.

3. Discussion

Although sinapine can significantly improve several chronic diseases, limited research
has focused on its beneficial effects on the prevention and intervention of atherosclerosis.
Experiments here first suggest that sinapine can prevent and intervene with atherosclerosis
by modulating lipid accumulation in foam cells induced by ox-LDL. In addition, CD36,
JAK2, STAT3, and CDC42 are essential in reducing lipid accumulation and atherosclerosis
in foam cells.

In the arteries of early atherosclerotic lesions, macrophages accumulate under the
endothelium [12]. Moreover, macrophages are rich in lipids due to the differentiation of
monocytes into macrophages, which are taken up by modified lipoproteins [10]. Lipid
metabolism in macrophages involves three distinct processes: absorption, esterification,
and excretion of cholesterol. These dysregulated lipid pathways lead to foam cell formation,
which results in various atherosclerotic effects, including matrix degradation. When located
in this stage, macrophages lead to plaque rupture [13]. Research with animal models shows
that foam cell death can lead to atherosclerosis. Moreover, atherosclerosis occurs in the
cerebral arteries, coronary arteries, and aorta of humans [14]. Thus, the formation of foam
cells is one of the targets for the treatment of atherosclerosis. According to the lipid and
inflammation hypothesis, anti-inflammatory therapies and lipid-modulating strategies
remain the backbone of atherosclerosis treatment.

Several types of cells express CD36, including monocytes and macrophages. CD36 has
been implicated in atherosclerosis by promoting foam cell formation in the intima of blood
vessels [15–17]. CD36 has several functions in regulating modified LDL binding, inflamma-
tory processes, lipid metabolism, fatty acid transport, and immunity [15]. In atherosclerosis,
ox-LDL can be taken up by macrophages through CD36 and transformed into foam cells,
secreting inflammatory cytokines and chemokines [18]. Specifically, a decrease in CD36
protein expression reduces the uptake of ox-LDL and further inhibits the formation of foam
cells and the development of atherosclerotic plaques in ApoE-/-mice [19]. The expression
of CD36 in macrophages is upregulated by several proatherogenic stimuli, such as ox-LDL.
Moreover, ox-LDL enhances the interaction of CD36 with JAK2, induces phosphorylation
of JAK2, and subsequently activates STAT3 signaling [20]. The Janus kinase/signal trans-
ducer and activator of transcription (JAK/STAT) is involved in regulating mammalian cell
proliferation and differentiation and various physiological functions [21]. Receptor binding
triggers autophosphorylation to activate the Janus kinase (JAK), which activates the STAT3
transcription factor (signal transducer and activator of transcription), translocates to the
nucleus and binds DNA to regulate transcription [22]. The JAK2/STAT3 signaling pathway
can regulate lipid metabolism disorders caused by environmental pollutants [23]. The
JAK2/STAT3 signaling pathway is also closely related to lipid metabolism. Mice defi-
cient in JAK2 have lipolysis and impaired insulin resistance [24]. Moreover, activating the
JAK2/STAT3 pathway in macrophages can reduce macrophage lipid levels [25], suggesting
that the JAK2/STAT3 pathway may play a role in reducing intracellular lipid accumulation.
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Therefore, the addition of sinapine reduces the expressions of CD36, JAK2, and STAT3,
thereby reducing the ox-LDL uptake and lipid accumulation in macrophages.

Additionally, the protein expression of the cell-division cycle 42 (CDC42) in foam cells
treated with sinapine is significantly increased. CDC42 affects cytoskeletal rearrangement
and lipid metabolism in macrophages. It promotes actin polymerization and disrupts lipid
rafts [26,27]. The CDC42 protein directly interacts with ABCA1 to direct lipid transport out
of cells [28]. The small GTPase CDC42 is central to the rearrangement of cytoskeletons and
lipid metabolism [29]. AIBP activates CDC42 expression to increase cholesterol efflux [30],
and CDC42 may be involved in cholesterol vesicle transport across the trans-Golgi network
and plasma membrane, suggesting that CDC42 activation induced by APOA-I enhances
vesicular transport, prompting ABCA1 to export cholesterol from cells [31]. The activation
of CDC42 causes lipid raft abundance and structure changes and the rearrangement of actin
filaments during actin remodeling, resulting in raft clustering. Lipid raft changes create
regions of the plasma membrane that can bind apoA-I. The increased apoA-I binding leads
to the intracellular redistribution of cholesterol to the plasma membrane and, together with
increased access to cholesterol, can enhance cholesterol efflux [30]. Therefore, after the
foam cells were treated with sinapine, the CDC42 protein expression significantly increased,
indicating that sinapine can promote the efflux of cholesterol in foam cells.

Interestingly, CDC42 represents a critical source of signals that promote STAT3 activa-
tion [32]. Human cells expressing mutationally activated CDC42 can activate STAT3 due
to phosphorylation at tyr705 and ser727 [33]. Inhibition experiments indicate that CDC42
activate STAT3 though JAK2 [34]. Activation of CDC42 affects the protein expressions of
JAK2 and STAT3, which is consistent with our study. Macrophages found in atherosclerotic
plaques can alter their phenotypes in response to various stimuli. Modified LDL and
cholesterol crystals stimulate pro-inflammatory M1 macrophages [35]. M1 macrophages
produce and secrete pro-inflammatory cytokines, such as TNF-α, IL-1β, IL-6, NO, and
ROS [36]. M1 macrophages also express different chemokine receptor ligands, such as CXC
chemokine ligand CXCL-9, CXCL-10, and CXCL-5. CXCL-5 promotes the recruitment of
Th1 and natural killer cells, which are important in killing intracellular pathogens [37].
Thus, M1 macrophages have potent antimicrobial effects. However, in the aseptic inflam-
matory setting of AS, pro-inflammatory M1 macrophages lead to a sustained inflammatory
response, resulting in peripheral tissue damage [38]. M2 macrophages are activated by
IL-4 and IL-13 and secrete IL-10, TNF-α, CCL-17, and CCL-22. Therefore, the main roles
of M2 macrophages are to prevent tissue damage, exert anti-inflammatory effects and
promote tissue repair [39]. CD36 is the main scavenger receptor for ox-LDL phagocytosis
by macrophages [40], suggesting that M1 macrophages can phagocytose large amounts of
ox-LDL and facilitate lipid accumulation. This finding is consistent with the present study,
whereas M2 macrophages lowly expressed LXRα, ABCA1, and ApoE B. The above results
suggest that M1 macrophages are more prone to foam cell formation than M2 macrophages
are [35]. In addition to anti-hemorrhagic properties, M2 macrophages can prevent foam cell
formation. Reportedly, the activation of JAK/STAT1 pathway may lead to the polarization
of pro-inflammatory macrophages into M2 [41]. Moreover, the JAK/STAT3 pathway can
shift the macrophage phenotype from M1 to M2, inhibiting atherosclerotic lesions in early
and late development stages [42,43]. Therefore, sinapine induces the conversion from M1
to M2 macrophages, thereby inhibiting foam cell formation.

4. Materials and Methods
4.1. Materials

Sinapine was purchased from Solarbio (purity ≥ 96%, Beijing Solar Science Technology
Co., Ltd., Beijing, China). Ox-LDL was bought from Yiyuan (Yiyuan Co. Ltd., Guangzhou,
China). Antibodies were offered by Proteintech (Proteintech Group, Inc., Wuhan, China).
The bicinchoninic acid (BCA) protein quantification kit was purchased from Beyotime
(Beyotime Institute of Biotechnology, Shanghai, China).
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4.2. Preparation of Rapeseed-Meal Samples and Extraction of Sinapine

Rapeseed-meal samples were prepared by removing any visible debris, crushed,
passed through a 60-mesh sieve, and dried in an oven at 40 ◦C to a constant weight. The
rapeseed meal produced in the third step of the process was divided into three equal parts
with a weight of 1.25 g, compacted in a filter paper sleeve, and immersed in a round-bottom
flask with a Soxhlet extractor (Soxtec-2055, FOSS, Eden Prairie, MN, USA) containing
petroleum ether. Then the three parts were defatted at reflux in a water bath at 70 ◦C to a
constant weight and processed in three separate ways. (A) Hot ethanol extraction (HE):
The oiled rapeseed meal was extracted four times (one hour each time), at 90 ◦C, with
130 mL of 80% ethanol, under hot reflux, and the resulting ethanol extract was poured into
a round-bottom flask and concentrated to 10 mL under vacuum to obtain the final extract.
(B) HE with ultrasonic extraction (HE + UE): The de-oiled rapeseed meal was extracted
under hot reflux, at 90 ◦C, with 130 mL of 80% ethanol four times (1 h each time) and
ultrasonicated with an ultrasonic power of 600 W during the last 40 min. The resulting
ethanol extract was poured into a round-bottom flask and concentrated to 10 mL under
vacuum to obtain the final extract. (C) HE + UE combined with anti-solvent precipitation
(HE + UE + AP): The de-oiled rapeseed meal was extracted under hot reflux, at 90 ◦C, with
130 mL of 80% ethanol four times (1 h each time) and ultrasonicated with an ultrasonic
power of 600 W during the last 40 min. The resulting ethanol extract (petroleum ether)
was poured into a round bottom flask and concentrated to 10 mL under vacuum to obtain
the final extract. The mustard bases were precipitated with the anti-solvent method. Next,
50 mL of a counter solvent was put in a beaker and placed on a magnetic stirrer at the
speed of 700–800 rpm. Then 10 mL of the extraction solution was taken at a counter solvent
to an extraction solution ratio of 5:1 and dropped into the beaker at a rate of 4 mL/min
to obtain a mixed suspension, which was then centrifuged at 4000 rpm for 10 min. The
sample was prepared after the supernatant was removed. Standard sinapine was used to
authenticate the UV-visible spectrum (UV-1801, Rayleigh, Beijing, China) absorption spectra
and calibration curves. Sinapine was detected at 326 nm, and the sinapine extraction yield
was calculated. Experiments were repeated three times. The sinapine yield (mg/grapeseed
meal) was calculated from Equation (1):

Yield =
Csinapine × Vsolvent

mrapeseed meal
(1)

where mrapeseed meal is the mass of dry matter in rapeseed meal (g).

4.3. Foam Cell Formation of Macrophages

THP-1 cells were purchased from Procell Life Technology Co., Ltd. (Wuhan, China)).
Under standard culture conditions (5% CO2 and 37 ◦C), the cells were cultured in an
RPMI-1640 medium that contained 0.1% non-essential amino acids, 10% fetal bovine serum,
and 1% penicillin/streptomycin. Before the experiment, the THP-1 cells were treated with
phorbol-12-millistate-13-acetate (Beyotime Institute of Biotechnology, Shanghai, China) for
48 h to differentiate into macrophages.

The THP-1 macrophages were treated with 50 g mL−1 ox-LDL and cultured in a
1640 medium containing 5% fetal bovine serum for 48 h to establish a macrophage foam
model.

4.4. Confirmation of Sinapine Effects on Macrophages

Sinapine was added to foam cells at 20, 40, 80, 160, 320, and 640 µM. After successfully
incubating the induced foam cells at 37 ◦C for 24 or 48 h, cell viability was measured using
a CCK8 kit. Afterward, to study the effects of sinapine on the lipid content of macrophages,
sinapine (80 µM) was added and cultured with foam cells at 37 ◦C for 24 h. Cells were
harvested after culture, fixed with paraformaldehyde, and stained with Oil Red O-kit.
Then Oil Red O staining was measured semi-quantitatively by extracting Oil Red O stain
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with isopropanol (100%, Alading Biotechnology Co., Ltd., Shanghai, China) for 10 min.
After gentle rocking, the absorbance at 492 nm was read [44]. After the treatment with
the optimal conditions, the TC, FC, and the ratio of cholesterol ester and total cholesterol
(CE/TC) in the cells were determined; the CE was calculated by subtracting FC from TC.

4.5. Preparation Method for Proteomic Samples

Three groups of cell samples, namely the control, ox-LDL, and AST groups, were
used. Cell pellets were washed three times with a Hanks solution (Thermo Fisher Scientific,
Waltham, MA, USA), and cells were scraped and stored at −80 ◦C for proteomic analysis.
Each set of samples was repeated five times.

4.6. Protein Identification, Quantitation, and Bioinformatic Analysis

Cells were lysed for 10 min in an ice bath, using a radio immunoprecipitation as-
say (RIPA) lysis buffer containing 1 mM phenylmethanesulfonyl fluoride (PMSF) (Bey-
otime Institute of Biotechnology, Shanghai, China) protease inhibitor. After centrifugation
(20,000× g) at 4 ◦C for 30 min, a BCA protein quantification kit was used to measure the
protein levels in the supernatant.

A sample of protein (about 200 µg) was collected. The volume of precooled acetoni-
trile(ACN) (MREDA, Beijing, China) was added five times, and the sample was stored
at −20 ◦C for 3 h. The sample was centrifuged to extract the precipitate, and 100 µL of
guanidine hydrochloride (Sangon Biotech, Shanghai, China) was added. Then the pro-
teins were reduced with dithiothreitol (DTT) (20 mM, Alading Biotechnology Co., Ltd.,
Shanghai, China) for 30 min at 56 ◦C and added with iodoacetamide (IAA) (50 mM, Al-
ading Biotechnology Co., Ltd., Shanghai, China). The reaction proceeded in the dark for
30 min. The sample was transferred to a 10 kDa ultrafiltration tube where 50 µL NH4HCO3
(50 mM, Alading Biotechnology Co., Ltd., Shanghai, China) and trypsin were added at an
enzyme: protein ratio of 1:50. The sample was left overnight to react at 37 ◦C. After 24 h,
the sample was centrifuged at 14,000× g, and the filtrate was collected, washed once with
a 0.1% aqueous solution, and centrifuged again. Next, 50 µg of each peptide sample was
collected, combined into a mixed sample, fractionated using HPLC (AB SCIEX, Foster, CA,
USA) (pH = 10.0), and divided into 12 fractions. IDA acquisition was used to identify the
fractionated samples for library building and SWATH acquisition mode for data collection
of samples. The peptides were resuspended in 0.1% FA and separated using an Acclaim
PepMap C18 analytical column in an Ekisgent. The peptide was eluted using a gradient
solution comprised of solvent A (98% H2O/0.1% FA) and solvent B (98% ACN/0.1% FA).
Solutions of 5%, 6%, 27%, 50%, 80%, 80%, 5%, and 5% of solvent B were combined with
corresponding volumes of solvent A and applied at 0, 1, 50, 65, 65.5, 75, 75.5, and 90 min.
The flow rate was 5 µL/min. A Triple TOF 6600+ (AB SCIEX, Danaher, Washington, DC,
USA) was set to 320 ◦C, and 2.2 kV DDA (data-dependent mode) was selected to switch
automatically between MS and MS/MS to collect the spectrum. The MS1 scan ranged from
300 to 1300 m/z. The scanning range of MS/MS was from 100 to 1500 m/z.

The graded peptide samples were subjected to IDA acquisition, using a 90 min gra-
dient, and the obtained data were merged on ProteinPilot (http://www.absciex.com/
products/software/proteinpilot-software, accessed on 6 January 2023) for a library search
to construct the SWATH database. The mixed samples were subjected to IDA data acquisi-
tion, and dynamic windows were constructed according to the ion distribution density. The
SWATH acquisition method was established for each sample according to the constructed
dynamic windows. The results of the ProteinPilot search were used as a library for the
analysis of SWATH data, and the relative quantitative information of all the identified
proteins was obtained in total.

4.7. Western Blotting

Western blotting was performed using the method of Nie [45]. Extracted protein
samples (1 mg·mL−1), loading buffer, and reducing agent (Thermo Fisher Scientific Inc.,

http://www.absciex.com/products/software/proteinpilot-software
http://www.absciex.com/products/software/proteinpilot-software
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Waltham, MA, USA) were mixed and heated at 70 ◦C for 10 min to denature the protein.
The protein samples (20 µL) were separated electrophoretically (NuPAGE 4–12% Bis-Tis
GEL; Thermo Fisher Scientific, Waltham, MA, USA) and electrotransferred onto polyvinyli-
dene difluoride membranes (IBLOT2, Thermo Fisher Scientific, Waltham, MA, USA). The
membranes were blocked with TBST containing bovine serum albumin (5%, Calbiochem,
Billerica, MA, USA) for 2 h at room temperature. The samples were incubated with a pri-
mary antibody solution of anti-β-actin (1:1000, Abcam, Cambridge, MA, USA), anti-CD36
(1:1000, Abcam), anti-CDC42 (1:1000, Abcam), anti-JAK2 (1:1000, Abcam), and anti-STAT3
(1:1000, Abcam) overnight at 4 ◦C. The second antibody (1:1000, Abcam) solution was kept
at room temperature for 2 h in a dark room. All the antibodies were diluted with TBST-0.5%
BSA dilute solution. β-actin was used as an internal reference protein. An ECL working
solution was then applied for 2 min to each blot. ImageJ was used to analyze the protein
content’s luminous intensity (Bethesda Softworks LLT, Bethesda, MD, USA).

4.8. Data Analysis

Gene Ontology enrichment analysis was used to categorize DEPs into BP, MF, or CC.
Metabolic pathways were identified by KEGG (KEGG, http://www.genome.jp/kegg/,
accessed on 6 January 2023), Graphpad Prism (Graphpad Prism 8.3.0, Graphpad Software,
Boston, MA, USA), or TB tools (v1.068, http://www.tbtools.com/, accessed on 6 January
2023), and MetaboAnalyst (https://www.metaboanalyst.com, accessed on 6 January 2023)
visualized changes in proteins after different treatments. The PPI network of atherosclerosis-
related DEPs was constructed using the String database (https://string-db.org/, accessed
on 6 January 2023), with DEPs as the node and interactions as the edge. For routine data
analysis, one-way analysis of variance (ANOVA) (p < 0.05) was used to determine statistical
significance between processes on SPSS, and we averaged data from five measurements.
We also present the data as mean ± standard deviation. For DEPs, it was concluded that
there was a fold change > 1.2 or < 0.83 at a p < 0.05.

5. Conclusions

The ultrasonic hot alcohol reflux method combined with the anti-solvent method was
used to extract sinapine from rapeseed for the first time. The sinapine yield of this method
was significantly higher than that of the traditional hot alcohol reflux method, and the
high-efficiency utilization of rapeseed by-products was realized. Our proteomic findings
showed that sinapine reduced foam cell formation in human macrophages by reducing
the expression of the scavenger receptor CD36. In addition, sinapine could increase the
protein expression of CDC42, which promoted cholesterol efflux in foam cells. In addition,
sinapine could also block the formation of foam cells by activating the JAK/STAT3 path-
way, converting pro-inflammatory M1 to anti-inflammatory M2 macrophages. Therefore,
sinapine is effective at alleviating macrophage foaming and may play a significant role in
preventing heart disease in the future.

Author Contributions: Conceptualization, A.L.; methodology, B.L.; software, A.L.; validation, B.L.,
S.Y. and Z.Y.; formal analysis, A.L.; investigation, X.L.; resources, A.L.; data curation, A.L.; writing—
original draft preparation, A.L.; writing—review and editing, M.H.; visualization, A.L.; supervision,
A.L.; project administration, Y.X.; funding acquisition, Y.L. All authors have read and agreed to the
published version of the manuscript.

Funding: National Key R&D Program of China, grant number 2021YFD2100300; Natural Science
Foundation of China, grant number 32172136; Collaborative Innovation Center of Food Safety and
Quality Control in Jiangsu Province, Jiangnan University; and Key R&D project of Jiangsu Province,
grant number BE2021306.

Data Availability Statement: All the data generated during this study are included in this article.

Acknowledgments: The authors are grateful to the SCIEX application team for data acquisition and
advice on data analysis.

http://www.genome.jp/kegg/
http://www.tbtools.com/
https://www.metaboanalyst.com
https://string-db.org/


Molecules 2023, 28, 2012 12 of 13

Conflicts of Interest: The authors declare no conflict of interest.

References
1. He, M.; Nian, B.; Shi, J.; Sun, X.; Du, R.; Tan, C.P.; Xu, Y.J.; Liu, Y. Influence of extraction technology on rapeseed oil functional

quality: A study on rapeseed polyphenols. Food Funct. 2022, 13, 270–279. [CrossRef]
2. Zago, E.; Lecomte, J.; Barouh, N.; Aouf, C.; Carré, P.; Fine, F.; Villeneuve, P. Influence of rapeseed meal treatments on its total

phenolic content and composition in sinapine, sinapic acid and canolol. Ind. Crop. Prod. 2015, 76, 1061–1070. [CrossRef]
3. Li, J.; Guo, Z. Concurrent extraction and transformation of bioactive phenolic compounds from rapeseed meal using pressurized

solvent extraction system. Ind. Crops Prod. 2016, 94, 152–159. [CrossRef]
4. Bhinu, V.S.; Schäfer, U.A.; Li, R.; Huang, J.; Hannoufa, A. Targeted modulation of sinapine biosynthesis pathway for seed quality

improvement in Brassica napus. Transgenic Res. 2009, 18, 31–44. [CrossRef] [PubMed]
5. Dubie, J.; Stancik, A.; Morra, M.; Nindo, C. Antioxidant extraction from mustard (Brassica juncea) seed meal using high-intensity

ultrasound. J. Food Sci. 2013, 78, E542–E548. [CrossRef] [PubMed]
6. Guo, Y.; Ding, Y.; Zhang, T.; An, H. Sinapine reverses multi-drug resistance in MCF-7/dox cancer cells by downregulating

FGFR4/FRS2α-ERK1/2 pathway-mediated NF-κB activation. Phytomedicine 2016, 23, 267–273. [CrossRef]
7. Gu, Y.; Zhang, Y.; Li, M.; Huang, Z.; Jiang, J.; Chen, Y.; Chen, J.; Jia, Y.; Zhang, L.; Zhou, F. Ferulic Acid Ameliorates Atherosclerotic

Injury by Modulating Gut Microbiota and Lipid Metabolism. Front. Pharmacol. 2021, 12, 621339. [CrossRef]
8. Marino, M.; Del Bo, C.; Tucci, M.; Venturi, S.; Mantegazza, G.; Taverniti, V.; Møller, P.; Riso, P.; Porrini, M. A mix of chlorogenic

and caffeic acid reduces C/EBPß and PPAR-γ1 levels and counteracts lipid accumulation in macrophages. Eur. J. Nutr. 2022, 61,
1003–1014. [CrossRef] [PubMed]

9. Koelwyn, G.J.; Corr, E.M.; Erbay, E.; Moore, K.J. Regulation of macrophage immunometabolism in atherosclerosis. Nat. Immunol.
2018, 19, 526–537. [CrossRef]

10. Bobryshev, Y.V.; Ivanova, E.A.; Chistiakov, D.A.; Nikiforov, N.G.; Orekhov, A.N. Macrophages and Their Role in Atherosclerosis:
Pathophysiology and Transcriptome Analysis. BioMed Res. Int. 2016, 2016, 9582430. [CrossRef]

11. Burgos, V.; Paz, C.; Saavedra, K.; Saavedra, N.; Foglio, M.A.; González-Chavarría, I.; Salazar, L.A. Drimys winteri and isodrimeni-
nol decreased foam cell formation in THP-1 derived macrophages. Food Chem. Toxicol. 2020, 146, 111842. [CrossRef]

12. Kobiyama, K.; Ley, K. Atherosclerosis. Circ. Res. 2018, 123, 1118–1120. [CrossRef] [PubMed]
13. Maguire, E.M.; Pearce, S.W.A.; Xiao, Q. Foam cell formation: A new target for fighting atherosclerosis and cardiovascular disease.

Vasc. Pharmacol. 2019, 112, 54–71. [CrossRef] [PubMed]
14. Tamminen, M.; Mottino, G.; Qiao, J.H.; Breslow, J.L.; Frank, J.S. Ultrastructure of early lipid accumulation in ApoE-deficient mice.

Arter. Thromb. Vasc. Biol. 1999, 19, 847–853. [CrossRef] [PubMed]
15. Febbraio, M.; Hajjar, D.P.; Silverstein, R.L. CD36: A class B scavenger receptor involved in angiogenesis, atherosclerosis,

inflammation, and lipid metabolism. J. Clin. Investig. 2001, 108, 785–791. [CrossRef]
16. Rahaman, S.O.; Lennon, D.J.; Febbraio, M.; Podrez, E.A.; Hazen, S.L.; Silverstein, R.L. A CD36-dependent signaling cascade is

necessary for macrophage foam cell formation. Cell Metab. 2006, 4, 211–221. [CrossRef] [PubMed]
17. Silverstein, R.L.; Febbraio, M. CD36, a scavenger receptor involved in immunity, metabolism, angiogenesis, and behavior. Sci.

Signal. 2009, 2, re3. [CrossRef]
18. Moore, K.J.; Sheedy, F.J.; Fisher, E.A. Macrophages in atherosclerosis: A dynamic balance. Nat. Rev. Immunol. 2013, 13, 709–721.

[CrossRef]
19. Febbraio, M.; Podrez, E.A.; Smith, J.D.; Hajjar, D.P.; Hazen, S.L.; Hoff, H.F.; Sharma, K.; Silverstein, R.L. Targeted disruption of the

class B scavenger receptor CD36 protects against atherosclerotic lesion development in mice. J. Clin. Investig. 2000, 105, 1049–1056.
[CrossRef]

20. Yang, L.; Sun, J.; Li, M.; Long, Y.; Zhang, D.; Guo, H.; Huang, R.; Yan, J. Oxidized Low-Density Lipoprotein Links Hypercholes-
terolemia and Bladder Cancer Aggressiveness by Promoting Cancer Stemness. Cancer Res. 2021, 81, 5720–5732. [CrossRef]

21. Xin, P.; Xu, X.; Deng, C.; Liu, S.; Wang, Y.; Zhou, X.; Ma, H.; Wei, D.; Sun, S. The role of JAK/STAT signaling pathway and its
inhibitors in diseases. Int. Immunopharmacol. 2020, 80, 106210. [CrossRef]

22. Razidlo, G.L.; Burton, K.M.; McNiven, M.A. Interleukin-6 promotes pancreatic cancer cell migration by rapidly activating the
small GTPase CDC42. J. Biol. Chem. 2018, 293, 11143–11153. [CrossRef] [PubMed]

23. Ferrer, B.; Prince, L.M.; Tinkov, A.A.; Santamaria, A.; Farina, M.; Rocha, J.B.; Bowman, A.B.; Aschner, M. Chronic exposure
to methylmercury enhances the anorexigenic effects of leptin in C57BL/6J male mice. Food Chem. Toxicol. 2021, 147, 111924.
[CrossRef]

24. Bowe, B.; Gibson, A.K.; Xie, Y.; Yan, Y.; Donkelaar, A.V.; Martin, R.V.; Al-Aly, Z. Ambient Fine Particulate Matter Air Pollution
and Risk of Weight Gain and Obesity in United States Veterans: An Observational Cohort Study. Environ. Health Perspect. 2021,
129, 47003. [CrossRef]

25. Chen, K.; Zhao, Z.; Wang, G.; Zou, J.; Yu, X.; Zhang, D.; Zeng, G.; Tang, C. Interleukin-5 promotes ATP-binding cassette transporter
A1 expression through miR-211/JAK2/STAT3 pathways in THP-1-dervied macrophages. Acta Biochim. Biophys. Sin. 2020, 52,
832–841. [CrossRef]

26. Chadda, R.; Howes, M.T.; Plowman, S.J.; Hancock, J.F.; Parton, R.G.; Mayor, S. Cholesterol-sensitive Cdc42 activation regulates
actin polymerization for endocytosis via the GEEC pathway. Traffic 2007, 8, 702–717. [CrossRef]

http://doi.org/10.1039/D1FO01507A
http://doi.org/10.1016/j.indcrop.2015.08.022
http://doi.org/10.1016/j.indcrop.2016.08.045
http://doi.org/10.1007/s11248-008-9194-3
http://www.ncbi.nlm.nih.gov/pubmed/18612839
http://doi.org/10.1111/1750-3841.12085
http://www.ncbi.nlm.nih.gov/pubmed/23488824
http://doi.org/10.1016/j.phymed.2015.12.017
http://doi.org/10.3389/fphar.2021.621339
http://doi.org/10.1007/s00394-021-02714-w
http://www.ncbi.nlm.nih.gov/pubmed/34698900
http://doi.org/10.1038/s41590-018-0113-3
http://doi.org/10.1155/2016/9582430
http://doi.org/10.1016/j.fct.2020.111842
http://doi.org/10.1161/CIRCRESAHA.118.313816
http://www.ncbi.nlm.nih.gov/pubmed/30359201
http://doi.org/10.1016/j.vph.2018.08.002
http://www.ncbi.nlm.nih.gov/pubmed/30115528
http://doi.org/10.1161/01.ATV.19.4.847
http://www.ncbi.nlm.nih.gov/pubmed/10195908
http://doi.org/10.1172/JCI14006
http://doi.org/10.1016/j.cmet.2006.06.007
http://www.ncbi.nlm.nih.gov/pubmed/16950138
http://doi.org/10.1126/scisignal.272re3
http://doi.org/10.1038/nri3520
http://doi.org/10.1172/JCI9259
http://doi.org/10.1158/0008-5472.CAN-21-0646
http://doi.org/10.1016/j.intimp.2020.106210
http://doi.org/10.1074/jbc.RA118.003276
http://www.ncbi.nlm.nih.gov/pubmed/29853638
http://doi.org/10.1016/j.fct.2020.111924
http://doi.org/10.1289/EHP7944
http://doi.org/10.1093/abbs/gmaa071
http://doi.org/10.1111/j.1600-0854.2007.00565.x


Molecules 2023, 28, 2012 13 of 13

27. Mukhamedova, N.; Hoang, A.; Dragoljevic, D.; Dubrovsky, L.; Pushkarsky, T.; Low, H.; Ditiatkovski, M.; Fu, Y.; Ohkawa, R.;
Meikle, P.J.; et al. Exosomes containing HIV protein Nef reorganize lipid rafts potentiating inflammatory response in bystander
cells. PLoS Pathog. 2019, 15, e1007907. [CrossRef] [PubMed]

28. Diederich, W.; Orsó, E.; Drobnik, W.; Schmitz, G. Apolipoprotein AI and HDL(3) inhibit spreading of primary human monocytes
through a mechanism that involves cholesterol depletion and regulation of CDC42. Atherosclerosis 2001, 159, 313–324. [CrossRef]

29. Heasman, S.J.; Ridley, A.J. Mammalian Rho GTPases: New insights into their functions from in vivo studies. Nat. Rev. Mol. Cell
Biol. 2008, 9, 690–701. [CrossRef]

30. Low, H.; Mukhamedova, N.; Capettini, L.; Xia, Y.; Carmichael, I.; Cody, S.H.; Huynh, K.; Ditiatkovski, M.; Ohkawa, R.; Bukrinsky,
M.; et al. Cholesterol Efflux-Independent Modification of Lipid Rafts by AIBP (Apolipoprotein A-I Binding Protein). Arter.
Thromb. Vasc. Biol. 2020, 40, 2346–2359. [CrossRef] [PubMed]

31. Liu, Y.; Tang, C. Regulation of ABCA1 functions by signaling pathways. Biochim. Biophys. Acta 2012, 1821, 522–529. [CrossRef]
[PubMed]

32. Raptis, L.; Arulanandam, R.; Geletu, M.; Turkson, J. The R(h)oads to Stat3: Stat3 activation by the Rho GTPases. Exp. Cell Res.
2011, 317, 1787–1795. [CrossRef] [PubMed]

33. Aznar, S.; Valerón, P.F.; del Rincon, S.V.; Pérez, L.F.; Perona, R.; Lacal, J.C. Simultaneous tyrosine and serine phosphorylation of
STAT3 transcription factor is involved in Rho A GTPase oncogenic transformation. Mol. Biol. Cell 2001, 12, 3282–3294. [CrossRef]
[PubMed]

34. Arulanandam, R.; Geletu, M.; Feracci, H.; Raptis, L. Activated Rac1 requires gp130 for Stat3 activation, cell proliferation and
migration. Exp. Cell Res. 2010, 316, 875–886. [CrossRef]

35. Yang, S.; Yuan, H.Q.; Hao, Y.M.; Ren, Z.; Qu, S.L.; Liu, L.S.; Wei, D.H.; Tang, Z.H.; Zhang, J.F.; Jiang, Z.S. Macrophage polarization
in atherosclerosis. Clin. Chim. Acta 2020, 501, 142–146. [CrossRef]

36. Petit, V.; Parcelier, A.; Mathé, C.; Barroca, V.; Torres, C.; Lewandowski, D.; Ferri, F.; Gallouët, A.S.; Dalloz, M.; Dinet, O.; et al.
TRIM33 deficiency in monocytes and macrophages impairs resolution of colonic inflammation. EBioMedicine 2019, 44, 60–70.
[CrossRef]

37. Shirai, T.; Hilhorst, M.; Harrison, D.G.; Goronzy, J.J.; Weyand, C.M. Macrophages in vascular inflammation–From atherosclerosis
to vasculitis. Autoimmunity 2015, 48, 139–151. [CrossRef]

38. Colin, S.; Chinetti-Gbaguidi, G.; Staels, B. Macrophage phenotypes in atherosclerosis. Immunol. Rev. 2014, 262, 153–166. [CrossRef]
39. Shapouri-Moghaddam, A.; Mohammadian, S.; Vazini, H.; Taghadosi, M.; Esmaeili, S.A.; Mardani, F.; Seifi, B.; Mohammadi, A.;

Afshari, J.T.; Sahebkar, A. Macrophage plasticity, polarization, and function in health and disease. J. Cell. Physiol. 2018, 233,
6425–6440. [CrossRef]

40. Wang, Y.; Liu, J.; Chen, X.; Sun, H.; Peng, S.; Kuang, Y.; Pi, J.; Zhuang, T.; Zhang, L.; Yu, Z.; et al. Dysfunctional endothelial-derived
microparticles promote inflammatory macrophage formation via NF-кB and IL-1β signal pathways. J. Cell. Mol. Med. 2019, 23,
476–486. [CrossRef]

41. Martinez, F.O.; Gordon, S. The M1 and M2 paradigm of macrophage activation: Time for reassessment. F1000Prime Rep. 2014, 6,
13. [CrossRef]

42. Wang, N.; Liang, H.; Zen, K. Molecular mechanisms that influence the macrophage m1-m2 polarization balance. Front. Immunol.
2014, 5, 614. [CrossRef] [PubMed]

43. Hutchins, A.P.; Diez, D.; Miranda-Saavedra, D. The IL-10/STAT3-mediated anti-inflammatory response: Recent developments
and future challenges. Brief. Funct. Genom. 2013, 12, 489–498. [CrossRef] [PubMed]

44. Liu, W.; Meridew, J.A.; Aravamudhan, A.; Ligresti, G.; Tschumperlin, D.J.; Tan, Q. Targeted regulation of fibroblast state by
CRISPR-mediated CEBPA expression. Respir. Res. 2019, 20, 281. [CrossRef] [PubMed]

45. Nie, C.; Wang, B.; Fan, M.; Wang, Y.; Sun, Y.; Qian, H.; Li, Y.; Wang, L. Highland Barley Tea Polyphenols Extract Alleviates Skeletal
Muscle Fibrosis in Mice by Reducing Oxidative Stress, Inflammation, and Cell Senescence. J. Agric. Food Chem. 2023, 71, 739–748.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1371/journal.ppat.1007907
http://www.ncbi.nlm.nih.gov/pubmed/31344124
http://doi.org/10.1016/S0021-9150(01)00518-4
http://doi.org/10.1038/nrm2476
http://doi.org/10.1161/ATVBAHA.120.315037
http://www.ncbi.nlm.nih.gov/pubmed/32787522
http://doi.org/10.1016/j.bbalip.2011.08.015
http://www.ncbi.nlm.nih.gov/pubmed/21920460
http://doi.org/10.1016/j.yexcr.2011.05.008
http://www.ncbi.nlm.nih.gov/pubmed/21619876
http://doi.org/10.1091/mbc.12.10.3282
http://www.ncbi.nlm.nih.gov/pubmed/11598209
http://doi.org/10.1016/j.yexcr.2009.10.017
http://doi.org/10.1016/j.cca.2019.10.034
http://doi.org/10.1016/j.ebiom.2019.05.037
http://doi.org/10.3109/08916934.2015.1027815
http://doi.org/10.1111/imr.12218
http://doi.org/10.1002/jcp.26429
http://doi.org/10.1111/jcmm.13950
http://doi.org/10.12703/P6-13
http://doi.org/10.3389/fimmu.2014.00614
http://www.ncbi.nlm.nih.gov/pubmed/25506346
http://doi.org/10.1093/bfgp/elt028
http://www.ncbi.nlm.nih.gov/pubmed/23943603
http://doi.org/10.1186/s12931-019-1253-1
http://www.ncbi.nlm.nih.gov/pubmed/31829168
http://doi.org/10.1021/acs.jafc.2c05246

	Introduction 
	Results 
	The Effect of Extraction Methods on Sinapine 
	Regulatory Effects of Sinapine on Cholesterol Accumulation in Foam Cells 
	Differences in Differentially Expressed Proteins (DEPs) between Different Treatments 
	DEPs Enriched in Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
	Effects of Sinapine on the Cholesterol Metabolism in Foam Cells 
	Western Blot Validation of Key Proteins 

	Discussion 
	Materials and Methods 
	Materials 
	Preparation of Rapeseed-Meal Samples and Extraction of Sinapine 
	Foam Cell Formation of Macrophages 
	Confirmation of Sinapine Effects on Macrophages 
	Preparation Method for Proteomic Samples 
	Protein Identification, Quantitation, and Bioinformatic Analysis 
	Western Blotting 
	Data Analysis 

	Conclusions 
	References

