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Tanshinone IIA alleviates
atherosclerosis in LDLR™~ mice by
regulating efferocytosis of
macrophages

Jiarou Wang', Yifan Zhang', Xiaoteng Feng, Min Du, Sijin Li,
Xindi Chang and Ping Liu*

Longhua Hospital, Shanghai University of Traditional Chinese Medicine, Shanghai, China

Background: Tanshinone IIA (TIIA) is the major lipid-soluble active ingredient of the
traditional Chinese medicine Salvia miltiorrhiza, which slows down atherosclerosis
(AS). However, it remains unclear whether TIIA has the potential to enhance
macrophage efferocytosis and thereby improve atherosclerosis.

Objective: The focus of this examination was to determine if TIIA could reduce
lipid accumulation and treat AS by enhancing efferocytosis.

Methods: Firstly, we conducted in vivo experiments using LDLR knockout (LDLR™)
mice for a period of 24 weeks, using histopathological staining, immunofluorescence
and Western blot experiments to validate from the efficacy and mechanism parts,
respectively; in addition, we utilized cells to validate our study again in vitro. The
specific experimental design scheme is as follows: In vivo, Western diet-fed LDLR™~
mice for 12 weeks were constructed as an AS model, and normal diet-fed LDLR™~
mice were taken as a blank control group. The TIIA group and positive control group
(atorvastatin, ATO) were intervened for 12 weeks by intraperitoneal injection
(15 mg/kg/d) and gavage (1.3 mg/kg/d), respectively. In vitro, RAW264.7 cells were
cultured with ox-LDL (50 ug/mL) or ox-LDL (50 ug/mL) + TIIA (20 uM/L or 40 uM/L).
Pathological changes in aortic plaques and foam cell formation in RAW264.7 cells
were evaluated using Masson and Oil Red O staining, respectively. Biochemical
methods were used to detect lipid levels in mice. The immunofluorescence assay
was performed to detect apoptotic cells and efferocytosis-related signal expression at
the plagues. RT-gPCR and Western blot were carried out to observe the trend change
of efferocytosis-related molecules in both mouse aorta and RAW264.7 cells. We also
used the neutral red assay to assess RAW264.7 cells’ phagocytic capacity.

Results: Compared with the model group, TIIA decreased serum TC, TG, and LDL-
C levels (p < 0.01), reduced the relative lumen area of murine aortic lipid-rich
plaques (p < 0.01), enhanced the stability of murine aortic plaques (p < 0.01),
reduced ox-LDL-induced lipid build-up in RAW264.7 cells (p < 0.01), and
upregulated efferocytosis-related molecules expression and enhance the
efferocytosis rate of ox-LDL-induced RAW264.7 cells.

Conclusion: TIIA might reduce lipid accumulation by enhancing the efferocytosis
of macrophages and thus treat AS.
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1 Introduction

Cardiovascular disease (CVD) is one of the leading causes of
death worldwide, and its mortality rates have persisted at high levels
for numerous years (Tsao et al., 2022). The pathological basis of
many cardiovascular diseases is atherosclerosis (AS), which has a
complex pathogenesis mainly involving theories of immune
inflammation and lipid metabolism (Bjorkegren and Lusis, 2022).
The neurological and muscular side effects of statin lipid-lowering
drugs and the risk of post-surgical complications have greatly
limited the clinical application of the two existing mainstream
(Pierno and Musumeci, 2023). Clinical

studies have shown that invasive treatments may not always be

treatment strategies

feasible and can increase the risk of complications such as
thrombosis or bleeding within 6 months after surgery for patients
(Sherwood et al., 2016; Badjatiya and Rao, 2019). To make matters
worse, the incidence of AS has been trending toward a younger age
in recent years (Libby, 2021). However, compared to other diseases,
developing new drugs for AS is significantly lagging (Brown and
Wobst, 2021). This requires us to find new effective treatment
strategies as soon as possible.

Various immune cells are involved in the pathological process of
AS. Macrophages, as core members of intrinsic immunity, are AS’s
most crucial cell type (Chen et al., 2022; Doddapattar et al., 2022).
Macrophage efferocytosis refers to the process by which
macrophages phagocytically degrade apoptotic cells (Jia et al,
2022). Effective efferocytosis can remove necrotic and dead cells
from the lesion and reduce tissue damage and AS (Gerlach et al.,
2021). Impaired efferocytosis may further accelerate AS progression
(Kasikara et al., 2021). Thus, efficient efferocytosis is closely linked
to AS, and targeting the efferocytosis of macrophages may be an
effective AS treatment strategy.

Traditional Chinese medicine (TCM) and its active ingredients
are gradually gaining advantages in clinical treatment because of its
economic, safe, and efficient features. In recent decades, the practical
application of TCM in the clinical treatment of cardiovascular-
related diseases has brought new hope for treating AS (Hao et al.,
2017). TIIA is the main active ingredient of Salvia miltiorrhiza,
which has been shown to have therapeutic effects on AS (Wang et al.,
2020; Wen et al,, 2020). TIIA can also treat neurological diseases
such as Parkinson’s by exerting anti-inflammatory and antioxidant
effects. However, it is unclear whether TIIA could improve AS via
modulating efferocytosis. This investigation aimed to explore
whether TIIA could reduce lipid accumulation and enhance
efferocytosis to treat AS.

AS this study focuses on the therapeutic effects and
mechanisms of Tanshinone IIA (TIIA) on AS, it is especially
critical to select an appropriate animal model of AS for animal-
level studies. In humans, AS is formed mainly by abnormal
accumulation of lipids such as cholesterol due to the long-term
Western diet. The establishment of animals for AS is reported to
have undergone a long process, and several researchers have
explored a great deal from animals such as zebrafish, rabbits,
and guinea pigs after continuous efforts, but all of these models
have limitations in application. Mice are widely popular due to
rapid reproduction, availability of genetic manipulation, and
reasonable time to induce atherosclerotic lesions. However,
wild-type mice are not susceptible to plaque formation because
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of their low levels of apolipoprotein-containing lipoproteins,
which are quite resistant to the development of AS. Fortunately,
with the development of gene editing technology, scientists worked
out LDLR knockout (LDLR ") mice in 1993. Compared with wild-
type mice, LDLR™™ mice are more prone to plaque formation
induced by a high-fat diet (Western diet), and the process of
development is similar to the process of formation of AS in
humans caused by a prolonged Western diet (Gistera et al,
2022), since then LDLR™" mice have been widely used as AS
model mice (Simion et al., 2020; Doddapattar et al., 2022; Jin et al.,
2022; Manta et al., 2022). Therefore, in the present study, LDLR/~
mice were selected to establish AS model mice induced by Western
diet to further investigate the mechanism of action of TIIA in the
treatment of AS.

2 Materials and methods
2.1 Reagents

Tanshinone ITA was bought from Mansite Biological Company
(19032104, HPLC>98%, Chengdu, China). Western diet (21% fat
and 0.15% cholesterol) was produced by SYSE Biotechnology
(Guangzhou, China). The oil red O (ORO) staining kit and
Masson staining kit were from the Jiancheng Bioengineering
Institute of Nanjing (Nanjing, China). 4/, 6-diamindino-2-
phenylindole (DAPI), Triton X-100, Radio ImmunoPrecipitation
Assay (RIPA), and BCA protein assay kit were from Beyotime
Biotechnology (Shanghai, China). Primers for 3-ACTIN, MFGES,
CX3CR1, MERTK, AXL, and TYRO3 were obtained by Sangon
Biotech Co.

2.2 Animal husbandry and management

The animal study was approved by the Ethics Committee of
Longhua Hospital Affiliated with Shanghai University of Traditional
Chinese Medicine (No. 2019-N002, shown in Supplementary Material).
All mice (32 LDLR™" mice, 6 weeks old) were purchased from
Gempharmacy Co., Ltd (Nanjing, CN, https://www.gempharmatech.
com/). Mice are housed in SPF class animal rooms at Longhua Hospital.
The model (MOD), TIIA, and positive control (atorvastatin, ATO)
groups were created by randomly assigning the LDLR™~ mice to each
group. To create an atherosclerotic mouse model, all LDLR ™~ mice were
given a Western diet for the initial 12 weeks of the experiment. We
additionally selected 8 wild-type mice of the same age as the control
group, and the experiment was performed on a normal diet throughout.

During the 13-24 weeks of the experiment, the intervention was
administered daily at regular intervals to the model group
saline 2 mL/d), the
(intraperitoneal injection, 15mg/kg/d), and the ATO group

(intraperitoneal injection, TIIA group
(gavage, 1.3 mg/kg/d). After 12 weeks of continuous intervention,
all mice were fasted for 8 h. Under anesthesia, blood samples were
retained from each group of mice using the posterior eye vein from
the blood sampling method. The abdominal and thoracic cavities of
the mice were then dissected and the heart and aortic tissues were
carefully stripped with forceps. The upper 2/3 of the heart tissues

were fixed in 4% paraformaldehyde. After being fixed in
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paraformaldehyde, mouse heart specimens were subsequently
dehydrated by transferring them into solutions of 10%, 20%, and
30% sucrose water. Finally, the specimens were embedded in OCT
gel. The frozen microtome was used to slice the embedded mouse
heart tissue, and a thickness of 50 um was selected for the first
section. At the same time, the frozen sections were observed under
the microscope. When we saw a Valve, it indicated that the aortic
sinus had been cut. At this time, we used a section with a thickness of
10 um and finally selected the most ideal section for pathological
staining.

2.3 Cell culture

RAW264.7 cells were procured from the National Collection of
Authenticated Cell Cultures located in Shanghai, China. The cell
culture medium used was DMEM (SH30022.01, HyClone,
United States) complete medium, which contained 1% penicillin/
streptomycin (SV30010, HyClone, United States) and 5% fetal
bovine serum (FBS, 10099141C, Gibco, United States). The cells
were stored in a Thermo, USA-made incubator that was maintained
at 37°C and contained 5% CO,. To induce the in vitro model, 50 ug/
mL of oxidized LDL (ox-LDL, Yeasen, China) was used.

2.4 Histopathological analysis

ORO staining: RAW264.7 cells were plated in a 24-well plate at
1 x 10° cells per well for 24 h. The next day, the medium was
changed, and ox-LDL (50 ug/mL) or ox-LDL (50 ug/mL) + TIIA
(20 uM/L or 40 uM/L) was added to induce 24 h. After discarding
the medium, three PBS washes, each lasting 5 min, were performed
on the cells. A solution of 4% paraformaldehyde was used to fix
RAW?264.7 cells and mouse aortic sinus frozen sections for 15 min.
Then all samples were washed (Raw264.7 cells and frozen sections)
three times with PBS for 5 min each. ORO staining solution was
diluted two times with sterile water. The samples were stained with
diluted ORO stain for 1.5 h at 37°C. Then we washed the sample in
the same way. The nuclei were stained for 2min with the
hematoxylin staining solution. Mouse aortic sinus frozen sections
were stained according to the requirements of the Masson trichrome
staining kit.

2.5 Measurement of blood lipid index in mice

The supernatant from the mouse blood samples was transferred
to a fresh centrifuge tube after being spun at 4°C for 20 min at
2,000 rpm. We double-diluted the serum with 1xPBS. Finally, TC,
TG, and LDL were measured using a fully automated biochemical
analyzer (Beckman Coulter DXC700au, US).

2.6 Immunofluorescence
RAW264.7 cells and mouse aortic sinus frozen sections were

closed with 0.2% BSA-PBST solution for 30 min. Anti-Caspase3,
Anti-CX3CR1, 1:100 dilutions, and incubated overnight at 4°C. The
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TABLE 1 List of primers for RT-qPCR analysis.

Gene Oligonucleotide sequence

B-Actin Forward 5'-GAGACCTTCAACACCCCAGC- 3’
Reverse 5'-ATGTCACGCACGATTTCCC- 3’
MFGES8 Forward 5" TGACTTTGGACACACAGCGT- 3'
Reverse 5'-GGGAGGCTAGGTTGTTGGAAA- 3’
CX3CR1 Forward 5'-GAGTATGACGATTCTGCTGAGG- 3’
Reverse 5'-CAGACCGAACGTGAAGACGAG- 3’
TYRO3 Forward 5'- ACTGGCTTCTCTGCTGCTC- 3
Reverse 5'- AGCATCAGACCGTTCCACTG - 3'
MERTK Forward 5'-AGTTTGGGACGTTGGTGGAT- 3'
Reverse 5'-GGACACCGTCAGTCCTTTGT- 3’
AXL Forward 5'- GAGCCAACCGTGGAAAGA - 3/
Reverse 5'- AGGCCACCTTATGCCGATCTA- 3’

next day, The medium was discarded, and PBS was washed 2 times
for 5 min each time. The related species’ secondary antibody was
incubated at 20°C-25°C for 1 hour. The DAPI dilution was applied
to stain the nuclei. Figures were taken under the fluorescent inverted
microscope for subsequent quantitative analysis.

2.7 Reverse transcription-quantitative
polymerase chain reaction (RT-qPCR)

RAW?264.7 Cells and mouse aortic total RNA were extracted as
described in the Total RNA Extraction Kit (EZB-RN4, EZBioscience,
US). Total RNA was then reverse transcribed into cDNA as a
template described in the Reverse Transcription Kit (RR037A,
TAKARA, CN). Assay samples containing primers for the target
genes were configured according to the TB Green” Premix Ex Taq™
kit (RR420A, TAKARA, CN). In Table 1, the primer sequences are
displayed. Parameters of the Step One Plus7500RealTimePCR
instrument (Applied Biosystems, US) were set. The experiment
utilized the control group as the control group and B-Actin as
the internal reference.

2.8 Western blot

The mouse aorta was crushed by ultrasonic vibrator, and the
cells were collected by cell scraping. The samples were lysed by
radioimmunoprecipitation assay (RIPA). The lysate was placed on
ice for 30 min. To completely lyse the sample, mix the lysate upside
down every 10 min. Centrifuge at 4°C, 15,000 rpm for 15 min to
acquire protein supernatant. The protein concentration was
calculated according to the bicinchoninic acid (BCA) kit. Set a
protein loading volume of 20 ug and a loading volume of 15 pL/well.
According to the protein concentration, the corresponding RIPA
and bromophenol blue volumes were added. Protein samples were
separated at 60-90V for about 2h. Then the samples were
electrotransferred to a PVDF membrane using 350 mA and 1-h
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duration, and the PVDF membrane was soaked in QuickBlock™
Western sealing fluid (P0252-100 mL, Beyotime Biotechnology) for
30 min. Immerse the membrane in an antibody incubation cassette
containing the diluted primary antibody and store the antibody
incubation cassette at 4°C overnight. Primary antibodies against
MFGES8, CX3CR1, MERTK, AXL, TYRO3, and GAPDH from Cell
Signaling Technology Inc. (Beverly, Massachusetts, United States).
The next day Tris-buffered saline with Tween-20 (TBST) is washed
three times for 15 min each time. The secondary antibody of the
related species was incubated for 1h at room temperature.
Development by substrate chemiluminescence. The images were
retained for gray value analysis.

2.9 Neutral red uptake assay

To examine the impact of TIIA on the efferocytosis rate of
RAW?264.7 cells, we conducted the Neutral Red Uptake Assay.
RAW264.7 cells were plated in a 96-well plate at 1 x 10* cells
per well for 24 h. The next day, the medium was changed, and ox-
LDL (50 ug/mL) or ox-LDL (50 ug/mL) + TIIA (20 uM/L or 40 uM/
L) was added to induce the cells for 24 h. The medium was
discarded, and PBS cells were washed. Add 200 uL DMEM
complete medium +20 uL neutral red staining solution to each
well and incubate in a cell incubator containing 5% CO, at 37°C
for 2 h. Discard the medium and wash the cells with PBS. Add
200 uL Neutral Red assay lysate to each well and lyse at room
temperature for 10 min in a shaker. The OD value was measured at
540 nm by an enzyme marker.

2.10 Statistical analysis

GraphPad Prism 9.0 was used for statistical analysis. The
variables data appearing in the experiments were expressed as
mean * standard deviation (SD). Multiple groups of data that
conformed to normality were compared using one-way ANOVA
with Bonferroni correction, with statistical significance set at
p < 0.05.

3 Results

3.1 TlIA inhibits the progression of aortic
plaque in mice

To investigate the impact of TIIA on plaques in mice, we
employed ORO staining to examine the pathological changes of
lipid-rich plaques at the aortic sinus in each group of mice. Our
study found that the control group did not have any plaque
formation. Conversely, the plaques in the MOD were easily
observed (p < 0.01). After TIIA or ATO treatment, the relative
luminal area of lipid-rich plaques in mice was significantly reduced
compared to the model group (Figures 1A, B, p < 0.01). The
thickness of the fibrous cap at the plaque is one of the essential
indicators for detecting plaque stability (Virmani et al., 2006).
Therefore, we used Masson staining to observe the collagen fiber
content at the plaque. The plaques of mice in the model group had

Frontiers in Pharmacology

10.3389/fphar.2023.1233709

the lowest collagen fiber content. (p < 0.01 or p < 0.05); The group
TIIA or ATO’s aortic plaque had a much larger collagen fiber
content than the group of model (Figures 1C, D, p < 0.05).
These findings illustrate that TIIA can reduce the relative lumen
area of lipid-rich plaques, enhance plaque stability, and thus inhibit
aortic plaque progression in mice.

3.2 TIIA improves blood lipid levels in mice

Elevated blood lipid levels are known to increase the risk of
cardiovascular disease (Ginsberg et al., 2021). To test the impact of
TIIA on blood lipids, we analyzed the serum levels of TC, TG, and
LDL in different groups of mice. The model mice had the worst lipid
metabolism and the highest blood lipid levels (TC, TG, and LDL).
Both TIIA and ATO enhanced lipid metabolism and reduced blood
lipid levels (Figures 2A-C, p < 0.01). It can be demonstrated that
TIIA could decrease blood lipids and mitigate the negative effects of
AS risk factors, which is advantageous in the treatment of
atherosclerosis.

3.3 TlIA enhances the expression of
efferocytosis-related signaling (CX3CR1)
and clearance of apoptotic cells in mouse
aorta

The efficient efferocytosis can effectively remove necrotic cells
from the lesion and reduce AS. To analyze the effect of TIIA on the
efferocytosis-related signal and the apoptotic cell clearance ability in
each group, we detected the efferocytosis-related signal and
cells in the group by
immunofluorescence.  Our  research indicated that the
efferocytosis-related signal (CX3CR1) was lowest in the MOD
(p < 0.01), and there was an obvious increase in apoptotic cells

apoptotic aorta of each

in the aorta of the model mice (p < 0.01). No apoptotic cells were
detected in the control group. In contradistinction, after TIIA
intervention, the efferocytosis-related signal in the aorta of the
mice was enhanced and the apoptotic cells were noticeably
reduced compared to the model group. (Figures 3A-D, p < 0.01).
These findings imply that TIIA may enhance the clearance of
apoptotic cells at the lesion and improve AS via promoting
efferocytosis. The findings of this study indicate that TIIA has
the potential to improve efferocytosis, which can improve the
clearance of apoptotic cells from the site of injury and ultimately
improve AS.

3.4 TIIA promotes the expression of
efferocytosis-related molecules in the
mouse aorta and RAW264.7 cells

To further identify the molecular biological mechanism of TTIA-
regulated efferocytosis, we examined the expression of efferocytosis-
related signals in mouse aorta by RT-qPCR and Western blot. The
RT-qPCR results showed a significant decrease in mRNA levels of
MERTK, CX3CR1, MFGES8, AXL, and TYRO3 in the model mice
(p < 0.01 or p < 0.05); TIIA intervention effectively reversed this

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1233709

Wang et al.

10.3389/fphar.2023.1233709

ORO

Masson

FIGURE 1

Plaque areallumen area(%)

O

Plaque areallumen area(%)

o

& T

Pathological changes of the aortic sinus in the LDLR™~ mice (n = 3). (A,B) Representative images of ORO staining for each group of mouse aortic
sinus, and the plague area of the whole aorta was quantitated. (C,D) Representative images of Masson's staining for each group of mouse aortic sinus and
the collagen contents of the whole aorta were quantitated. CON, MOD, ATO, and TIIA represent the control group, model group, atorvastatin group, and
tanshinone lIA group, respectively. **p < 0.01 vs. CON; #p < 0.05, ##p < 0.01 vs. MOD.

A B C
10 60 40-
*% e K% "
8- - #
. p— ) 30
= = 40+ # =
3 6 3 2 T
£ -
E , ## £ EZ
o # O 20 a
- -l
10
2
0 1 1 T T 0 1 T T T 0 T 1 T T
ooé @00 & v,.\o oo‘\ ¢°° N v,\o 00\& @oo & v,.\o

FIGURE 2

Serum lipid profiles of LDLR™'~ mice (n = 8). (A) Serum TC change of mice. (B) Serum TG change of mice. (C) Serum LDL change of mice. CON, MOD,
ATO, and TIIA represent the control group, model group, atorvastatin group, and tanshinone IlA group, respectively. **p < 0.01 vs. CON; ##p <

0.01 vs. MOD.

trend (Figures 4A-E, p < 0.01). Based on the Western blot results,
the expression levels of MERTK, CX3CR1, MFGE8, AXL, and
TYRO3 proteins were in agreement with their respective mRNA
levels (Figures 4F, G). The trend of these molecules in
RAW?264.7 cells was the same as in the mouse aorta (Figures 5A-G).

3.5 TlIA attenuates the macrophage-derived
foam cell accumulation

Macrophages, the most critical cell type in AS, are deeply
involved in the process of atherogenesis and the development of
AS. Macrophage-derived foam cell accumulation is a fundamental
cause of atherosclerotic plaque formation (Zheng et al., 2021). In this
study, an in vitro foam cell model was developed using
RAW264.7 cells to investigate the impact of TIIA on the
development  of cells.  The
accumulation of macrophage-derived foam cells was evaluated

macrophage-derived ~ foam
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through ORO staining after TIIA intervention. The results in
Figures 6A, B indicate that TIIA significantly decreased the
accumulation of macrophage-derived foam cells (p < 0.01).

3.6 TIIA enhances the expression of

efferocytosis-related signal (CX3CR1) and
improves efferocytosis in RAW264.7 cells
The efficient efferocytosis effectively —degrades lipids
phagocytosed by macrophages, lessens the generation of foam
cells derived from macrophages, and improves AS finally.
Therefore, we examined the impact of TIIA on the expression of
CX3CRI (efferocytosis-related molecule) and the phagocytic ability
in RAW264.7 cells. The results presented in Figures 7A, B
demonstrate that the expression of CX3CR1 was notably weaker
in the model group than in the control group (p < 0.01). However,
after TIIA intervention, the expression of CX3CR1 was significantly
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FIGURE 4
The effect of TIIA on efferocytosis-related molecule expression in LDLR™~ mice (n = 3). (A-E) RT-gqPCR was used to detect MFGE8, CX3CR1, MERTK,

AXL, and TYRO3 gene expression in the aorta. (F-G) The protein expression of MFGE8, CX3CR1, MERTK, AXL, and TYRO3 in the aorta was examined using
a Western blotting technique, and the quantitative results were shown. CON, MOD, ATO, and TIIA represent the control group, model group, atorvastatin
group, and tanshinone IlIA group, respectively. *p < 0.05 vs. CON; **p < 0.01 vs. CON; #p < 0.05, ##p < 0.01 vs. MOD.

enhanced (p < 0.05 or p < 0.01). Additionally, the neutral red uptake
assay indicated that TIIA effectively increased the efferocytosis rate
of RAW264.7 cells (Figure 7C). The above results indicated that
TIIA enhanced the expression of efferocytosis-related signal
(CX3CR1) in RAW264.7 cells and increased the efferocytosis rate
of RAW264.7 cells.
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4 Discussion

Studies have shown that knockdown or silencing of LDLR

affects cholesterol and disrupts intracellular

cholesterol homeostasis, causing cholesterol to accumulate in
the arterial wall and inducing AS (Gomes et al., 2022). Our study

transport
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FIGURE 5

Effect of TIIA on the expression of efferocytosis-related molecules in RAW264.7 cells (n = 3). (A-E) RT-gPCR was used to evaluate the gene
expression of MFGE8, CX3CR1, MERTK, AXL, and TYRO3.(F-G) Western blot was used to quantify the expression of MFGE8, CX3CR1, MERTK, AXL, and
TYRO3 proteins in each group. CON, control group; MOD, model group (with ox-LDL 50 ug/mL); TIIA L, low Tanshinone IIA group (with ox-LDL 50 ug/
mL + TIIA 20 uM/L); THIA H, high Tanshinone IIA group (with ox-LDL 50 ug/mL + TIIA 40 uM/L). *p < 0.05 vs. CON, **p < 0.01 vs. CON; #p < 0.05,

##p < 0.01 vs. MOD.

FIGURE 6

Effect of TIIA on macrophage-derived foam cells in RAW264.7 cells (n = 3). (A) Representative images of ORO staining in RAW264.7 cells. (B) The
corresponding quantitative analysis for each group. CON, control group; MOD, model group (with ox-LDL 50 ug/mL); TIIA L, low Tanshinone IIA group
(with ox-LDL 50 ug/mL + TIIA 20 uM/L); TIIA H, high Tanshinone IIA group (with ox-LDL 50 ug/mL + TIIA 40 uM/L). **p < 0.01 vs. CON; ##p <

0.01 vs. MOD.

found that TIIA reduced the area of aortic lipid-rich plaques and
the risk of plaque rupture and detachment in western diet-
induced LDLR™" mice and improved AS. Based on our
research studying the mechanisms in vivo and in vitro, we
discovered the potential therapeutic mechanism of TIIA for
treating AS might be that TIIA improves macrophage
clearance of apoptotic cells and excess lipids via promoting
macrophage efferocytosis. Previous studies have demonstrated
the positive impact of TIIA on various diseases such as
cardiovascular disease, diabetes, obesity, and cancer (Guo
et al, 2020; Ansari et al, 2021). For example, TIIA may
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alleviate AS by influencing gut microbiota and cholesterol
metabolism (Jia et al., 2016; Yang et al., 2021). In addition,
TIIA may play a role in regulating oxidative stress and
endothelial cell function (Lu et al, 2022), endoplasmic
reticulum stress and endoplasmic reticulum stress (Li et al.,
2022), iron death (Ni et al., 2022), macrophage polarization
(Zhao et al., 2022), and cell cycle functions (Zhang et al., 2022).
However, the effect of TITA on macrophage efferocytosis has yet
to receive much attention. Our research findings have provided
experimental evidence in the laboratory to support novel
therapeutic targets for AS treatment to a certain extent.
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FIGURE 8
Mechanisms of TIIA in treating AS.

Macrophages are heterogeneous cells, and different functions
and phenotypes of macrophages have different roles in disease
(Artyomov et al, 2016). In AS, when macrophages engulf
excessive lipids that cannot be removed promptly, they develop
macrophage-derived foam cells, a hallmark of plaque formation and
development (Yuan et al., 2012; Duan et al., 2022). Efferocytosis is
the process by which phagocytes (mainly macrophages) engulf and
digest apoptotic cargo in vivo, essential for maintaining homeostasis
and damage repair in vivo (Mehrotra and Ravichandran, 2022).
Therefore, in the present study, we selected ox-LDL-induced
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RAW?264.7 cells in vitro to further explore the mechanism of
TIIA treatment of AS.

Efficient efferocytosis facilitates the healing of tissue damage
caused by diabetes (Maschalidi et al., 2022) and the regression of
inflammation in inflammatory diseases (Ampomah et al., 2022; Ge
et al,, 2022; Glinton et al,, 2022). Our study showed that TIIA
effectively increased lipid clearance by RAW264.7 cells and reduced
macrophage-derived foam cells. The mechanism might be related to
the increased efferocytosis of TIIA on macrophages. Previous
studies have found that chronic nutrient overload impairs
efferocytosis and causes the accumulation of apoptotic cells in
vivo, which is consistent with our study (Wang et al, 2023).
“Apoptotic cell (AC) finding,” “AC binding,” “AC
degradation” are the three steps of efferocytosis (Doran et al.,
2020). Each phase relies on the corresponding efferocytosis-
related signals to function. CX3CRI is a significant signal in the
“AC finding” phase and plays a
neuroinflammation and chronic kidney disease (Cormican and
Griffin, 2021; Subbarayan et al, 2022). Shweta S Puntambekar
et al. found that CX3CR1-deficient mice exhibit a “degenerative”
phenotype. The mechanism is related to impaired microglia
function leading to increased oxidative stress and over-activation

and

vital role in treating

of pro-inflammatory signals (Puntambekar et al., 2022). Microglia, a
resident macrophage-like population in the central nervous system
(CNS), share many structural and functional similarities with
macrophages that reside elsewhere (Nayak et al, 2014; Prinz
et al., 2019; Borst et al., 2021). Our ex vivo studies revealed that
CX3CRI expression was downregulated in the AS model group in
both the immune signaling and transcriptional levels, and TIIA
reversed this downward trend. In addition, the modulator MFGES,
one of the cytosolic burial signals, promotes enterocyte triglyceride
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hydrolase activity, reduces postprandial lipids, decreases lipid
accumulation in enterocytes, and ameliorates hepatic steatosis
and inflammation (Khalifeh-Soltani et al., 2016; Zhang et al,
2021). In this study, TIHA upregulated MFGES8 expression,
promoted lipid phagocytosis and
degradation by macrophages, reduced macrophage-derived foam
cell formation, and improved AS. In addition, TYRO3, MERTK, and
AXL showed the same trend as CX3CR1 and MFGES. In summary,
we think TITA could promote efferocytosis and improve AS by

efferocytosis, enhanced

upregulating efferocytosis-related signals.

Notably, ox-LDL can compete with apoptotic cells to bind
efferocytosis-related signals as AS progresses. In response to this
situation, macrophages exhibit a stronger phagocytic capacity to
compensate for this demand, which may lead to macrophage
overload, further impairing efferocytosis and promoting the
progression of AS. Our finding is that TIIA promotes the
phagocytosis of harmful substances by macrophages and, more
importantly, the degradation of harmful
TIIA

degradation and removal of these harmful substances so that

substances by

macrophages. promotes  efferocytosis and  timely

macrophages can maintain their functions efficiently and
effectively and ultimately achieve the purpose of treating AS. Our
pathological results showed that both apoptotic cells (Figures 3A-D)
and lipid accumulation (Figures 6A, B) at the lesion were
significantly reduced after TIIA intervention, providing evidence
for Our views. Although we have not yet clarified the specific
mechanism by which TIIA promotes the ability of macrophages
to have more effective digestion and degradation of harmful
substances, this also provides a direction for us to continue our
research.

In conclusion, our evidence jointly supports that TITA may be
therapeutic in AS by enhancing efferocytosis in macrophages during
AS lesions (Figure 8). In the future, continued in-depth study of the
specific mechanism by which TIIA enables macrophages to
maintain strong phagocytosis and digestion and absorption in AS
may advance the progress of TIIA as a target therapeutic agent for

macrophage cytosolic action.
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