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Tetrahydropalmatine promotes macrophage
autophagy by inhibiting the AMPK/mTOR
pathway to attenuate atherosclerosis

Hui Wang', Ke Ding?, Jiaqi He® and Jiahong Wang?

1Zhejiang Chinese Medical University, 2Department of Pharmacy, The First Affiliated Hospital of Zhejiang Chinese Medical University
and 3Traditional Chinese Medicine Dispensary, The First Affiliated Hospital of Zhejiang Chinese Medical University, Hangzhou,

Zhejiang, China

Summary. Background. Atherosclerosis (AS) is a
chronic progressive arterial disease that is associated
with macrophage autophagy and AMP-activated protein
kinase (AMPK)/mechanistic target of the rapamycin
(mTOR) pathway. Tetrahydropalmatine (THP) can
activate AMPK-dependent autophagy. We aim to study
the mechanism of macrophage autophagy mediated by
THP in the treatment of AS via the AMPK/mTOR
pathway.

Methods. High-fat diet apolipoprotein E-deficient
mice and ox-LDL-induced RAW?264.7 cells were used to
mimic the AS model, then THP was administered. Cell
viability was detected by MTT. Pathological aorta
lesions were detected using Hematoxylin and Eosin,
Masson, and oil red staining. Lipid metabolism indices
and inflammatory factors were measured using ELISA.
A transmission electron microscope was used to observe
autophagosomes. Autophagy and AMPK/mTOR
pathway protein expression was detected by
immunofluorescence and Western blot. The AMPK
inhibitor 9-fB-d-Arabinofuranosyl Adenine (Ara-A) was
used to validate the effect of THP. The mRNA
expression of Beclin-1 and MCP-1 was detected by q-
PCR.

Results. THP administration regulated lipid
metabolism by lowering total cholesterol, triacy-
Iglycerol, low-density lipoprotein, and high-density
lipoprotein levels, and suppressed aortic damage. THP
suppressed aortic damage and regulated lipid
metabolism by altering serum lipid levels. THP reduced
inflammation and macrophage CD68 expression. Twenty
pg/mL THP reduced cell viability. THP decreased
cholesterol uptake and increased efflux, promoting

autophagy. THP increased autophagosome number,
LC3B expression, and autophagy markers p-
AMPK/AMPK and LC3-1I/LC3-1. THP also decreased
p-mTOR/mTOR and P62. THP increased Beclin-1
mRNA expression and decreased MCP-I mRNA
expression. Ara-A reversed THP's effects.

Conclusion. THP promotes macrophage autophagy
by inhibiting the AMPK/mTOR pathway to attenuate
AS.
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Introduction

Atherosclerosis (AS) is a common disease with high
morbidity and 230 million people have been affected
worldwide (Song et al., 2020). Cardiovascular and
cerebrovascular diseases based on AS have an extremely
high probability of disability and death, thus seriously
threatening human health (Tabares-Guevara et al., 2021).
The American Heart Association estimates that,
worldwide, cardiovascular disease kills approximately
tens of millions of people each year (Mozaffarian et al.,
2015). The pathogenesis of AS involves a variety of
pathological processes (Osonoi et al., 2018), mainly
including endothelial cell dysfunction, abnormal
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proliferation of vascular smooth muscle cells, and foam
cell formation (Yuan et al., 2012; Chistiakov et al.,
2017). Among them, the aggregation of macrophages in
the intima plays a crucial role in the formation and
stabilization of early AS plaques (Evans et al., 2018;
Yang et al., 2018). In addition, excessive lipid uptake
causes macrophages to form foam cells, which leads to
the development of AS (Wang et al., 2022). Studies have
shown that the autophagy process of macrophages is
significantly damaged after lipid load stimulation
(Sergin and Razani, 2014). impaired autophagy of
macrophages leads to excessive activation of the
inflammasome, which further promotes the progression
of AS by enhancing the production of inflammatory
cytokines (Razani et al., 2012). In addition, inhibition of
autophagy promotes the transformation of foam cells
and the development of plaques (Emanuel et al., 2014).
Therefore, it is of great significance to investigate the
role of autophagy in lipid-stimulated macrophages.

The AMP-activated protein kinase (AMPK)/
mechanistic target of the rapamycin (mTOR) pathway is
a significant signaling pathway in the formation of AS
(Sundararajan et al., 2019). Studies have shown that the
AMPK/mTOR pathway mediates macrophage
autophagy and inflammation (Fan et al., 2015), and
inhibits the formation of AS plaques (Cao et al., 2020).
In addition, Takeda-Watanabe et al. confirmed that
Sirtinol, a SIRT1 inhibitor, increases the expression of
pro-inflammatory genes in macrophages, induces
autophagy defects, and decreases AMPK activity, while
the mTOR inhibitor rapamycin eliminates the adverse
effects of Sirtinol (Takeda-Watanabe et al., 2012). These
results suggest that intervening in the AMPK/mTOR
pathway to promote macrophage autophagy could be an
effective treatment for AS.

At present, it is of great significance to search for
drugs that have little toxicity and side effects and can
effectively intervene, or even reverse, AS.
Tetrahydropalmatine (THP) is the main component of
Corydalis yanhusuo W. T. Wang, and it has been found
to participate in the regulation of various diseases
through the activation of AMPK-dependent autophagy
(Cao et al., 2019; Yin et al., 2022b). Yin et al. found that
THP inhibits the growth of hepatocellular carcinoma in
nude mice by promoting autophagy (Yin et al., 2021). In
addition, THP can induce M1 macrophages to convert to
M2 to inhibit inflammation, which is related to the
enhancement of autophagy (Wen et al., 2022). So, we
speculate that THP could regulate the AMPK/mTOR
pathway to activate macrophage autophagy and alleviate
AS. 9-B-d-Arabinofuranosyl Adenine (Ara-A), an
AMPK inhibitor (Guan et al., 2008), is used to study the
effects of THP on macrophage autophagy via
AMPK/mTOR pathway.

In this study, apolipoprotein E-deficient (ApoE™")
mice were fed a high-fat diet to establish a classical AS
animal model (Bai et al., 2020) and explore the effect of
THP on improving AS. Oxidized-low density lipoprotein
(ox-LDL) was applied to stimulate AS in RAW264.7

cells and the mechanism of macrophage autophagy in
alleviating AS by THP was studied. This systematic
study on the anti-AS effects and mechanism of THP is
expected to provide a new theory and new ideas for the
clinical intervention of THP in the prevention and
treatment of AS.

Materials and methods
Reagents and chemicals

Tetrahydropalmatine (THP, Y39962), oxidized-low
density lipoprotein (ox-LDL, S24879), and Ara-A
(B25665) were obtained from Shanghai Yuanye Bio-
Technology Co., Ltd (China). The kits for total
cholesterol (RXWBO0011-96), triacylglycerol (TG)
(RXWB0294-96), mouse low-density lipoprotein (LDL,
RX202979M), mouse high-density lipoprotein (HDL,
RX202924M), mouse monocyte chemoattractant
protein-1 (MCP-1) ELISA, mouse tumor necrosis factor-
o (TNF-o) ELISA (RX202412M), and mouse
interleukin-6 (IL-6) ELISA (RX203049M) were
purchased from Quanzhou Ruixin Biotechnology Co.,
Ltd (China). The Cholesterol Uptake Assay kit
(ab236212) and Cholesterol Efflux Assay (ab196985) kit
were provided by Abcam (USA). LC3B (AF4650),
CD68 (DF7518), AMPK (Ab133448), p-AMPK
(AF3423), mTOR (AF6308), p-mTOR (AF3308), P62
(AF5384), LC3 (AF5402) antibodies were provided by
Affinity (USA). The GAPDH antibody (10494-1-AP)
was purchased from Proteintech (USA).

Ethics

The experimental animals were reviewed by the
Experimental Animal Ethics Committee of Zhejiang
Eyoung Pharmaceutical Research and Development Co.,
Ltd (License No.: SYXK (Zhe) 2021-0033).

Animals

Male C57BL/6J mice (16-18 g weight, 6 weeks old)
and male ApoE”" mice (C57BL/6J background, 16-18 g
weight, 6 weeks old) were provided by Hangzhou
Qizhen experimental animal technology Co., LTD of
animal license permit number: SCXK (Zhe) 2022-0005.
Animals were transferred to the SPF animal room of
Zhejiang Eyoung Pharmaceutical Research and
Development Co., Ltd for one week of adaptive feeding.
The animal room conditions were 12h dark/light cycles
at 23+2°C and humidity of 60+5%.

Animal model and administration

Six C57BL/6J mice served as the Control group.
Eighteen ApoE”" mice were randomly divided into three
groups: the AS and THP groups (10 mg/kg and 40
mg/kg (Mao et al., 2015)). To establish an animal model
of AS, mice of the AS group and the THP groups were
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raised on a purified high-fat diet (0.15% cholesterol and
21% fat (Liang et al., 2020)) while the Control group
was fed with a normal chow. Mice of the THP groups
were given 10 mg/kg and 40 mg/kg THP while the
Control and the AS group were administered equal
amounts of normal saline for § weeks.

After the last administration, blood was extracted
from the eyeball after inhalation anesthesia with
isoflurane and then centrifuged (4°C, 3500 r/min, 10
min) for 1h to obtain the serum. The mice were
euthanized with CO,, the aorta tissues were quickly
separated and fixed in 4% paraformaldehyde or stored at
-80°C for subsequent experiments.

Hematoxylin and Eosin (HE) staining

The aorta tissues were separated, fixed in 4%
paraformaldehyde, and embedded in paraffin wax,
followed by cutting into 5-um slides. The xylene and
gradient ethanol were used to de-wax the slides,
followed by washing with water and staining with
hematoxylin and eosin. The slides were dehydrated
using gradient ethanol and sealed with neutral gum. The
image acquisition and analysis of the slides at 200x and
400% magnification were performed using a microscopic
imaging system (Nikon DS-Fi2, Nikon, Japan) with an
optical microscope (Nikon Eclipse Ci-L, Nikon, Japan).
The scoring principles for HE staining were as follows
(Wang et al., 2020): 0: Aorta structure is normal, no
obvious damage; 1: The aortic structure was slightly
damaged and the artery wall slightly thickened; 2: The
aortic structure was slightly damaged, the artery wall
was slightly thickened, and there was mild AS. 3: The
aortic structure had moderate damage, the arterial wall
had moderate thickening, and there was moderate AS. 4:
The aortic structure was severely damaged, the artery
wall was severely thickened, and there was severe AS.

Masson staining

The aorta tissue slides were baked at 62°C for 2h,
de-waxed with xylene and gradient ethanol, washed with
water, and stained with Weigert hematoxylin, Ponceau
staining solution, phosphomolybdate liquid, and aniline
blue liquid. The slides were dehydrated using gradient
ethanol and sealed with neutral gum. The images of
aortic fibrosis at 200x magnification were observed and
pictured using the microscopic imaging system with the
optical microscope.

Immunofluorescence assay (IF)

The aorta tissue slides were de-waxed and washed,
and the activity of endogenous peroxidase was blocked
with 3% H,0,. Then, slides were immersed in boiling
antigen retrieval solution for 15 min and washed with
PBS. 5% BSA was used to block the slides, and the
CD68 antibody diluent to a 1:300 dilution was added
and incubated at 4°C for 12h. The following day, a

secondary antibody was added and incubated for 0.5 h at
37°C away from light, followed by incubating with try-
488 tyramine conversion reagent. Afterward, the steps of
antigen retrieval, blocking, incubating with LC3B
antibody (1:300 dilution), and a secondary antibody,
incubating with try-cy3 tyramine conversion reagent
were repeated. Finally, anti-fluorescence quenching
sealers (DAPI contained) were added and the images
were captured by a fluorescence microscope (Ts2-FC,
Nikon, Japan).

Biochemical assay

The TC and TG levels of mouse sera were detected
using biochemical kits according to the instructions. The
absorbance was determined using a microplate reader
(CMaxPlus, MD, USA) at 510 nm.

Cell culture and grouping

RAW264.7 (mouse monocyte, iCell-m047) cells
were obtained from iCell Bioscience Inc (Shanghai,
China). RAW264.7 were cultured in DMEM high-
glucose medium containing 10% FBS and 100 U/mL
penicillin-streptomycin in a cell incubator (5% CO,,
37°C). The medium was changed every other day.

RAW264.7 were divided into four groups: the
Control group and THP groups (5, 10, 20 ug/mL THP)
to detect the effect of THP on cell viability. Then, five
groups were used: the Control group, ox-LDL group (50
pg/mL ox-LDL), and THP groups (50 pg/mL ox-LDL +
5, 10, 20 pg/mL THP) to determine the effects of THP
on ox-LDL-incubated RAW264.7. Finally, four groups
were used: the Control group, ox-LDL group (50 pug/mL
ox-LDL), THP group (10 pg/mL THP), and THP + Ara-
A group (10 pg/mL THP + 0.5 mM Ara-A) to verify the
mechanisms of THP.

MTT assay

RAW264.7 were inoculated into 96-well plates at
1x104 cells/well. Different concentrations (5, 10, 20
pg/mL) of THP were added and cultured for 24h.
Finally, 20 pL of MTT solution was added to each well
and incubated in a cell incubator (5% CO,, 37°C) for 4h.
Afterward, the plates were centrifuged at 1,500 rpm/min
for 10 min and the medium discarded. Then, 100 pL
DMSO was added to each well and the plates were
gently shaken for 20 min. After the purple-blue crystals
were completely dissolved, the absorbance value was
determined by the microplate reader at 490 nm.

Cholesterol uptake assay

25-NBD cholesterol is a fluorescent-tagged
cholesterol. RAW264.7 cells were inoculated into 96-
well plates and cultured for 6h. Then, serum-free
DMEM containing 25-NBD cholesterol (5 pg/mL) and
different concentrations of THP (5, 10, 20 ug/mL) were
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added and cultured for different times (0.5h, 1h, 2h, 4h,
6h). The medium was removed and cells were washed
with PBS, and the fluorescence intensity was detected
immediately using the microplate reader at 485/535
nm.

Cholesterol efflux assay

Control RAW264.7 and ox-LDL-loading RAW264.7
were first treated with NBD cholesterol (5 umol/L) for
6h. Afterward, serum-free DMEM containing HDL and
different concentrations of THP (5, 10, 20 pg/mL) were
added and cultured for 6h. Cell supernatant and cell
lysate were collected and the fluorescence intensities
were detected by the microplate reader at 485/523 nm.

ELISA

Lipid metabolism indexes LDL, HDL levels of the
mice serum, and inflammatory factors MCP-1, TNF-aq,
and IL-6 levels of mouse sera or cell culture
supernatants were determined using ELISA according to
the instructions. Their levels were calculated according
to standard curves.

Oil red staining

The lipid concentration in tissues or cells was
usually detected using oil red staining. The aorta tissues
or RAW264.7 cells were fixed in 4% paraformaldehyde
and washed with water or PBS. Then, samples were
washed with 60% isopropanol and soaked with oil red
staining reagent. The aorta tissues were immersed in the
oil red solution at 37°C for 20 min away from light,
differentiated using 60% isopropanol, and stopped with
water, followed by recording with the camera (850D,
Canon Ltd., Japan). RAW264.7 were stained with oil red
staining reagent overnight and washed with water. After
air drying, the lipid concentration of cells was observed
and photographed with the optical microscope. The oil
red in the cells was melted with isopropanol, followed
by absorbing 200 pL into the 96-well plates and the
absorbance was detected using the microplate reader at
490 nm.

Transmission electron microscope (TEM)
TEM can be used to observe autophagosomes.

Approximately 1 mm? of aorta tissues were isolated and
RAW264.7 cells were collected to analyze autophagy by

Table 1. Primer sequence.

TEM. After fixing with 2.5% glutaraldehyde, the
samples were fixed with 1% osmic acid fixative.
Afterward, the samples were dehydrated in gradient
ethanol. The aorta tissues were immersed in epoxy
propane and embedded with pure epoxy resin followed
by cutting into 70 nm slices. The slices were stained
with 2% uranium acetate saturated alcohol solution and
lead citrate. Autophagosomes in aorta tissues were
observed using a TEM (JEM 1400, JEOL Ltd., Japan). In
addition, RAW264.7 cells were soaked in ethylene oxide
and penetrated with a gradient acetone mixture. The
cells were polymerized with epon at 70°C overnight, cut
into 70 nm slices, and staining was performed as
described above for aorta tissues. The autophagosomes
in cells were also observed using TEM.

g-PCR

The RNA of RAW264.7 was extracted with a special
kit (AG21024, Amyjet) according to the manufacturer's
instructions. Real-time fluorescence qPCR was
performed on a Roche LightCycler® 96 instrument
following standard protocols. The amplification
parameters were set as follows: denaturation at 95°C for
10min, followed by 40 cycles at 95°C for 15 s and at
60°C for 60 s. The Primer sequences used in qPCR are
listed in Table 1.

Western Blot

The total protein of frozen aorta tissues or cell
samples was extracted and 10% or 12% SDS-PAGE was
prepared to separate different molecular weights proteins
at 80 V-120 V. Then, the proteins were transferred to the
PVDF membranes at 200 mA for 2h. Immediately after,
the PVDF membranes were blocked with 5% BSA for
2h at 22°C and immediately incubated with primary
antibodies against AMPK, p-AMPK, mTOR, p-mTOR,
P62, and LC3 at a dilution of 1:1000 and GAPDH at a
dilution of 1:10000 at 4°C for 12h. Then, a secondary
antibody (1:6000 dilution) was added to incubate
membranes for 2h at 22°C. Ultra-ECL chemiluminescent
solution was prepared and the protein images were
captured using a chemiluminescence apparatus (610020-
9Q, Shanghai Qinxiang Scientific Instrument Co., LTD,
China). The protein bands were analyzed by Image-J.

Statistical analysis

The data analysis was performed via SPSS 20.0. The

Gene Forward Primer Reverse Primer

Mouse Beclin-1 ATGGAGGGGTCTAAGGCGTC TGGGCTGTGGTAAGTAATGGA
Mouse MCP-1 CTGAGTTGACTCCTACTGTGGA TCTTCCCAGGGTCGATAAAGT
Mouse B-actin GTGTGATGGTGGGAATGGGT ACTCCTGCTTGCTGATCCAC
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quantitative data were analyzed by using One-way not conform to the normal distribution, the Kruskal-
analysis of variance (ANOVA) followed by Tukey’s Wallis H test was used. All data were expressed as mean
post-tests. If the distribution was normal but the variance + standard deviation (SD) and p<0.05 was defined as a
was not uniform, Dunnett's T3 test was used. If data did significant difference between groups.
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Fig. 1. Tetrahydropalmatine (THP) alleviates atherosclerosis (AS) lesions of aorta tissues in high-fat diet apolipoprotein E-deficient (ApoE*) mice.
ApoE~- mice received a high-fat diet for 8 weeks and were treated with or without THP for 8 weeks. A. The chemical structure formula of THP. B. The
mouse body weight curve. C, D. Representative images of oil red staining of aorta and plaque area statistics in AS mice aorta. E. Representative
images of Masson staining of AS mice aorta. F. Representative images of Hematoxylin and Eosin (HE) staining. G. HE scores. Data are presented as
the mean+SD, n=3. 44p<0.01 vs. the Control group; *p<0.05, **p<0.01 vs. the AS group. Scale bars: E, F, 100 um
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Results

THP alleviates the AS lesions of aorta tissues in high-fat
diet AboE" mice

Figure 1A shows the chemical structure of THP. As
shown in Figure 1B, compared with the control group,
the body weight of AS mice increased significantly after
week 4 (p<0.05 or p<0.01). Notably, after 6 weeks of 40
mg/kg THP administration, body weight in the THP40
group decreased significantly (»p<0.05 or p<0.01). As
shown in Figure 1C,D, after oil red O staining, a
significant increase in red-stained lipid deposits around
the aorta surface was observed in the AS group
compared with the control group (p<0.01). In addition,
only the AS group exhibited dark red plaques within the
aorta, indicating severe AS damage. After THP
treatment, the red-stained lipid deposits were reduced
and the AS plaque area was decreased (p<0.01). The
Masson staining results (Fig. 1E) showed that compared
with the control group, the observed increase in the blue-
stained fibrotic area, coupled with the presence of
numerous cavities within the aortic tissue, indicated
significant damage caused by AS. However, after THP
treatment, fibrotic areas and cavities were reduced,
suggesting that THP mitigated AS damage. The aortic
fibrosis decreased with THP treatment. The results of
HE staining (Fig. 1F,G) revealed that the aortic structure
was severely damaged and the arterial wall was severely
thickened in AS mice, indicating severe AS (p<0.01).
With the intervention of 40 mg/kg THP, arterial wall
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thickening, hyperplasia, and AS were improved, and HE
scores were reduced (p<0.05).

THP regulates lipid metabolism and reduces the levels of
inflammatory cytokines in high-fat diet ApoE”- mice

In Figure 2A-D, significant increases (p<0.01) in
TC, TG, LDL, and HDL contents were found in the AS
group, whereas THP reversed the augmentation
(»<0.01). The results of serum inflammatory factors in
mice (Fig. 2E-G) showed that MCP-1, TNF-a, and IL-6
levels were increased (p<0.01) in the AS group, and
decreased (p<0.01) with THP treatment.

THP increases the number of autophagosomes in high-
fat diet ApoE”- mice

We observed the ultrastructure of aortic endothelial
cells through TEM. As shown in Figure 3A, the red arrows
point to typical autophagosomes, the vacuolar component
with a bilayer membrane containing black-stained
organelles. Autophagosomes were rarely observed in the
control and AS group, whereas autophagosomes were
increased in a dose-dependent manner after THP treatment.

THP regulates the expression of macrophage
autophagy-related proteins in high-fat diet AboE”- mice

As shown in Figure 4A, the green signal represents
the expression of CD68, a macrophage marker (Wang et
al., 2017), thus colocalizing macrophages; whereas the
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Fig. 5. THP regulates the expression of autophagy- and
AMPK/mTOR pathway-related proteins in high-fat diet ApoE™
mice. A-E. Representative protein bands of p-AMPK/AMPK, p-
mTOR/m-TOR, P62, LC3-1I/LC3-1 and the corresponding
é\@ quantitative statistical results in aorta tissue. Data are
»F presented as the mean + SD, n=3. 4p<0.05, 44p<0.01 vs. the
Control group; *p<0.05, **p<0.01 vs. the AS group.
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red signal represents LC3B, serving as a widely utilized
marker of autophagy (Hwang et al., 2022). The green
and red signals showed a similar shape and overlapped
roughly in the merged image, indicating LC3B
expression in macrophages. However, IF results (Fig.
4B,C) indicated that the expression of CD68 and LC3B
was increased (p<0.01) in the AS group. With the
intervention of THP, compared with the AS group, CD68
was decreased (p<0.01) while LC3B expression was
further increased (p<0.05 or p<0.01).

THP regulates the expression of autophagy- and

ratio of p-AMPK/AMPK and LC3-Il/LC3-| was reduced
to half or lower (p<0.05 or p<0.01), and the expression
of p-mTOR/mTOR and P62 was increased to double or
higher (p<0.01) in the AS group. After the intervention
of THP, the tendencies were reversed (p<0.05 or
p<0.01).

Effects of THP on cell viability, lipid concentration,
cholesterol uptake, and cholesterol efflux in ox-LDL-
incubated RAW264.7

MTT assay results in Figure 6A demonstrated that

AMPK/mTOR pathway-related proteins in high-fat diet

THP did not significantly inhibit the cell viability of
APOE”- mice

RAW264.7 until the concentration exceeded 20 pg/mL.
As shown in Figure 6B,C, in comparison with the

Western blot results (Fig. 5A-E) indicated that the control group, the lipid concentration of macrophages
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increased in ox-LDL-incubated RAW264.7 (p<0.01),
while THP decreased the lipid concentration (»p<0.01). In
Figure 6D, cholesterol uptake in the control group was
almost negligible, with the other groups showing similar
curves gradually plateauing, indicating a diminishing
capacity for cholesterol uptake with time lag. In
comparison with the ox-LDL group, the fluorescence
intensity in cells of the THP-5 pg/mL group was
decreased (p<0.05 or p<0.01) after 4-6h culture, whereas
the THP-10 pg/mL and THP-20 pg/mL groups were
significantly decreased after 0.5-6 h culture (p<0.01). In
Figure 6E, no significant difference was observed
between the control and ox-LDL groups, whereas
increases in cholesterol uptake were observed after THP
intervention (p<0.05 or p<0.01). Notably, we found that
the cholesterol efflux rate in the THP-10 pg/mL group
was higher than in the THP-20 ug/mL group, which may
explain why fluorescence intensity in the THP-10 pg/mL
group was lower than that of the THP-20 pg/mL group.
Based on these findings, we suggested that THP
suppressed cholesterol uptake and promoted cholesterol
efflux in macrophages, thus reducing cholesterol
accumulation.

Effects of THP on inflammatory cytokines levels and
autophagy by regulating the AMPK/mTOR pathway in
ox-LDL-incubated RAW264.7

Ara-A, an AMPK inhibitor, was used to verify the
effects of THP on macrophage autophagy via the
AMPK/mTOR pathway. In Figure 7A-C, THP reduced
MCP-1, TNF-0, and IL-6 levels in ox-LDL-incubated
cells (p<0.01), while Ara-A reversed the tendency
(»<0.01). In Figure 7D, the red arrows point to auto-
phagosomes, containing a characteristic multilamellar
membrane and black-stained organelles. Interestingly,
the number of autophagosomes was increased (p<0.05)
after THP treatment compared with the ox-LDL group,
while the number was decreased after the intervention of
Ara-A (p<0.01) (Fig. 7E). The same pattern was
observed for Beclin-1, an autophagy biomarker, whose
mRNA expression decreased in the presence of ox-LDL
and increased after THP treatment (p<0.01). However,
the increase in Beclin-1 expression was reversed by Ara-
A intervention (p<0.01). In addition, mRNA expression
of MCP-1, a key chemokine that regulates macrophage
migration and infiltration, was found to show a reverse
trend with Beclin-1. Treatment with THP successfully
reduced elevated ox-LDL-induced MCP-I mRNA levels,
and this effect was partially counteracted by Ara-A.
Western blot results (Fig. 7H-L) revealed the ratio of p-
AMPK/AMPK and LC3-1l/LC3-I was increased (p<0.05
or p<0.01), and p-mTOR/mTOR and P62 was decreased
(p<0.01) in THP group. Ara-A reversed this effect
(p<0.05 or p<0.01).

Discussion

AS is a great threat to human life with high

morbidity and mortality (Herrington et al., 2016).
Exploring new drugs that can effectively intervene and
even reverse AS is still an important mission in clinical
research. ApoE”" mice are often used to study the anti-
atherosclerotic effects of drugs (Song et al., 2021; Dai et
al., 2022), while ox-LDL is a well-known risk factor
relating to the pathogenesis of AS and used to simulate
AS in vitro (Hua et al., 2020). In this study, we
confirmed that THP treatment for AS reduced lipid
deposition, regulated lipid metabolism, inhibited
inflammatory responses, and promoted macrophage
autophagy by activation of the AMPK/mTOR pathway
in high-fat diet ApoE”~ mice and ox-LDL-induced
RAW264.7 cells.

Lipid deposition causes plaque formation and lipid
metabolism plays an important role in the pathogenesis
of AS (Palmeiro et al., 2012; Liu et al., 2022). THP
alleviates a series of cardiovascular and cerebrovascular
diseases such as AS induced by hyperlipidemia via
inhibiting lipid peroxidation, endoplasmic reticulum
stress, and inflammasome activation (Ding et al., 2021).
Herein, we studied the effects of THP on AS in high-fat
diet mice and ox-LDL-incubated RAW264.7 cells. Our
experimental results indicated AS causes lipid
concentration in the aorta or RAW264.7 cells and lipid
metabolism disorders, as well as impacts on cholesterol
uptake and cholesterol efflux capacity. Oil red staining
revealed that THP treatment extremely lessened the lipid
accumulation and AS plaque area while the results
indicated that THP reduced the levels of lipid
metabolism indexes, increased the capacity of
cholesterol uptake, and decreased the capacity of
cholesterol efflux. HE and Masson staining results
indicated the pathological injury of aorta tissues and
THP administration could significantly alleviate this
pathological injury to attenuate AS. AS is an
inflammatory vascular disease caused by lipid uptake
(Yang and Shang, 2023), regulating inflammasome
pathways and inflammatory cytokines can represent an
attractive new treatment for AS (Kong et al., 2022). Our
data showed that THP inhibited the inflammatory
response by reducing inflammatory factor levels,
including MCP-1, TNF-q, and IL-6, suggesting that THP
treatment of AS is associated with anti-inflammatory
effects. Particularly, MCP-1, also known as the C-C
motif chemokine ligand 2(CCL2), played an essential
role in monocyte migration to the vessel wall,
contributing to AS development (Potashnikova et al.,
2024). As Pillai. reported, endogenously produced MCP-
1/CCL2 promotes the biogenic lipid-driven oxidation of
LDL in macrophages, transforming macrophages into
foam cells (Pillai et al., 2021). In our study, THP
treatment decreased the expression of MCP-I mRNA;
consequently, the cholesterol uptake capacity decreased
after THP treatment.

As mentioned above, the formation of macrophage
foam cells plays an important role in AS (Sergin and
Razani., 2014). Studies have reported that macrophage
autophagy can promote lipid metabolism, reduce the
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formation of foam cells, remove harmful substances in
macrophages, and significantly alleviate AS (Qiao et al.,
2017; Luo et al., 2020).

THP can be involved in a variety of cardiovascular
and cerebrovascular diseases by regulating autophagy
(Yin et al., 2022a,b). Oil red staining of cells showed
that THP reduces the lipid concentration to destroy the
formation of foam cells in macrophages. Interestingly,
increased autophagosome numbers and autophagy-
related protein expression were observed in the THP
groups in vivo and in vitro, suggesting the possibility of
THP attenuating AS via the promotion of autophagy. /n
vivo experiments, IF results showed that LC3B
expression was increased while CD68 expression was
decreased in aorta tissues after THP treatment. LC3-
II/LC3-I is a common standard for observing autophagy
activity (Masuda et al., 2022), and the decreased ratio
indicated the inhibition of autophagosome formation in
AS. Beclin-1 is another biomarker of autophagy (Dai et
al., 2019) and expression of Beclin-1 mRNA was
observed to increase after THP treatment, indicating an
enhancement in Treg autophagy. P62 is the link between
LC3 and polyubiquitinated proteins (Shiozaki et al.,
2020) and induction of autophagy down-regulates the
expression of the P62 protein, which suggests that THP
plays a promoting role in macrophage autophagy to
alleviate AS.

AMPK is involved in many signal transduction
pathways and is an important kinase in energy
homeostasis (Herzig and Shaw, 2018). Activation of the
AMPK/mTOR pathway leads to autophagy impairment
(Kim et al., 2011; Mihaylova and Shaw, 2011). The
animal experiment showed the effect of THP on
AMPK/mTOR pathway-related proteins, the
phosphorylated AMPK levels were increased and
phosphorylated mTOR was decreased after THP
treatment. In cell experiments, we confirmed that THP
enhanced macrophage autophagy through inhibiting the
AMPK/mTOR pathway by using Ara-A, which inhibits
AMPK activity to achieve autophagy inhibition (Dai et
al., 2019). We found that Ara-A could reverse the
decrease in inflammatory factors and the increase in
autophagosome number after THP treatment. In
addition, THP regulated the AMPK/mTOR pathway and
increased autophagy in vivo and in vitro, while Ara-A
significantly reversed it. These results suggested that
autophagy played an important role in the treatment of
AS and THP activated the AMPK/mTOR pathway to
promote macrophage autophagy.

However, there were some limitations in our study.
Whether AMPK inhibitors can reverse the effects of
THP in vivo has not been demonstrated. Thus, shRNA
built on viral vectors will be used in further in vivo
experiments. In addition, the sample size was small and
we did not establish a positive control group both in vivo
and in vitro, which reduced the persuasiveness of our
conclusion. It is worth noting that lipid concentration,
cholesterol uptake, and efflux rate assays revealed better
protection with THP-10 pg/mL against macrophage lipid

overload than with THP-20 pg/mL. More experiments,
such as Western blot analysis for the expression of
proteins related to autophagy or the AMPK/mTOR
pathway, are needed to uncover the mechanism.
Furthermore, the target genes of THP for macrophage
autophagy are still unclear, while further metabolomics
and gene sequencing are required.

Conclusions

In conclusion, in high-fat diet, ApoE”" mice, aortic
pathological injury, lipid metabolism disorders,
inflammation, and hypoautophagy occur in AS, and THP
intervention could regulate autophagy and AMPK/
mTOR pathway-related proteins to promote autophagy
to protect against AS. In addition, THP could inhibit ox-
LDL-induced lipid concentrations and inflammation,
regulate cholesterol uptake and efflux, and regulate
autophagy and AMPK/mTOR pathway-related proteins
to promote autophagy in RAW264.7. Our findings
indicated that THP promotes macrophage autophagy by
inhibiting the AMPK/mTOR pathway to attenuate AS.
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