Discovery Medicine 2025; 37(196): 884—893

Article https://doi.org/10.24976/Discov.Med.202537196.78

Spermine Enhances Cholesterol Effluence of
Macrophages Through Caspase 2-Mediated Autophagy

Xinyue Yuan'T, Yifan Mao®', Yuqiao Chen?, Jun Zhuang?, Daohai Chen?, Xiaolong Li%*

I Department of Cardiovascular Medicine, Changzhou Hospital Affiliated to Nanjing University of Chinese Medicine, 213003 Changzhou, Jiangsu,
China
2Department of Cardiovascular Medicine, Changzhou TCM Hospital, 213003 Changzhou, Jiangsu, China
*Correspondence: lidragon_li@163.com (Xiaolong Li)
T These authors contributed equally.
Published: 20 May 2025

Background: Spermine (SPM) is known to play a role in regulating cholesterol efflux of macrophages, which is a critical anti-
atherosclerotic pathway, but the underlying mechanism remains elusive. The deficiency of caspase 2 (CASP2), a target of SPM,
can induce autophagy, which promotes cholesterol efflux in atherosclerosis. Herein, we aimed to explore whether SPM could
regulate CASP2-mediated autophagy in the cholesterol efflux of macrophages.

Methods: Human THP-1 monocytes were induced into macrophages. After transfection and treatment with SPM or autophagy
inhibitor 3-methyladenine (3-MA), the cholesterol uptake of THP-1 cell-derived macrophages and the lipid accumulation were
examined using Dil-oxidized low-density lipoprotein (Dil-oxLDL) uptake assay and Oil Red O staining, respectively. The choles-
terol efflux was measured by means of [*H]-cholesterol detection. Quantification of CASP2 and factors related to autophagy and
apoptosis was completed using Western blotting and quantitative reverse transcription polymerase chain reaction (QRT-PCR).
Results: SPM treatment boosted cholesterol efflux and prevented lipid accumulation of THP-1 cell-derived macrophages (p <
0.001), without inducing cholesterol uptake of THP-1 cell-derived macrophages (p > 0.05). SPM upregulated the expression of
autophagy-related 5 (ATGS5), light chain 3 (LC3) II/LC3 I, and B-cell lymphoma-2 (Bcl-2) while downregulating Sequestosome 1
(P62) and CASP2 levels (p < 0.01). Treatment with 3-MA reversed the effects of SPM on cholesterol efflux, lipid accumulation,
and autophagy-related protein expression (p < 0.01). Separately, CASP2 overexpression offset the impacts of SPM on cholesterol
efflux, lipid accumulation, and expressions of proteins related to autophagy and apoptosis (p < 0.05).

Conclusion: SPM promotes autophagy to enhance the cholesterol efflux of THP-1 cell-derived macrophages by downregulating

CASP?2 expression.
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Introduction

Featuring dyslipidemia and over-accumulation of
cholesterol within the arterial intima, atherosclerosis is a
lipid-induced inflammatory disease predominantly affect-
ing large arteries, and is recognized as a risk factor for
cardiovascular diseases (CVD) such as myocardial infarc-
tion and stroke, during which macrophages act as the cen-
tral effector cells [1-3]. Macrophages promote the gen-
eration of foam cells and the formation of plaque arising
from cholesterol ester accumulation, which is an attribute
of atherosclerosis [4]. Thus, enhancing cholesterol removal
from these cells, notably by increasing cholesterol efflux
from macrophages, is of great importance to suppress lipid
accumulation and plaque lipid build-up.

Present in a diverse range of organisms, spermine
(SPM) is a type of polyamine essential for cell growth and
plays crucial roles in physiological and pathological func-
tions [5]. It has been reported that SPM reverses mem-

ory deficit in mice induced by lipopolysaccharide [6], en-
hances the acetylation of tubulins, and promotes the au-
tophagic degradation of prion aggregates [7]. Besides,
SPM can relieve the age-related cardiac function deterio-
ration in rats [8], and mitigate colon cancer, prostate can-
cer, and breast cancer [5,9,10]. SPM has protective effects
on CVD such as atherosclerosis by promoting the pyropto-
sis of macrophages [11], and assisting PDC-109 to induce
efflux of cholesterol and choline phospholipids [12]. How-
ever, there is a dearth of research expounding on whether
SPM affects the cholesterol efflux of macrophages.

Caspase 2 (CASP2), a kind of protease, functions as
an initiator and effector of apoptosis and is instrumental
in maintaining the genomic integrity and the normal con-
figuration of the chromosome [13]. It has been demon-
strated that CASP2 downregulation activates the AMP-
dependent kinase/Protein kinase B/mammalian target of ra-
pamycin (AMPK/AKT/mTOR) and the AMPK/mitogen-
activated protein kinase (MAPK) pathways to induce in-
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complete autophagy [ 14], and the loss of CASP2-dependent
apoptosis induces autophagy after mitochondrial oxidative
stress erupts in murine cortical neurons [15]. Autophagy
can promote cholesterol efflux to suppress the develop-
ment of atherosclerosis [16]. In this study, prediction
analyses through SwissTargetPrediction (http://www.swis
stargetprediction.ch/) establish CASP?2 as a target of SPM,
which prompted us to investigate whether SPM can reg-
ulate cholesterol efflux of macrophages through CASP2-
mediated autophagy.

THP-1 monocytes are commonly used as a precur-
sor for macrophage conversion because of their ability to
mimic the process of macrophage differentiation, and their
high morphological and biological resemblance to primary
monocytes [17]. Therefore, in the current study, we cul-
tured human THP-1 monocytes-derived macrophages to ex-
plore the effects of SPM treatment and CASP2 regulation on
the cholesterol efflux of macrophages, with the primary aim
of confirming whether SPM regulates the cholesterol efflux
of macrophages through CASP2-mediated autophagy.

Materials and Methods

Cell Culture

Human THP-1 monocytes (CL-0233) from Procell
(Wuhan, China) were cultured in a THP-1-specific medium
(CM-0233, Procell, Wuhan, China). The cultured cells
were routinely tested for mycoplasma contamination, and
the cells were authenticated using short tandem repeat
(STR) detection. The THP-1 cells were induced into
macrophages by incubating, at a preset condition (37 °C,
5% CO,), in 160 nM phorbol 12-myristate 13-acetate
(PMA; P6741, Solarbio, Beijing, China) for 24 h and then in
RPMI-1640 medium (PM150110, Procell, Wuhan, China)
containing 10% fetal bovine serum (FBS; 164210, Pro-
cell, Wuhan, China) and 1% penicillin-streptomycin solu-
tion (PB180120, Procell, Wuhan, China) for 12 h [18]. Af-
terward, the derived macrophages were collected for trans-
fection or drug treatment.

Cell Transfection

CASP?2 overexpression plasmid constructed using the
pcDNA3.1 vector (VT1001) was obtained from YouBio
(Hunan, China), and the negative control used in this exper-
iment was the plasmid containing blank pcDNA3.1 vector.
The sequence information for CASP2 (NM_001224.5:89-
1027) overexpression is provided in Supplementary File
1. For transfection, THP-1 cell-derived macrophages were
grown in 6-well plates to 80% confluence, followed by 48-
h transfection of CASP2 overexpression plasmid or con-
trol plasmid using 3 pL Lipo6000 Transfection Reagent
(C0526, Beyotime, Shanghai, China).
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Cell Treatment

The cells were divided into two categories, depend-
ing on the treatment plan. For treatment with SPM alone,
THP-1 cell-derived macrophages were exposed to 5 pmol/L
SPM (S8310, Solarbio, Beijing, China) for 24 h [11]. For
co-treatment with 3-methyladenine (3-MA) and SPM, the
cells were initially pretreated with 10 mM 3-MA (IM0190,
Solarbio, Beijing, China) for 6 h [19] and then exposed to
SPM (5 pmol/L).

Quantitative Reverse Transcription Polymerase
Chain Reaction

After transfection or drug treatment, CASP2 mRNA
level in the THP-1 cell-derived macrophages was quantified
by means of quantitative reverse transcription polymerase
chain reaction (QRT-PCR). Firstly, total RNA was extracted
from the cells using TriQuick Reagent (R1100, Solarbio,
Beijing, China), and then cDNA synthesis with Hifair II
Ist Strand cDNA Synthesis Kit (11119ES60, YEASEN,
Shanghai, China) was performed. Subsequently, the cDNA
was mixed with CASP2 primers and SYBR Green Mas-
ter Mix (11203ES03, YEASEN, Shanghai, China), prior
to the amplification using QuantStudio 6 Flex Real-Time
PCR System (Applied Biosystems, Waltham, MA, USA).
CASP2 mRNA expression was measured using the 2~ 24CT
method [20]. The sequences of the primers used are as fol-
lows:

CASP2 forward: 5
AGCTGTTGTTGAGCGAATTGT-3’, reverse: 5'-
AGCAAGTTGAGGAGTTCCACA-3’; glyceraldehyde-

3-phosphate dehydrogenase (GAPDH) forward: 5'-
GGAGCGAGATCCCTCCAAAAT-3',  reverse: 5-
GGCTGTTGTCATACTTCTCATGG-3'.

Dil-Oxidized Low-Density Lipoprotein Uptake Assay

Following transfection or drug treatment, THP-1 cell-
derived macrophages were exposed to 10 pg/mL Dil-
oxidized low-density lipoprotein (Dil-oxLDL) for 4 h using
a Dil-oxLDL uptake assay (20609ES76, YEASEN, Shang-
hai, China) [18]. For visualization, the images of cell fluo-
rescence after the assay were captured under a DM2500 flu-
orescence microscope (Leica, Weztlar, Germany) at 200 x
magnification.

Oil Red O Staining

Following transfection or drug treatment, THP-1 cell-
derived macrophages were fixed with 4% paraformalde-
hyde (P1110, Solarbio, Beijing, China) for 10 min, and
subjected to washing with double-distilled water, incubated
with 60% isopropanol (1434894, Aladdin, Shanghai, China)
for 5 min, and staining in Oil Red O solution (G1260, So-
larbio, Beijing, China) for 10 min. After being rinsed with
60% isopropanol and double-distilled water, the cells were
stained with Mayer’s hematoxylin solution (G4070, Solar-
bio, Beijing, China) for 3 min. After a round of washing
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with double-distilled water, the stained cells were observed
and imaged under DMi8 S optical microscope (Leica, Wezt-
lar, Germany) at 400 x magnification.

Cellular Cholesterol Efflux Determination

Cholesterol ~ efflux of THP-1  cell-derived
macrophages, which had been transfected with vector
or treated, was examined. Briefly, prior to cellular
cholesterol efflux determination, the transfected/treated
macrophages were cultivated with 0.2 pCi/mL [3H]-
cholesterol (NET139250UC, PerkinElmer, Waltham, MA,
USA) at 37 °C for 24 h [21]. After being rinsed with
phosphate-buffered saline (PBS; P1022, Solarbio, Beijing,
China), the cells were cultured in RPMI-1640 medium
containing 0.1% bovine serum albumin (BSA; A8010,
Solarbio, Beijing, China) overnight to equilibrate the
[®H]-cholesterol content. Next, the [*H]-cholesterol in
culture media and cells was measured using MicroBeta2
Microplate Counter (PerkinElmer, Waltham, MA, USA).
The cholesterol efflux was calculated using the following
formula: cholesterol efflux (%) = [>H]-cholesterol in total
media/([*H]-cholesterol in total cell + [®H]-cholesterol
total media) x 100.

Western Blotting

Total protein was isolated from the transfected/treated
THP-1 cell-derived macrophages using RIPA lysis solution
(20-188, Merck, St. Louis, MO, USA), and subsequently,
protein concentration was determined using a QuantiPro
BCA detection kit (QPBCA; SigmaAldrich, St. Louis, MO,
USA). The protein samples were denatured through a 5-min
incubation with the loading buffer (P1040, Solarbio, Bei-
jing, China) at 100 °C. Next, the denatured protein samples
were subjected to electrophoresis using sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
(P1200, Solarbio, Beijing, China) for 2 h. The separated
proteins were then transferred to the polyvinylidene diflu-
oride (PVDF) membrane (IPVH00010, Merck, St. Louis,
MO, USA). The membrane was then blocked with 5% skim
milk for 2 h, and then incubated with relative primary anti-
bodies (Abcam, Cambridge, UK) overnight at 4 °C; the pri-
mary antibodies included those targeting autophagy-related
5 (ATGS; ab108327, 1:5000, 32 kDa), Sequestosome 1
(P62) (ab109012, 1:10,000, 62 kDa), light chain 3 (LC3;
ab192890, 1:2000, 14/16 kDa), CASP2 (ab179520, 1:1000,
51 kDa), B-cell lymphoma-2 (Bcl-2; ab32124, 1:1000, 26
kDa), Bcl-2 associated X (BAX; ab32503, 1:5000, 21 kDa),
caspase-3 (ab32351, 1:5000, 32 kDa), cleaved caspase-3
(ab2302, 1:500, 17 kDa), and GAPDH (ab8245, 1:8000,
37 kDa). Later, the membrane was incubated with so-
lutions containing secondary antibodies such as goat-anti
rabbit 1gG (ab6721, 1:20,000) and goat-anti mouse IgG
(ab6789, 1:10,000). The protein expression was measured
using a ChemiDoc MP chemiluminescence detector (Bio-
Rad, Hercules, CA, USA) with Immobilon Western HRP
substrate (WBKLS0050, Merck, St. Louis, MO, USA).

Cell Counting Kit (CCK-8) Assay

Cell viability was detected using a CCK-8 Assay Kit
(40203ES76, YEASEN, Shanghai, China). In a 96-well
plate, 100 uL of cell suspension was inoculated per well.
CCK-8 solution (10 pL) was added to each well. The plates
were then incubated in the incubator for 1-4 h. The ab-
sorbance at 450 nm was measured by the microplate reader
(iMark Microplate Absorbance Reader, Bio-Rad Laborato-
ries, Hercules, CA, USA). The relative cell viability rate
was determined using the following formula: relative cell
viability (%) = [A (dosed) — A (blank)]/[A (0 dosed) — A
(blank)] x 100, A: absorbance.

Statistical Analysis

The collected data were analyzed by one-way anal-
ysis of variance (ANOVA) using GraphPad 8.0 software
(GraphPad Software, Inc., San Diego, CA, USA). Tukey’s
test was applied for post hoc comparisons. Statistical data
are expressed as mean + standard deviation. p < 0.05 was
considered statistically significant.

Results

Impact of SPM and 3-MA Treatment on Cholesterol
Efflux, Lipid Accumulation and Cholesterol Uptake
in Macrophages

The role of SPM in cholesterol uptake was deter-
mined. As depicted in Fig. 1A, there was no statistical dif-
ference in cell fluorescence intensity among the groups, in-
dicating that neither SPM nor 3-MA affected the cholesterol
uptake of THP-1 cell-derived macrophages. Meanwhile,
the lipid accumulation was decreased by SPM treatment
(Fig. 1B, p < 0.001) but increased by 3-MA pretreatment
in THP-1 cell-derived macrophages (Fig. 1B, p < 0.001).
Therefore, we further detected the cholesterol efflux of the
cells. As illustrated in Fig. 1C, SPM treatment enhanced
the cholesterol efflux of THP-1 cell-derived macrophages
(p < 0.001), which was offset by 3-MA pretreatment (p <
0.001). These findings revealed that SPM resulted in el-
evated cholesterol efflux and reduced lipid accumulation,
which are effects distinctive in autophagy, without appar-
ently impacting cholesterol uptake in macrophages.

Enhanced Autophagy and Repression of Macrophage
Apoptosis After SPM Treatment

We evaluated the expression of autophagy-related pro-
teins to help delineate the effect of SPM on macrophage
autophagy. As shown in Fig. 2A, SPM downregulated P62
level while upregulating ATGS level and LC3 II/LC3 I ra-
tio in THP-1 cell-derived macrophages (p < 0.01); all of
these effects could be offset by 3-MA (p < 0.01). In ad-
dition, CASP2 expression was diminished by SPM treat-
ment (p < 0.001; Fig. 2B), which, however, was not in-
fluenced by 3-MA treatment (Fig. 2B). Subsequently, SPM
promoted cellular viability (p < 0.001; Fig. 2C). In the anal-
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Fig. 1. Elevated cholesterol efflux and reduced lipid accumulation but minimally altered cholesterol uptake profile in
macrophages after SPM treatment, which were reversible by 3-MA treatment. (A) Fluorescent images of THP-1 cells-derived
macrophages treated with SPM for 24 h or pretreated with 3-MA for 6 h and the corresponding quantification of cholesterol uptake
measured by Dil-oxLDL uptake assay (200 x magnification). (B) Images of cells stained with Oil Red O and the corresponding quantifi-
cation of lipid accumulation (400x magnification). (C) Measurement of cholesterol efflux in cells, measured through [>H]-cholesterol
detection. ***p < 0.001. N =3. SPM, spermine; 3-MA, 3-methyladenine; Dil-oxLDL, Dil-oxidized low-density lipoprotein; PBS,
phosphate-buffered saline; Con, Control.

ysis of apoptosis-related protein expression, we identified
that the SPM treatment led to a reduction of CASP2, BAX,
and cleaved caspase-3/caspase-3 levels (p < 0.01; Fig. 2D)
and elevated Bcl-2 level (p < 0.01; Fig. 2D) in the THP-
1 cell-derived macrophages. Also, these effects instigated
by SPM treatment were not found to be impacted by 3-
MA (Fig. 2C,D). Taken together, these findings indicated
that SPM promotes autophagy but suppresses macrophage
apoptosis.

Effect of SPM on Cholesterol Efflux and Lipid
Accumulation in Macrophages, and Its Role on
CASP2 Regulation

To further verify whether the effects of SPM on THP-1
cell-derived macrophages are mediated through regulating
CASP2, we assessed the expression of CASP?2 in the trans-
fected macrophages. The results showed that CASP2 level
was upregulated in the macrophages after CASP2 overex-
pression by plasmid transfection (p < 0.001; Fig. 3A). We
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Fig. 2. Enhanced autophagy and suppressed macrophage apoptosis after SPM treatment. (A) Expression of autophagy-related
factors in THP-1 cell-derived macrophages treated with SPM (24 h) or pretreated with 3-MA (6 h) measured by Western blotting. (B)
CASP2 mRNA expression levels measured by qRT-PCR. (C) Cell viability was measured by CCK-8 assay. (D) Expression of apoptosis-
related proteins measured by Western blotting. GAPDH was used as the internal control. **p < 0.01, ***p < 0.001. N = 3. CASP2,
caspase 2; ATGS5, autophagy-related 5; qRT-PCR, quantitative reverse transcription polymerase chain reaction; CCK-8, Cell Counting
Kit; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; LC3, light chain 3; Bcl-2, B-cell lymphoma-2; BAX, Bcl-2 associated X.
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failed to find statistical differences in cell fluorescence in-
tensity among the groups, which indicated that SPM treat-
ment and CASP2 regulation did not affect cholesterol up-
take in THP-1 cell-derived macrophages (Fig. 3B). Mean-
while, SPM treatment led to dampened lipid accumula-
tion in THP-1 cell-derived macrophages (Fig. 3C, p <
0.001), which could be reversed by CASP2 overexpression
(Fig. 3C, p < 0.001). Furthermore, we observed that the
cholesterol efflux of THP-1 cell-derived macrophages was
enhanced after SPM treatment (p < 0.001; Fig. 4A), but
it was diminished as a result of CASP2 overexpression in
SPM-treated macrophages (p < 0.001; Fig. 4A). These re-
sults indicated that SPM facilitates cholesterol efflux and
attenuates lipid accumulation in macrophages by regulating
CASP?2 expression.

CASP2-Mediated Potentiation of Autophagy and
Suppression of Macrophage Apoptosis After SPM
Treatment

The final part of the study focuses on determining
the expression of autophagy- and apoptosis-related pro-
teins. As shown in Fig. 4B, SPM treatment reduced the
P62 level, but increased the ATGS expression level and
LC3 II/LC3 I ratio in THP-1 cell-derived macrophages (p
< 0.01); these changes in expression could be counter-
acted through CASP2 overexpression (p < 0.05). Besides,
we found that SPM treatment promoted cell viability (p
< 0.001; Fig. 4C), decreased CASP2, BAX, and cleaved
caspase-3/caspase-3 expression (p < 0.001; Fig. 4D), and
increased Bcel-2 level (p < 0.05; Fig. 4D) in the THP-1 cell-
derived macrophages. Similarly, those effects instigated by
SPM could be neutralized via CASP2 overexpression (p <
0.05; Fig. 4C,D). These data implied that SPM potentiates
autophagy and suppresses macrophage apoptosis by medi-
ating CASP2.

Discussion

In the present research, SPM was discovered to pro-
mote cholesterol efflux and autophagy, and mitigate the
lipid accumulation in THP-1 cell-derived macrophages.
Besides, the impacts of SPM on cholesterol efflux and lipid
accumulation were found to be elicited by autophagy con-
sequent to CASP2 downregulation. Our research provides
evidence that SPM facilitates autophagy to enhance choles-
terol efflux of THP-1 cell-derived macrophages by down-
regulating CASP?2 expression, providing a novel therapeutic
agent for atherosclerosis.

SPM has a pivotal role in a plethora of physiolog-
ical and pathological processes [5]. The regulatory ef-
fects of SPM on CVD have been widely validated in stud-
ies. For example, administration of exogenous SPM has
been found to mitigate hyperglycemia-induced myocardial
injury through suppressing Golgi stress [22], and atten-
uate diabetic cardiomyopathy by inhibiting reactive oxy-
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gen species (ROS)-p53 mediated calcium-sensitive recep-
tor downregulation [23]. Additionally, SPM relieves the
age-related cardiac function deterioration of rats [8], and
prevents cardiac aging by enhancing mitochondrial biogen-
esis and function [24]. A metabolomics study showed that
SPM level is downregulated in the plasma of atheroscle-
rosis rats [25], and SPM can protect against atherosclerosis
by promoting the pyroptosis of macrophages [11]. Notably,
reducing lipid accumulation in macrophages presents a po-
tent strategy for treating atherosclerosis [4]. Besides, SPM
assists PDC-109 to induce cholesterol efflux and choline
phospholipids [12]. Considering the findings above, we
infer that the protective effects of SPM on atheroscle-
rosis are mediated by modulating the lipid accumulation
in macrophages. Herein, we discovered that in response
to SPM treatment, the lipid accumulation of THP-1 cell-
derived macrophages was impeded. Cellular lipid accumu-
lation is a consequence of heightened cholesterol absorp-
tion and/or decreased cholesterol efflux [16]. We found
that SPM treatment had no influence on cholesterol up-
take while promoting the cholesterol efflux of THP-1 cell-
derived macrophages, confirming our speculation that SPM
offers protection against atherosclerosis by increasing the
cholesterol efflux of macrophages.

Autophagy, a highly conserved eukaryotic cellular re-
cycling process, is instrumental for cellular survival and
maintenance through the degradation of cytoplasmic or-
ganelles, macromolecules and proteins, as well as recycling
of breakdown products [26]. Thus, the dysfunction of au-
tophagy contributes to the development of multiple diseases
including atherosclerosis [27]. Accumulating evidence
proved that autophagy induction is a promising strategy
for atherosclerosis treatment [28], and this has been specif-
ically verified in several studies: for instance, quercetin
hampers the progression of atherosclerosis by augment-
ing Mammalian Ste20-like kinase 1 (MST1)-mediated au-
tophagy [29]; araloside C modulates the polarization of
the macrophage and mitigates atherosclerosis by promoting
Silent information regulator 1 (Sirtl)-mediated autophagy
[30]; and Long noncoding RNAs (IncRNA) FA2H-2 down-
regulation aggravates atherosclerosis due to the inhibited
autophagy flux [31]. At the molecular level, the anti-
atherosclerotic effect of autophagy is mediated through the
modulation of cholesterol efflux [16]. SPM-induced au-
tophagy can suppress the pro-inflammatory response of
macrophages and further ameliorate acute liver injury [32].
In this research, we discovered that SPM upregulates ATGS
and LC3 II/LC3 I levels, while downregulating P62 level,
suggesting that SPM promotes autophagy in THP-1 cell-
derived macrophages. Furthermore, we corroborated au-
tophagy as a crucial mechanistic pathway in the alteration
of cholesterol efflux and lipid accumulation by employ-
ing 3-MA treatment. As expected, the 3-MA treatment
reversed the influence of SPM on increasing cholesterol
efflux and decreasing lipid accumulation of THP-1 cell-
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Fig. 3. CASP2-mediated enhancement of lipid accumulation in macrophages after SPM treatment, but minimally altered choles-
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with SPM as well as the corresponding quantification of cholesterol uptake measured by Dil-oxLDL uptake assay (200 x magnification).

(C) Results of Oil Red O staining to depict lipid accumulation in the cells, and corresponding measurement of areas positively stained

by Oil Red O dye (400 x magnification). ***p < 0.001. N = 3.

derived macrophages, suggesting that SPM promotes au-
tophagy to enhance the cholesterol efflux of macrophages.

CASP?2 is a kind of protease that is associated with
the development of atherosclerosis, and its inhibition drasti-
cally suppresses macrophage death induced by triglyceride
whose accumulation affects the development of atheroscle-
rosis [33]. In addition, CASP2 downregulation activates the
AMPK/AKT/mTOR and the AMPK/MAPK pathways to
induce incomplete autophagy [14], and the loss of CASP2-
dependent apoptosis induces autophagy after mitochondrial
oxidative stress erupts in murine cortical neurons [15]. In
the present study, CASP2 was found to be a target of SPM,

which acts to downregulate the expression of CASP2 in
THP-1 cell-derived macrophages. Accordingly, we sur-
mised that the effect of SPM on promoting autophagy in
macrophages may be mediated by targeting CASP2. In this
study, we found that CASP2 overexpression reverses the
influence of SPM on increasing cholesterol efflux and au-
tophagy and decreasing lipid accumulation and apoptosis of
THP-1 cell-derived macrophages, confirming that the effect
of SPM in macrophages is regulated by CASP2-mediated
autophagy.

In this study, there are some limitations. Firstly, the
present study only investigated the expression of genes in-
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ing SPM treatment. The THP-1 cell-derived macrophages used in these experiments had been transfected with CASP2 overexpression
plasmid and treated with SPM for 24 h. (A) Levels of cholesterol efflux in the cells were measured via [*H]-cholesterol detection. (B)
Expression levels of autophagy-related proteins measured by Western blotting. (C) Cell viability was detected using CCK-8 assay. (D)
Expression levels of apoptosis-related proteins were detected using Western blotting. GAPDH was used as an internal control. *p <
0.05, **p < 0.01, ***p < 0.001. N =3.

volved in the autophagy pathway, and did not expand the  preliminary test on the SPM concentration on cultured cells
microscopy experiments involving the laser confocal mi- was not conducted to determine the most appropriate con-
croscope or transmission electron microscope to deeply in- centration for cell pretreatment. Further, this study also did
vestigate the impact of SPM on autophagy. Secondly, a  not attempt to unravel the effects of different interventions
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on macrophage function. Lastly, no in vivo experiments
were conducted to verify the in vitro results obtained.

Conclusion

In summary, SPM is a potential anti-atherosclerotic
agent, which promotes autophagy to enhance cholesterol ef-
flux of THP-1 cell-derived macrophages by downregulating
CASP?2 expression.
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