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Oxidized low-density lipoprotein-induced
p62/SQSTM1 accumulation in THP-1-derived
macrophages promotes IL-18 secretion and cell death
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Abstract. Macrophage autophagy has a protective role in the
development of atherosclerosis; however, it turns dysfunctional
in advanced lesions with an increase in p62/sequestosome-1
protein. Little is known about the role and significance of p62
accumulation in atherosclerosis. The present study investi-
gated the association between p62 expression and the process
of foam cell formation. Foam cell models were established
through incubation of THP-1-derived macrophages with
oxidized low-density lipoprotein, and the process of foam cell
formation was detected by Oil red O staining. Furthermore,
the dynamic change of p62 expression was detected by
western blotting and quantitative polymerase chain reaction.
Additionally, using gene silencing techniques, the roles of
p62 in foam cells were investigated with ELISA, MTT and
flow cytometry. The results indicated that besides serving as
a marker of autophagy deficiency, the p62 protein could also
mediate inflammation and cytotoxicity in advanced foam
cells. Additionally, the implication of p62 in autophagy inhibi-
tion and foam cell formation makes it a key atherogenic factor
under autophagy-deficient conditions.

Introduction

Annually, cardiovascular disease (CVD) is responsible
for >17 million mortalities around the world, and is known
as a disorder with the largest mortality rates globally (1).
Atherosclerosis, which is characterized by lipid accumulation
and long-term inflammation within the arteries, composes the
major underlying pathology of CVD (2). It is generally consid-
ered that unstable atherosclerotic plaques are responsible for
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acute cardiovascular complications, including myocardial
infarction, stroke and sudden cardiac death (3).

Of several cells associated with plaque stability, macro-
phages that are derived from the differentiation of monocyte
precursors upon migration into the sub-endothelial space (4,5)
are critical in progressive plaque formation. By the large uptake
of accumulated lipids, particularly the modified low-density
lipoprotein (LDL), macrophages turn into lipid-filled foam
cells, leading to the secretion of pro-inflammatory cytokines
and the establishment of a positive feedback loop for further
monocyte recruitment and intima migration (6,7).

Macrophage macroautophagy (hereafter referred to as
autophagy), which may affect apoptosis and efferocytosis, links
lipid metabolism and the inflammatory response to the devel-
opment of atherosclerotic lesions (8,9). In the lipid-excessive
environment of plaques, the autophagy-lysosomal system
degrades cytoplasmic lipid droplets and damaged organelles,
as well as misfolded proteins within macrophages, indicating
that autophagy has a pivotal protective role in preventing the
composition and progression of foam cells (10). However,
autophagy becomes dysfunctional as lesion development
progresses (11,12). Notably, accompanying the deficient
autophagy, an evident increase in the p62/sequestosome-1
(SQSTMI) protein level (hereafter referred to as p62) appears
in macrophage-rich areas of atherosclerotic aortas (8,9).

p62, an autophagy receptor molecule and a selective
autophagic substrate, may associate with ubiquitin-tagged
proteins and organelles and deliver them to the lysosome for
degradation (13). p62 is also a scaffold protein with several
domains that is implicated in various signal transduction path-
ways, including nuclear factor (NF)-«B, NF erythroid 2-related
factor 2, mitogen-activated protein kinase and mechanistic
target of rapamycin (mTOR) (14,15). Increasing reports have
indicated that p62 has multiple pathophysiological functions
in the inflammatory response, metabolism regulation, inclu-
sion body formation and tumorigenesis (16,17). However,
the regulation and significance of p62 during atherosclerosis
development have not been characterized.

As an independent risk factor of atherosclerosis, oxidized
LDL (oxLDL) exhibits a variety of atherogenic properties,
including promoting foam cell formation and the inflamma-
tory response (10,18). In order to investigate the correlation
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between p62 expression and oxLDL-induced foam cell forma-
tion, the present study utilized THP-1-derived macrophages
(THP-M) as a cell model.

Materials and methods

Antibodies and reagents. The following primary antibodies
were obtained for the present study: p62/SQSTMI1 (cat.
no. 8025S; Cell Signaling Technology, Inc., Danvers, MA,
USA); light-chain 3 (LC3)B (cat. no. L7543); and B-actin
(cat. no. A1987) (Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany). Horseradish peroxidase-conjugated secondary anti-
bodies were purchased from OriGene Technologies, Inc., (cat.
nos. TA-130003 and TA140003, respectively; Rockville, MD,
USA) and chloroquine (CQ) diphosphate salt was purchased
from Sigma-Aldrich (cat. no. C6628; Merck KGaA).

Cell culture. Human monocyte cell line, THP-1, was purchased
from the Type Culture Collection of the Chinese Academy
of Sciences (Shanghai, China). Cells were maintained in
RPMI-1640 medium supplemented with 2 mM L-glutamine
and 100 U/ml streptomycin-penicillin (Hyclone; GE Healthcare
Life Sciences, Logan, UT, USA), and 10% heat-inactivated
fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) at 37°C with 5% CO,. THP-1 cells were
plated in 6-well culture plates at 1x10° cells/well and were
differentiated to macrophages using 100 ng/ml phorbol-12-
myristate-13-acetate (PMA; Sigma-Aldrich; Merck KGaA)
for 24 h with serum-free RPMI-1640 at 37°C. Additionally,
oxLDL (Guangzhou Yiyuan Biological Technology Co., Ltd.,
Guangzhou, China) was added to a final concentration of
20 ug/ml to induce foam cell formation.

Small interfering RNA (siRNA) knockdown of p62/SQSTM1.
p62/SQSTMI1 siRNA (sc-29679) and control (con) siRNA
(sc-37007) were purchased from Santa Cruz Biotechnology,
Inc., (Dallas, TX, USA) (sequences were not released by the
company). For differentiation of THP-1 cells, 100 ng/ml PMA
was used. Following differentiation, a total of 2x10° cells/well
were grown in 6-well plates with 2 ml serum-free RPMI-1640,
and transfected with 50 nM of each siRNA for 48 h using a
HiPerfect Transfection reagent (Qiagen, Inc., Valencia, CA,
USA) at 37°C. The SQSTM1 mRNA levels were examined by
reverse transcription-quantitative polymerase chain reaction
(RT-gqPCR), and western blotting was utilized to verify the
efficacy of protein knockdown by siRNA.

Oil Red O staining. Following incubation with oxLDL,
THP-M cells were fixed with 4% formalin for 10 min at room
temperature, and then stained with Oil Red O solution (0.5%
Oil Red O in 60% isopropanol) for 15 min at 37°C. Foam
cell formation was observed under an inverted light micro-
scope (magnification, x100 and x40), and the accumulated
lipid droplets in the cells were stained red. Furthermore, the
uptake of oxLDL was examined by extracting the intracel-
lular Oil Red O in isopropanol and by measuring the optical
density (OD) at 520 nm. Another replicate experiment was
performed at the same time for correcting the cell number
and size in different samples. Finally, the degree of lipid
droplets was quantified on the basis of the mean OD value for
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average cells, which converts an OD value of ~1x10° cells/ml
isopropanol (19,20).

Western blotting. Cells were lysed in ice-cold RIPA lysis buffer
(POOL13C; Beyotime, Shanghai, China). The protein concentra-
tion was determined by BCA method. The total protein samples
(40 ug) were separated on 12% SDS-PAGE gels and transferred
onto polyvinylidene difluoride membranes (EMD Millipore,
Billerica, MA, USA). Following blocking with Tris-buffered
saline and Tween-20 containing 5% non-fat dry skimmed-milk
for 1 h at room temperature, membranes were incubated
overnight with the previously mentioned primary antibodies
(p62/SQSTM1, 1:1,000 dilution; LC3B, 1:1,000 dilution; and
B-actin, 1:1,000 dilution) at 4°C. The appropriate horseradish
peroxidase-conjugated secondary antibodies (goat anti-mouse
IgG, 1:5,000 dilution; goat anti-rabbbit IgG, 1:5,000 dilution)
were applied for 1 h at room temperature, and immunoreactivity
was subsequently visualized using a WesternBright enhanced
chemiluminescent kit (Advansta, Inc., Menlo Park, CA, USA).
Furthermore, densitometric analyses were performed using an
imaging analyzer (Tanon 5200; Tanon Science and Technology
Co., Ltd., Shanghai, China) and Tanon Gis software (Gel Image
System Ver. 4.00; Tanon Science and Technology Co., Ltd.).
Experiments were performed in triplicate.

Based on the method described above, firstly, the conver-
sion of LC3-I to LC3-II was determined by western blotting
in order to evaluate the activity of autophagic initiation.
Subsequently, the activity of autophagic flux was assessed by
using chloroquine (CQ), a specific lysosomal inhibitor that
interferes with vesicular acidification. A total of 2x10° cells/well
were grown in 6-well plates with 2 ml serum-free RPMI-1640
and transfected with 50 nM con siRNA or p62 siRNA for
48 h using a HiPerfect Transfection reagent. Western blotting
was subsequently performed with the anti-LC3B antibody
following exposure to 20 pg/ml oxLDL for the indicated time,
with or without CQ (30 #M) for the last 2 h.

RT-gPCR. Total cellular RNA was isolated using TRIzol
reagent (Invitrogen; Thermo Fisher Scientific, Inc.), according
to the manufacturer's instructions, and the integrity was
confirmed by electrophoresis on an ethidium bromide-stained
1.5% agarose gel. cDNA was generated with an AccuPower
RT PreMix (Bioneer Corp., Daejeon, Korea), according to the
manufacturer's instructions. qPCR was then performed using
an AccuPower GreenStar qPCR PreMix (Bioneer Corp.),
according to the manufacturer's instructions, in a 7300 Real
Time PCR system (Applied Biosystems; Thermo Fisher
Scientific, Inc.). The thermocycling conditions were as follows:
95°C for 20 sec, followed by 40 cycles of 15 sec at 95°C and
annealing/extension for 45 sec at 60°C. The primers were
synthesized and purchased from Bioneer Corp., and the
sequences were as follows: SQSTM1 forward, 5-ATCGGAG
GATCCGAGTGT-3' and reverse, 5“-TGGCTGTGAGCTGCT
CTT-3"; B-actin forward, 5'-CAACTGGGACGACATGGAG
AAAAT-3' and reverse, 5'-CCAGAGGCGTACAGGGATAGC
AC-3".Therelative mRNA expression levels of p62 were normal-
ized to B-actin following the 2244 method (21).

ELISA analysis. Interleukin-18 (IL-18) levels from culture
media was measured with an ELISA kit from R&D Systems,
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Figure 1. Prolonged oxLDL stimulation results in advanced foam cell formation. (A) THP-1-derived macrophages were incubated with 20 pg/ml oxLDL for 0,
12,24,48 and 72 h. Additionally, Oil Red O staining was used to label foam cells, which was imaged by a bright-filed microscope. Upper panels: Magnification,
x100; scale bar, 10 ym. Lower panels: Magnification, x40; scale bar, 50 ym. (B) The graph represents OD values at 520 nm of ~1x10° cells/ml isopro-
panol. Data represent the mean =+ standard deviation of six independent experiments. "P<0.05 and “P<0.01 vs. 0 h. oxLDL, oxidized low-density lipoprotein;

OD, optical density.

Inc., (cat. no. 7620; Minneapolis, MN, USA), according to the
manufacturer's instructions.

Evaluation of cell viability by MTT assay. An MTT cell
viability/cytotoxicity kit was used that was purchased from
Beyotime Institute of Biotechnology (Shanghai, China). In
total, ~10,000 cells were plated in each well of 96-well plates.
Following the treatment with oxLDL and siRNA, 20 ul MTT
reagent (5 mg/ml) was added to each well and the cells were
then cultured for 4 h at 37°C. Subsequently, the supernatant
was removed and 150 gl dimethyl sulfoxide (DMSO) was
added to each well to dissolve formazan. A well with DMSO
but without cells was used as a control, and the OD value of
each well was detected at 490 nm using a Lumo microplate
reader (PHOMO; Autobio Diagnostics Co., Ltd., Shanghai,
China). Cell viability was expressed as a percentage of the
untreated control.

Annexin V/propidium iodide (PI) double staining and
Sfluorescence-activated cell sorting (FACS) analysis. Following
the treatment with oxLDL and siRNA, THP-M cells main-
tained in 10% FBS-RPMI-1640 were collected, re-suspended
and stained with Annexin V-fluorescein isothiocyanate/PI
(Annexin V/PI apoptosis kit; BD Biosciences, Franklin Lakes,
NJ, USA), according to the manufacturer's instructions. A total
of 1x10* cells from each sample (con siRNA treated and p62
siRNA treated samples, respectively) were stained with 5 ul
Annexin V and 5 pl propidium iodide (PI) for 15 min in the
dark at room temperature, then re-suspended in 400 ul calcium
binding solution, and analyzed on a FACSCanto II flow cytom-
eter (BD Biosciences). Data analysis was performed with BD
FACSDiva v8.0.1 software (BD Biosciences). The percentage
of Annexin V-positive/PI-negative (considered as apoptotic
cells) and Annexin V-positive/PI-positive (considered as
necrotic cells) staining was determined and compared with
the control groups.

Statistical analysis. All numerical data and error bars were
provided as the mean + standard deviation. Statistical signifi-
cance of the differences among groups was analyzed using

GraphPad Prism 6.0 software (GraphPad Software, Inc., La
Jolla, CA, USA). Multi-group comparisons of the mean data
were performed using one-way analysis of variance with
the Student-Newman-Keuls test. P<0.05 was considered to
indicate a statistically significant difference.

Results

Prolonged oxLDL treatment results in advanced foam cell
formation. THP-1-derived foam cell models were established
using oxLDL, one of the best-known atherogenic lipopro-
teins (10), in order to elevate intracellular cholesterol levels.
Firstly, a time course of changes in lipid levels was examined
during the process of foam cell formation. As demonstrated in
Fig. 1, following treatment with a common dose (20 pg/ml) of
oxLDL, Oil Red O staining and oxLDL uptake assay revealed
a time-dependent increase in lipid levels within the THP-M
cells. Furthermore, incubation with oxLDL for a 48-h period
induced an increase in the size of lipid droplets in the cyto-
plasm, as assessed by bright-filed microscopy, which was a
typical characteristic of foam cells. Several cells even burst
when cultured with oxLDL for 72 h, suggesting that advanced
foam cells had been formed. Oil Red O staining was signifi-
cantly increased following 12, 24 (both P<0.05), 48 and 72 h
(both P<0.01) of oxLLDL treatment compared with O h.

Prolonged oxLDL treatment induces p62 protein accumu-
lation during foam cell formation. Data of immunoblotting
revealed a significantly reduced level of p62 protein after 24 h
of oxLDL treatment compared with 0 h (P<0.01). However,
during prolonged oxLLDL treatment, at 48 and 72 h, the p62
level increased significantly compared with the level at 24 h
(P<0.01), and the level at 72 h was more than the basal level
(P<0.05; Fig. 2A and B). These data indicated that oxLDL
is involved in the regulation of the p62 protein level, and
prolonged oxLDL exposure leads to elevated expression of
p62 in advanced foam cells. Following this, the transcription
level of SQSTM1 mRNA in THP-M cells with oxLDL treat-
ment was assessed. It was demonstrated that during the first
48 h of oxLLDL treatment, SQSTMI1 mRNA was significantly
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Figure 2. oxLDL influences the expression of p62 at the protein and mRNA
levels. (A) Time course of p62 protein expression in THP-M cells treated with
oxLDL (20 pg/ml). Western blotting experiments were performed on total
protein extracts using anti-p62 antibody, and f-actin expression was used
as a loading control. (B) The graph represents values of p62 band intensity
following normalization to f-actin by densitometry. (C) Reverse transcrip-
tion-quantitative polymerase chain reaction experiments of SQSTM1 mRNA
expression in THP-M cells treated with 20 yg/ml oxLDL for 0, 12,24, 48 and
72 h. Relative SQSTM1 mRNA levels were normalized to $-actin mRNA.
Data represent the mean + standard deviation of three independent experi-
ments "P<0.05 and “P<0.01 vs. 0 h; “P<0.01 as indicated. oxLDL, oxidized
low-density lipoprotein; THP-M, THP-1-derived macrophages; SQSTMI,
sequestosome-1.

decreased compared with that at 0 h (P<0.05). Notably, the
SQSTMI mRNA level then significantly increased following
oxLDL treatment for 72 h (P<0.01), compared with the level at
48 h, to almost the basal level at 0 h (Fig. 2C).

Knockdown of p62 leads to a decrease in IL-18 secretion from
macrophages with prolonged oxLDL exposure. Given the
multiple pathophysiological roles of p62 reported in studies
on other diseases, the present study aimed to determine the
potential role of p62 accumulation in advanced foam cells.
IL-18, one of the pro-inflammatory cytokines in atheroscle-
rosis, is produced from NLR family pyrin domain containing
3 inflammasome activation and may be regulated through the
NF-«B pathway (22). In order to examine whether increased
p62 protein levels were associated with oxLDL-induced IL-18
secretion, THP-M cells were treated with siRNA against p62.
Compared with the con siRNA group, and after oxLDL treat-
ment for the indicated time, p62 siRNA led to a significant
decrease in the expression of p62 protein by 41.3% at 24 h
and 62.0% at 72 h (P<0.05; Fig. 3A). On the transcriptional
level, the p62 siRNA treatment group revealed a significant
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reduction of SQSTM1 mRNA to 47.8% at 24 h and 30.2% at
72 h (P<0.05; Fig. 3B).

Time course experiments demonstrated that oxLDL gradu-
ally induced IL-18 secretion from macrophages, and prolonged
oxLDL treatment markedly raised IL-18 levels. Although no
significant difference was observed for the first 24 h between
the con and p62 siRNA groups, 48-h and 72-h oxLDL-treated
cells revealed a significant reduction in IL-18 secretion in the
presence of p62 siRNA compared with those treated with con
siRNA (P<0.01; Fig. 3C). These results indicated that cyto-
plasmic accumulation of p62 mediates oxLDL-induced IL-18
secretion in THP-M cells, which implies that p62 could serve
as a proinflammatory stimulus in advanced foam cells.

Knockdown of p62 exhibits positive effects against prolonged
oxLDL-induced cell death. Although cell death has been
extensively described in numerous oxLLDL studies (5,7,10), the
underlying mechanism remains unclear. As previous reports
have demonstrated, ubiquitinated protein caspase-8 could
interact with p62 and initiate a non-death receptor-mediated
pathway of apoptotic cell death (23). Therefore, the increased
p62 level in advanced foam cells could be detrimental to cell
survival. In order to examine whether p62 was functionally
involved in oxLDL-induced macrophage death, knockdown
approaches were used in THP-M cells, and the changes of cell
viability were evaluated for the indicated time.

As depicted in Fig. 3D, for the first 24 h of oxLDL treat-
ment, there was no significant difference between con and p62
siRNA-treated cells. However, following prolonged incuba-
tion with oxLDL, the viability of con siRNA-treated THP-M
cells was reduced, and p62 siRNA-treated cells revealed a
significant increase in cell viability at 48 and 72 h after oxLDL
treatment compared with con siRNA-treated cells (P<0.05).
Subsequently, the apoptotic and necrotic rates of THP-M
cells were measured by flow cytometry following treatment
with oxLDL for 72 h. Data demonstrated that silencing p62
significantly attenuated prolonged oxLDL-induced cell
necrosis compared with the con siRNA cells (P<0.01; Fig. 3E).
This suggested a novel cytotoxic role of p62 in foam cell
progression.

Knockdown of p62 improves autophagic activity and
dampens foam cell formation. Autophagic activity, including
both autophagic initiation and flux, involves the fusion of
cargo-laden autophagosomes with lysosomes and results
in cargo degradation within the lysosome (24). The LC3
conjugation system is critical to autophagy. Cytosolic LC3
(LC3-I) is processed and converted to the phosphatidyleth-
anolamine-conjugated form (LC3-II), which is located on
the autophagosomal membrane and thus commonly used as
an autophagosomal indicator (25). Notably, compared with
con siRNA-treated cells, p62 siRNA-treated cells revealed a
significant switch of LC3-I to LC3-IT (P<0.01; Fig. 4A and B),
indicating that autophagic initiation was activated by p62 inhibi-
tion. Following this, the activity of autophagic flux was assessed
using CQ. LC3-II in p62 siRNA-treated cells was further
increased in the presence of CQ at 0 and 72 h compared with
cells treated with only p62 siRNA (P<0.05), which represented
the completed autophagic process (Fig. 4A and C). A previous
study revealed that autophagy regulates cholesterol efflux from
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Annexin

Figure 3. Silencing p62 reduces IL-18 secretion and promotes cell survival of macrophages with prolonged oxLDL exposure. (A) THP-M cells treated with
oxLDL (20 pg/ml) for the indicated time following transfection with 50 nM con siRNA or p62 siRNA. Western blotting experiments were performed on total
protein extracts using anti-p62 antibody, and -actin expression was used as a loading control. The graph represents the values of p62 band intensity after
normalization to 3-actin by densitometry. "P<0.05 vs. 24 h group. (B) The graph represents values of the SQSTM1 mRNA expression following normalization
for B-actin mRNA by reverse transcription-quantitative polymerase chain reaction. "P<0.05 vs. 24 h group. (C) ELISA of secreted IL-18 in the media of cells
treated with con or p62 siRNA and 20 pg/ml oxLDL for 0, 12, 24, 48 and 72 h. "P<0.05 and “P<0.01 vs. 0 h; "P<0.01 as indicated. (D) THP-M cells were
pretreated with con or p62 siRNA and then treated with 20 yg/ml oxLDL for the indicated times. Cell viability was analyzed by the MTT assay. Results are
expressed as a percentage of con siRNA group at 0 h. "P<0.05 vs. con siRNA group. (E) Determination of cell death by flow cytometry of Annexin V-fluorescein
isothiocyanate/PI staining in THP-M cells transfected with con or p62 siRNA and then incubated with oxLDL (20 yg/ml) for the indicated times. Data are
representatives of three independent experiments. “P<0.01 as indicated. IL, interleukin; oxLDL, oxidized low-density lipoprotein; THP-M, THP-1-derived
macrophages; siRNA, small interfering RNA; con, control; PI, propidium iodide.

macrophage foam cells (26). Therefore, it was hypothesized that ~ reduced number and size of lipid droplets in the presence of
silencing p62 could prevent oxL.DL-induced lipid deposition in ~ p62 siRNA compared with those treated with oxLDL and con
macrophages. Results from Oil Red O staining revealed that  siRNA (P<0.05; Fig. 4D), indicating that reducing the p62 level
THP-M cells exposed to 72 h of oxLDL exhibited a significantly ~ could effectively dampen foam cell formation.
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Figure 4. Silencing p62 improves autophagic activity and dampens foam cell formation. (A) THP-M cells were transfected with con or p62 siRNA. Western
blot analysis was performed with the anti-LC3B antibody following exposure to 20 zg/ml oxLDL for the indicated time, with or without CQ (30 uM) for
the last 2 h. $-actin expression was used as a protein loading control. (B) Densitometric quantification of LC3-1I/I from the western blot analysis of cells
treated with con or p62 siRNA. (C) Densitometric quantifications of LC3-II from the western blot analysis of cells treated with p62 siRNA with or without
CQ. (D) THP-M cells were treated with con or p62 siRNA for 48 h before stimulation with 20 yg/ml oxLDL for 72 h. Foam cells were then assayed by Oil
red O staining and imaged by a bright-filed microscope (magnification, x40). Scale bar, 50 ym. The graph represents OD values at 520 nm of ~1x10° cells/ml
isopropanol. Data represent the mean + standard deviation of three independent experiments. “P<0.01 vs. con siRNA; "P<0.05 vs. p62 siRNA; “P<0.05 as
indicated. THP-M, THP-1-derived macrophages; siRNA, small interfering RNA; con, control; *-’, oxLDL treated cells without any siRNA; Un, untreated cells;
LC3, light-chain 3; oxLDL, oxidized low-density lipoprotein; CQ, chloroquine; OD, optical density.

Discussion

As a cytosolic protein, the expression of p62 may be regu-
lated in two ways: Generation and degradation. It was worth
noting that, although treatment with oxLDL for a 48-h period
caused an increase in p62 protein, the transcriptional level
of SQSTM1 was significantly downregulated in the present
study. This difference suggested that degradation pathway
autophagic dysfunction may be involved in the regulation of
p62 expression within oxLDL-treated macrophages.

A previous study has indicated that either excessive
lipid concentrations or chronic lipid exposure possesses the
property of inhibiting autophagy by blocking the fusion of
autophagic/lysosomal compartments or impairing lysosomal
acidification and hydrolase activity (27), which was mostly
consistent with the observations of the present study. By
silencing the expression of p62 in the present study, decreased
IL-18 secretion and reduced overall cell death was observed
in prolonged oxLDL-treated cells. Accordingly, these results
indicated a proinflammatory and cytotoxic role of p62 in foam
cell progression. Notably, silencing p62 significantly decreased
the necrosis rate in prolonged oxLDL-treated macrophages.
However, the specific mechanism of this remains to be
discussed in the future.

One surprising observation of the present study was that,
in the RNA interference experiments, p62 siRNA-treated

THP-M cells revealed an evident increase in LC3 conversion,
and the autophagic flux remained normal even after a 72-h
incubation with oxLDL. These results indicated that p62 may
negatively regulate autophagic activity, and these findings are
further supported by a previous study that demonstrated that
p62-silencing induced LC3-II expression and autophagy acti-
vation by inhibiting mTOR in numerous p62-overexpressed
carcinoma cells (28).

Furthermore, results from a previous study reported that
mTOR-silencing markedly suppressed foam cell forma-
tion with a decrease in lipid deposition by upregulating
autophagy (29). This report extends our thought and may
help explain another observation of the present study, which
demonstrated an evident decrease in lipid accumulation in
prolonged oxLDL-treated THP-M cells in the presence of p62
siRNA. It has been reported that the autophagic substrate p62
promotes mTOR complex 1 (mTORCI) activity by interacting
with its key component, Raptor (30,31). mTORCI also has a
negative role in the regulation of autophagy, which contributes
to cholesterol efflux (25). Therefore it is hypothesized that
silencing p62 activates mTORCI, thus enhancing autophagic
activity and leading to augmented reverse cholesterol transport
and restrained foam cell formation. In addition, the discovery
of silencing p62 inducing autophagy activation provides a way
to understand how p62 influences efferocytosis. A previous
study reported that apoptotic cells that die with defective
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autophagy are poorly engulfed by efferocytes (32). Therefore,
it is presumed that silencing p62 boosts autophagy, which
is beneficial to effective efferocytosis against secondary
Necrosis.

In light of the above points, the present study demonstrated
an important role for p62 in the nexus of autophagy activa-
tion, lipid metabolism, inflammatory response and cell death
during foam cell progression. Such an interrelationship may
trap macrophages into a detrimental reinforcing loop, in which
prolonged oxLLDL exposure promotes p62 accumulation, as
well as lipid deposition. Next, accumulated p62 further inhibits
autophagy, which in turn leads to more p62 accumulation and
accelerates foam cell formation, with growing inflammation
and cell death.

The observations of the present study highlight a previ-
ously unexplored interrelationship between p62 regulation and
lipid metabolism in macrophages, and provide novel insight
into how the plaque switches to an unstable state, allowing us
to further understand the significance of accumulated p62 in
atherosclerotic plaques. Besides being a marker of defective
autophagy in macrophages, p62 may also be a detrimental
factor that triggers increased inflammation and cell death.
In addition, knowledge gained from the present study of p62
in foam cells may be useful for devising mechanism-based
therapeutic strategies. Therefore, more cell lines, lipid types
and even in vivo studies are required in the future to estab-
lish the actual relationship between the regulation of p62 in
macrophage foam cells and atherosclerosis.
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