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Abstract
Atherosclerosis, a chronic comprehensive cardiovascular disease, is characterized by the lipid infiltration, formation of foam cells
derived from macrophages and inflammation in the vessel wall. Substantial evidence confirms that the activity of autophagic
bodies plays a pivot role in regulating cell deaths, but the mechanisms of autophagy to regulate the pyroptosis of macrophages in
atherosclerosis remain unclear. In our study, we explored that ox-LDL decreased the cell viability and destroyed the integrity of
cell membrane, resulting in the pyroptosis of THP-1 derived macrophages in a dose-dependent manner. Western blotting, qRT-
PCR and ELISA also showed that chloroquine (CQ) could up-regulate the expression of p62 through impairing autophagy and
induce the pyroptosis of macrophages treated by ox-LDL, as evidenced by the decrease of cell viability and membrane integrity,
and the increase of pro-caspase-1, GSDMD, and proinflammatory factors IL-1β and IL-18. Further researches demonstrated that
Nrf2, a nuclear factor activated by p62, was linked to macrophage pyroptosis. Overactivating or suppressing Nrf2/ARE signaling
would correspondingly aggravate or alleviate pyroptosis, in which the level of p62 was regulated by Nrf2 feedback. Then,
bioinformatic analysis verified that there was a close interaction between p62, Nrf2/ARE signaling proteins and pyroptosis-
related proteins. Taken together, our results show that blocking autophagy promotes the pyroptosis of ox-LDL-treated macro-
phages via the p62/Nrf2/ARE axis, providing a novel therapeutic target for atherosclerosis.
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Abbreviations
AS Atherosclerosis
ARE Antioxidant response element
CQ Chloroquine
caspase-1 Cysteinyl aspartate specific proteinase-1
ox-LDL Oxidized-low density lipoprotein
ELISA Enzyme-linked immunosorbent assay
FCM Flow cytometry analysis

GSDMD Gasdermin D
HO-1 Heme oxygenase-1
LDH Lactate dehydrogenase
Nrf2 Nuclear factor erytheroid-derived-2-like 2
p62/SQSTM1 Sequestosome 1
qRT-PCR Quantitative real-time polymerase chain

reaction
tBHQ Tert-butylhydroquinone

Introduction

Atherosclerosis (AS), one of the predominant causes of car-
diovascular diseases, has high morbidity and mortality world-
wide [27]. The main causes of atherosclerosis induced by
smoking, hyperlipidemia and other factors are arterial vessels
lesion, abnormal lipid metabolism and inflammation, which
are manifested as the structural and functional abnormalities
of vascular endothelial cells, smooth muscle cells and macro-
phages [3, 44]. Macrophages take in excess oxidized-low
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density lipoprotein (ox-LDL) to form foam cells, which play a
key role in the early and advance stage of atherosclerosis. The
death of foam cells can lead to the occurrence and expansion
of extracellular lipid nuclei, which has an important effect on
plaque rupture and thrombosis [45]. Therefore, macrophage
death can predict the instability of plaques in atherosclerosis.

Inflammatory caspases are critical for inflammasome-
mediated immunity/diseases. Caspase-1 is activated by the
canonical inflammasomes, such as NLRP3, NAIP–NLRC4,
AIM2 and Pyrin. Pro-caspase-1 is involved in the cleavage
and maturation of IL-1β/18, and also triggers a form of pro-
grammed necrosis known as pyroptosis [38]. Activated
caspase-1 cleaves the N-terminal domain and C-terminal do-
main of gasdermin D (GSDMD), executive protein of
pyroptosis, releases the N-terminal domain with the activity
of pore drilling on the phospholipid of the binding membrane,
and then destroys the cell membrane to cause pyroptosis [5,
9]. Pyroptosis, a new caspase-1-dependent inflammatory mo-
dality of cell death, is characterized by cell swelling, pore
formation andmembrane rupture, resulting inmassive leakage
of cytoplasmic components [15]. Accumulating evidences
have suggested that pyroptosis raise the risk of atherosclerotic
plaque rupture, which undoubtedly implies a potential value
of blocking pyroptosis in AS [33].

Autophagy is a dynamic regulatory system for maintaining
the stability of intracellular environment, selectively degrading
long-lived proteins and damaged organelles [7]. It affects choles-
terol efflux and inflammation in atherosclerosis, and is also re-
lated to pyroptosis [31]. Ye et al. verified that autophagy block-
age leads to inflammation and pyroptosis of endothelial cells
(ECs) with ox-LDL treatment [51]. And another study demon-
strated that autophagy activation can protect cells from
pyroptosis, as confirmed by decreased expression of NLRP3,
caspase-1, IL-1β, IL-18 and GSDMD, and that p62 is also in-
volved [29]. What is more, autophagy deficiency results in in-
creased susceptibility of vascular smoothmuscle cells (SMCs) to
cell death at an early stage of atherosclerosis [36], but how mac-
rophage pyroptosis is regulated by autophagy in atherosclerosis
remains unclear. p62/SQSTM1, a cargo receptor for autophagic
degradation of ubiquitinated targets, is overstocked together with
elevated level of autophagy barrier [19]. A generous amount of
p62 blocks nuclear factor erytheroid-derived-2-like 2 (Nrf2)
ubiquitination, transcriptionally activates Nrf2. And then the ac-
tivatedNrf2 combineswith the downstream antioxidant response
element (ARE) such as heme oxygenase-1 (HO-1), initiating the
Nrf2/ARE signaling pathway [26]. Serious studies suggest that
Nrf2/ARE pathway has a protective effect on atherosclerosis and
the resulting pyroptosis by inhibiting ROS formation [2, 17].
Conversely, recent reports have suggested that Nrf2/ARE path-
way can aggravate atherosclerosis. Nrf2 continuously activated
by p62, phosphorylates p62 and forms a positive circulation
loop, which is related to tumor cell proliferation and stress injury
[23, 28, 40].

In this study, we modeled the cells formed bymacrophages
that overloaded ox-LDL, combined autophagy with
pyroptosis, and explored the effect of autophagy blockage
on the pyroptosis of macrophages. According to the nonclas-
sical pathway of p62 activating Nrf2, we further investigated
whether Nrf2/ARE pathway influences this process, aiming at
providing a new target for the prevention and treatment of
atherosclerosis.

Materials and methods

Materials

THP-1 monocytes were purchased from the China Center for
Type Culture Collection. Ox-LDL was purchased from
Guangzhou Yiyuan (China) , and CQ was f rom
MedChemExpress (USA). Tert-butylhydroquinone (tBHQ)
and ML385 are specific activator and inhibitor of Nrf2, re-
spectively, which were obtained from TagerMor (China).
Primary and secondary antibodies for pro-caspase-1,
GSDMD, p62/SQSTM1, LC3II/I, Nrf2, HO-1, and β-actin
were purchased from Abcam (UK).

Methods

Cell culture and treatment

THP-1 cells were cultured in RPMI1640 medium (Hyclone,
USA) supplemented with 10% fetal bovine serum (FBS)
(Hyclone) at 37°C in a humidified incubator with 5% CO2.
Cells were transferred to 6-well or 96-well plates, and each
well was primed with PMA (Sigma, USA) at a concentration
of 100 ng/mL for 48 h to induce the differentiation of THP-1
cells into macrophages. After treatment with different concen-
trations of ox-LDL (0, 25, 50, 75, or 100 μg/mL) for 48 h,
cells were collected for the subsequent experiment.

Cell viability

We used a cell counting kit 8 (CCK-8) assay obtained from
(Dojindo, China) to detect the cell viability. Each group of
cells were cultured in a 96 well-plate for 24 h, then 10 μL
CCK-8 solution was added into each well and cultured for 3 h.
Absorbance was measured at 450 nm wavelength.

Lactate dehydrogenase (LDH) release assay

CytoTox 96 non-Radioactive cytotoxicity assay kit was used
to measure cytotoxicity, which reflected the integrity of cell
membrane. After corresponding treatment of cells, the culture
supernatant was collect and CytoTox 96 kit was used to de-
termine the LDH level according to the manufacturer’s
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instructions (Abcam, UK). Cytotoxicity (%) = 100 × (Test
Sample-Low Control)/(High Control-Low Control).

Enzyme-linked immunosorbent assay (ELISA)

The measurement of protein levels of IL-1β and IL-18 were
conducted using the ELISA kit (Cloud-Clone Corp and
Elabscience, China). After cells were exposed to the indicated
treatments, the culture supernatants were harvested and the
amount of mature IL-1β and IL-18 released was determined
using the ELISA kit according to themanufacturer’s instructions.

Flow cytometry analysis (FCM)

After treatment, cells were washed with PBS contains 5 μg/
mL Hoechst 33342 and 10 μg/mL propidium iodide (PI).
Pyroptosis cells were detected in THP-1 macrophages by flow
cytometry using FACSCanto IITM (BD, Biosciences, San
Diego, CA, USA), and the number of pyroptosis cells was
represented by the proportion of staining cells in the total cells.

Western blot analysis

After the indicated treatments, cells were lysed using RIPA
lysis buffer (Beyotime) containing the protease inhibitor
PMSF (Beyotime, China)and the protein concentration was
determined using the BCA Protein Assay Kit (Solarbio,
China). The extracted proteins were separated using sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to PVDF membranes for Western blot
analysis. Membranes were incubated with primary antibodies
overnight at 4°C and then incubated with horseradish perox-
idase (HRP)-conjugated secondary antibody for 1 h before
being blocked with 5% nonfat milk for 1 h. Then, target pro-
teins were visualized with an enhanced chemiluminescence
agent. Finally, densitometric analysis was performed on the
scanned images using Tanon Gis software. Protein strips with
similar molecular weight were regenerated after treatment
with membrane regeneration solution (Solarbio, China).

Quantitative real-time polymerase chain reaction (qRT-PCR)

The total RNA was extracted from the cells, by applying
Transzol Up Plus RNA Kit (TransGen Biotech, China). Then,
RNA from each group and 10 μL PCR reaction solution were
mixed into 10 μL of the Quantscript RT Kit (TIANGEN
Biotech, China) for reverse transcription. Then diluted cDNA
was used for qRT-PCR using SuperReal PreMix Plus (SYBR
Green) Kit (TIANGEN Biotech, China). And the primer was
synthesized by Shanghai Yingjun Biotechnology Co., Ltd. The
mRNA level of individual genes was normalized to β-actin,
and relative expression was calculated using the ΔCT method.

All primers were obtained from Invitrogen: caspase-1
(Forward, 5’-GCACAAGACCTCTGACAGCA-3’; Reverse,
5’-TTGGGCAGTTCTTGGTATTC-3’), GSDMD (Forward,
5’-TGCTTGCCGTACTCCATTCCATC-3’; Reverse, 5’-
AGTTCTGAAGAGCCTGCCTCCA-3’), p62 (Forward, 5’-
CAGAGAAGCCCATGGACAG-3 ’ ; Reverse , 5 ’ -
AGCTGCCTTGTACCCACATC-3’), LC3 (Forward, 5’-
GATGTCCGACTTATTCGAGAGC-3’; Reverse, 5’-
TTGAGCTGTAAGCGCCTTCTA-3’), Nrf2 (Forward, 5’-
TCAGCGACGGAAAGAGTATGA-3’; Reverse, 5’-
CCACTGGTTTCTGACTGGATGT-3’), HO-1 (Forward,
5’-AAGACTGCGTTCCTGCTCAAC-3’, Reverse, 5’-
AAAGCCCTACAGCAACTGTCG-3’), β-actin (Forward,
5’-AGCAGCATCGCCCCAAAGTT-3’; Reverse, 5’-
GGGCACGA AGGCTCATCATT-3’).

Bioinformatic analyses of the protein-protein interaction
network

The Search Tool for the Retrieval of Interacting Genes
(STRING; http://string-db.org; version 10.5) was used to
construct the protein-protein interaction (PPI) network. And
Cytoscape software (version 3.6.1) was performed to plot the
PPI network.

Statistical analysis

Data from triplicate individual experiments were processed
using Prism software (GraphPad 8.0), which are showed as
mean ± standard deviation (SD). Statistical analysis was per-
formed by t-test or one-way analysis of variance. Differences
were considered statistically significant when p < 0.05.

Results

ox-LDL induced THP-1macrophages to pyroptosis in a
concentration dependent manner

To explore the effect of ox-LDL on macrophage pyroptosis
in vitro, we pretreated THP-1macrophages with different con-
centrations of ox-LDL for 48 h. We found that ox-LDL
(25_100 μg/mL) treatment induced the both mRNA and pro-
tein expressions of pro-caspase-1 and GSDMD, which can
regulate pyroptosis, in a concentration-dependent manner
(Fig. 1a, b, c). We also found that ox-LDL (25_100 μg/mL)
treatment for 48 h resulted in a significant decrease in cell
viability and increased LDH release in a concentration-
dependent manner (Fig. 1d, e). In addition, the release of IL-
1β and IL-18 in the supernatant increased following ox-LDL
treatment (Fig. 1f, g). These results show that ox-LDL induces
pyroptosis in a concentration-dependent manner in THP-1
macrophages. And the ox-LDL-induced pyroptosis was
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especially pronounced at the concentration of 75 μg/mL, so
the exposure model of 75 μg/mL for 48 h was used in subse-
quent experiments.

Autophagy blockage triggered pyroptosis and
inflammation in macrophages exposed to ox-LDL

Although the effect of autophagy on pyroptosis has been elu-
cidated, the role of this process in THP-1 macrophages is not
yet clear. Based on the fact that CQ has been widely applied to

inhibit autophagy and form autophagy blockage [13, 32, 35],
we used CQ (50 μM) as an autophagy inhibitor to detect
pyroptosis of THP-1 cells under the condition of autophagy
blockage for 24 h. As described in Fig. 2a, b, overexpression
of p62 and LC3II/I in ox-LDL-treated cells indicated that the
degradation of autophagosome was slightly blocked. And af-
ter adding CQ, the levels of p62 and LC3II/I were further
increased, which proved the formation of autophagy blockage
(Fig. 2a, b). At the same time, the expression of pro-caspase-1
and GSDMD were all increased in the CQ-treated group as

Fig. 1 ox-LDL induced THP-1 macrophages to pyroptosis in a
concentration-dependent manner. Cells were pretreated with ox-LDL
(0, 25, 50, 75, and 100 μg/mL) for 48 h. (a) Western blotting was per-
formed to determine the level of pro-caspase-1 (p-casp1) and GSDMD.
(b, c) Relative protein and mRNA expressions of two molecules were
expressed as a percentage of β-actin. (d) Cell viability was measured

using a CCK-8 detection kit. (e) Effects of different concentrations of
ox-LDL induced LDH release were measured by a CytoTox 96 kit. (f,
g) ELISA was used to determine the secretion of IL-1β and IL-18 in the
supernatant. Values are expressed as the mean ± SEM (n = 3) of inde-
pendent experiments at least 3 repeated measurements. *p < 0.05 and **p
< 0.01 different from the control group
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shown bywestern blotting and qRT-PCR (Fig. 2c). Compared
with the ox-LDL-treated group, incubation of cells with CQ
further reduced the cell viability (Fig. 2d). Moreover, LDH
release also showed an upward trend (Fig. 2e). As previously
described, pyroptosis is accompanied by secretion of pro-
inflammatory factor IL-1β and IL-18 [18, 41]. By using
ELISA, we found that the release of IL-1β and IL-18 was also
further increased when autophagy blockage occurred (Fig.
2f, g). Next, the content of pyroptosis cells was measured by
flow cytometry (Fig. 2h). From the ratio, we could see that on
the basis of ox-LDL, the number of pyroptosis cells increased
more obviously after adding CQ. These observations sug-
gested that autophagy defect could promote macrophage
pyroptosis and inflammation in the presence of ox-LDL.

Nrf2/ARE pathway was activated in ox-LDL-treated
macrophages during autophagy blockage

When autophagy is blocked, p62 is accumulated in large
quantities. After co-treatment with ox-LDL and CQ, western
blotting showed that the expression level of LC3II/I and p62
increased, indicating that the autophagy blockage was formed
(Fig. 3a, b, c). Recent studies have shown that the physical
interaction between autophagic adaptor p62 and Nrf2 leads to
increased transcriptional activity of Nrf2 [1, 4]. Similarly, our
results showed the both protein and mRNA levels of HO-1
and Nrf2 were also significantly increased (Fig. 3d, e, f). Thus,
our data indicated that autophagy blockage can active Nrf2,
which is likely to be achieved through accumulation of p62.

p62/Nrf2/ARE axis was involved in autophagy
blockage-mediated aggregation of macrophage
pyroptosis

To confirm that the presence of p62/Nrf2/ARE axis in macro-
phage pyroptosis mediated by autophagy blockage, the Nrf2
agonist tBHQ and inhibitor ML385 were applied. The expres-
sion of HO-1 and Nrf2 reflected the activation of Nrf2/ARE
pathway. As shown in Fig. 4a, b, the levels of HO-1 and Nrf2
were promoted and inhibited in cells stimulated by tBHQ and
ML385, respectively, compared with ox-LDL treated group.
Meanwhile, we found that the expression of pro-caspase-1
and GSDMD was increased under the action of tBHQ, while
the expression of these proteins showed opposite results in the
ML385 treated group when CQ and ox-LDL exist together
(Fig. 4c, d). Given that the expression of pro-caspase-1 and
GSDMD were increased or decreased in the group treated
with tBHQ or ML385, we hypothesized that p62 may be in-
volved because p62 is a special activator of Nrf2 as well. As
expected, Nrf2 overexpression upregulated the level of p62,
thus inhibiting autophagy and further aggravating autophagy
blockage (Fig. 4c, d). qRT-PCR also showed that the expres-
sion trend of mRNA was the same as that of protein (Fig. 4e).

What is more, tBHQ treatment significantly depressed cell
viability and exacerbated LDH release; however, ML385
treatment improved cell viability and LDH release induced
by CQ following ox-LDL exposure (Fig. 4f , g) .
Furthermore, the secretion of IL-1β and IL-18 was also fur-
ther increased or decreased affected by tBHQ or ML385 (Fig.
4h, i). The FCM data showed that the proportion of stained
pyroptosis cells was also increased and decreased separately
(Fig. 4j).

Construction of the PPI network and analysis of p62, Nrf2/
ARE pathway proteins and pyroptosis related proteins were
done using Cytoscape to show the relationship between these
key proteins (Fig. 4k). The thickness and color depth of the
edge were directly proportional to the combined degree.
Table 1 showed that each of these proteins had different de-
gree of interaction strength. Together, these findings
portended that p62/Nrf2/ARE axis played a potent role in
the deterioration of macrophage pyroptosis mediated by au-
tophagy blockage.

Discussion

Data gathered in this study indicate that autophagy blockage
confirmed by the additional effect of CQ exacerbates ox-LDL
induced THP-1 macrophage pyroptosis. Specifically, ox-LDL
dose-dependently triggers the pyroptosis of macrophage, and
inhibiting autophagy aggregate pyroptosis of macrophage
treated by ox-LDL at 75 μg/mL, the optimal concentration
for research. It is noteworthy that this study determined that
this process has a bearing on accumulation of p62 and Nrf2/
ARE pathway activation. Consequently, these results may
support a novel effect for autophagy blockage in deteriorating
pyroptosis resulting from ox-LDL induction in macrophage
by activating the p62/Nrf2/ARE axis, which provides a poten-
tial therapeutic strategy for improving atherosclerosis.

Macrophage death in atherosclerosis is a marked feature of
advanced plaques, and is the main contributor to necrotic core
formation and plaque instability [46]. Forms of macrophage
death include apoptosis, passive or accidental necrosis as well
as other necrosis [34]. Among them, pyroptosis has been well-
defined in recent years, an inflammatory form of regulatory
cell death induced by caspase-1 activation [16]. Some reports
showed that ox-LDL in atherosclerotic plaques activate
inflammasomes, such as NLRP3, by breaking lysosomes,
and then cathepsin is released, leading to the cleavage and
activation of pro-caspase-1 [14, 22]. Later, activated
caspase-1 participates in the shear of GSDMD and the rapid
formation of plasma membrane pores, thus allowing cell
swelling and membrane dissolution. Similarly, our studies
showed that excessive ox-LDL with a concentration of more
than 75 μg/mL can induce increased levels of pro-caspase-1,
GSDMD, IL-1β and IL-18, decrease cell viability and impair
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Fig. 2 Autophagy blockage triggered pyroptosis and inflammation in
macrophages exposed to ox-LDL. Cells were divided into the following
treatment groups: control, ox-LDL (75 μg/mL), and ox-LDL+CQ (50
μM). (a, b, c) p62, LC3II/I, p-casp1 and GSDMD levels were detected
byWestern blotting and qRT-PCR. (d) Cell viability and (e) LDH release
were performed in each treatment group. (f, g) The levels of IL-1β and

IL-18were assessed by ELISA. (h) The percentage of pyroptosis by using
FCM. Values are expressed as the mean ± SEM (n = 3) of independent
experiments at least 3 repeated measurements. *p < 0.05 and **p < 0.01
different from the control group, #p < 0.05 and ##p < 0.01 different from
the ox-LDL-treated group
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cell membrane integrity, resulting in pyroptosis of THP-1
macrophages. Zheng et al . have found that both
inflammasomes and caspase-1 deficiency decrease atheroscle-
rosis in ApoE−/− mice [49]. Others have shown that the ex-
pression of caspase-1 in carotid plaques is higher than that in
non-atherosclerotic arteries [39]. All those add credence to the
view that pyroptosis that occurs in human macrophages may
be implicated in necrotic core formation and lesion instability
in advanced atherosclerotic plaque [48].

Although autophagy and pyroptosis are two independent
patterns of cell death, Jiang et al. proved that there is an im-
portant feedback network between autophagy, NF-κB signal-
ing pa thway and LPS- induced pyroptos i s [12] .
Cardiovascular drugs that have been widely used in clinical
practice, such as Carvedilol, anα-,β-blocker, are being tested
to attenuate macrophage pyroptosis via autophagy activation
[42]. Moreover, miR-103 encodes the gene related to the end
of autophagy, which reduces the incidence of pyroptosis by
regulating the autophagy [43]. Silencing NIX hastened ox-
LDL-induced J774A.1 macrophage cells pyroptosis via mito-
chondrial autophagy [37] and some novel connections be-
tween autophagy and pyroptosis are new trends in recent re-
search. In our previous study, we found that pyroptosis medi-
ated by pro-caspase-1 and GSDMD is up-regulated by au-
tophagy through CQ, an autophagy inhibitor. Beyond that,

under the inhibitory effect of CQ on autophagy, the release
of inflammatory cytokines IL-1β and IL-18 increased signif-
icantly, which further verified that activated caspase-1 pro-
moted the transformation of pro-IL-1β and pro-IL-18 into
their bioactive forms [47]. These data underscored that im-
paired autophagy intensified the pyroptosis of macrophages.
Of note is that hydroxychloroquine has been widely used in
the treatment of recent COVID-19 in recent years [11], so this
study may bring a new inspiration for the clinical application
of CQ in patients with atherosclerosis and COVID-19.

Multiple signal pathways related to pyroptosis regulated by
autophagy have always been a hot spot for research, and in
particular, the pathways involved in oxidative stress. Wang
et al. reported that pretreatment with an autophagy inducer,
Rapa, negatively mediated nuclear translocation of NF-κB
p65, NLRP3 inflammasome activation and pyroptotic cell
death through scavenging excess reactive oxygen species
(ROS) [42]. Others have also shown that activation of
NLRP3 inflammasome and pyroptosis can be suppressed by
activated ROS-dependent autophagy in human umbilical vein
endothelial cells (HUVECs) [20]. On the basis of them, we
proposed whether Nrf2/ARE pathway, a well-known antiox-
idant pathway, is involved as well. In our follow-up experi-
ments, we found that p62 expression increased, Nrf2 and its
downstream active enzyme HO-1 increased, and the levels of

Fig. 3 Nrf2/ARE pathway was activated in ox-LDL-treatedmacrophages
during autophagy blockage. (a) Western blotting in each of the following
treatment groups: control, ox-LDL (75 μg/mL), and ox-LDL+CQ (50
μM). (b, c, d, e) Expression of p62, LC3II/I, HO-1 and Nrf2 under each
groups. (f) mRNA levels of HO-1 and Nrf2 were showed by qRT-PCR.

Values are expressed as the mean ± SEM (n = 3) of independent exper-
iments at least 3 repeated measurements. *p < 0.05 and **p < 0.01 differ-
ent from the control group, #p < 0.05 and ##p < 0.01 different from the ox-
LDL-treated group
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pyroptosis-related proteins such as pro-caspase-1 and
GSDMD also increased after macrophages were treated with
an autophagy inhibitor based on the presence of ox-LDL. This
is an in-depth test and verify our previous idea that as a result
of autophagy defect, a large amount of autophagy substrate
protein p62 is accumulated, which activates Nrf2, translocates
it into the nucleus, and finally the phenomenon of pyroptosis
is intensified. Nrf2/ARE pathway is abnormally activated by
accumulated p62 in this study is similar to that found by Jiang
et al. and V. Ashutosh Rao et al. [21].

While Nrf2/ARE signaling has been widely confirmed to
play a key role in protecting the body from oxidative stress
and inflammatory diseases [8], the latest reports indicated that
overactivation of Nrf2 can promote liver cell inflammation,
apoptosis and fibrosis, as well as tumor cell proliferation [30,
50]. And it is not uncommon to think that it causes atheroscle-
rosis. Nrf2/ARE pathway has been shown to regulate the ex-
pression of scavenger receptor-B (CD36) in macrophages of
ApoE−/− Nrf2+/+ mice, assist macrophages to absorb ox-LDL,
and promote the formation of atherosclerotic plaques [6].
Kloska et al. transplanted the bone marrow of Nrf2−/−mice into
ApoE−/− hypercholesterolemia mice, the degree of atheroscle-
rotic lesions in the latter was significantly improved [24].
Barajas et al. also raised the high expression of Nrf2 promotes
the formation of atherosclerotic lesions in a gender dependent
manner [25]. Recent evidence suggested that KEAP1-Nrf2/
ARE antioxidant pathway is closely related to autophagy, and
they coordinate to affect the structure and function of effector
cells in atherosclerosis. The characteristic mechanism is p62, an
autophagy regulatory protein, can be phosphorylated in differ-
ent manners. The binding affinity between phosphorylated p62
andKEAP1 increases, and subsequently induces the expression
of NRF2 target genes [10]. Coincidentally, our findings on
Nrf2/ARE pathway as an accelerator in autophagy blockage
to promote ox-LDL-induced macrophage pyroptosis are in line
with the foregoing. In order to prove this, we applied Nrf2/ARE

�Fig. 4 p62/Nrf2/ARE axis was involved in autophagy blockage-
mediated aggregation of macrophage pyroptosis. In the presence of ox-
LDL (75 μg/mL), cells were stimulated by a Nrf2 agonist (tBHQ) or
inhibitor (ML385) respectively. Next, (a, b) HO-1 and Nrf2 protein level
were measured by immunoblotting. Cells were pretreated with CQ for
24 h and then tBHQ (20 μM) or ML385 (5 μM) were added to the cells
for an additional 24 h in the present of ox-LDL. (c, d, e) Relative protein
and mRNA levels of p62, LC3II/I, p-casp1, GSDMD, HO-1 and Nrf2
determined by immunoblotting and PCR. (f) Cell viability and (g) LDH
release were detected in the four groups. (h, i) IL-1β and IL-18 secretion
were assessed by ELISA. (j) FCM was used to test the radio of stained
cells. (k) A network of related proteins and their co-interaction was ana-
lyzed using STRING and cytoscape. The thickness of the line presents the
degree of their relationships. Values are expressed as the mean ± SEM (n
= 3) of independent experiments at least 3 repeated measurements. *p <
0.05 and **p < 0.01 different from the control group, #p < 0.05 and ##p <
0.01 different from the ox-LDL-treated group, and △p < 0.05 and △△p <
0.01 different from the ox-LDL+CQ-treated group
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pathway activator and inhibitor to carrying out the rescue test,
and the observation that pro-caspase-1, GSDMD, IL-1β and
IL-18 expression increased and decreased, respectively, further
affirmed our results. The interaction network among p62, Nrf2,
HO-1, GSDMD, caspase-1 proteins also strongly demonstrated
the potential regulation of p62/Nrf2/ARE axis. It is worth not-
ing that our data provide the first evidence that Nrf2 activated
by p62 can feedback upregulates the expression of p62 and
forms a vicious cycle of macrophage pyroptosis. This work

greatly enriches the complex crosstalk between autophagy
and Nrf2/ARE pathway, which may be a potential inducement
of atherosclerotic plaque rupture.

In summary, as shown in Fig. 5, the blockage of autophagy
makes the ox-LDL induced pyroptosis of THP-1 macro-
phages as well as IL-1β and IL-18 secretion more serious
through the malignant activation between p62 and Nrf2/
ARE pathway. However, if we can break the limitation of lack
of verification at gene level and experiments conducted
in vivo, our conclusion will be more complete and reliable,
so this is what we will seek in the future research. Our findings
raise the possibility that the p62/Nrf2/ARE axis is important
for macrophage pyroptosis stimulated by ox-LDL during au-
tophagy blockage, whichmay point out a new direction for the
improvement of atherosclerosis and the clinical application of
drugs that inhibit autophagy in atherosclerosis.
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Table 1 Mutual combination
score of p62, Nrf2/ARE pathway
proteins and pyroptosis related
proteins

Node 1 Node 2 Node 1 accession Node 2 accession Combined score

Nrf2 HO-1 ENSP00000380252 ENSP00000216117 0.996

HO-1 Nrf2 ENSP00000216117 ENSP00000380252 0.996

GSDMD CASP1 ENSP00000433209 ENSP00000433138 0.959

CASP1 GSDMD ENSP00000433138 ENSP00000433209 0.959

SQSTM1 Nrf2 ENSP00000374455 ENSP00000380252 0.825

Nrf2 SQSTM1 ENSP00000380252 ENSP00000374455 0.825

Nrf2 CASP1 ENSP00000380252 ENSP00000433138 0.524

CASP1 Nrf2 ENSP00000433138 ENSP00000380252 0.524

SQSTM1 HO-1 ENSP00000374455 ENSP00000216117 0.468

HO-1 SQSTM1 ENSP00000216117 ENSP00000374455 0.468

HO-1 CASP1 ENSP00000216117 ENSP00000433138 0.421

CASP1 HO-1 ENSP00000433138 ENSP00000216117 0.421

SQSTM1 CASP1 ENSP00000374455 ENSP00000433138 0.402

CASP1 SQSTM1 ENSP00000433138 ENSP00000374455 0.402

Fig. 5 The proposed schematic of the p62/Nrf2/ARE axis regulated by
autophagy blockage in pyroptosis of THP-1 macrophages. Excessive ox-
LDL was ingested by macrophages and led to foam cell formation.
Autophagy blockage activated the cleavage of pro-caspase-1 and
GSDMD, promoted the release of IL-1β and IL-18, and eventually in-
duced pyroptosis. Autophagy blockage induced by CQ triggered
pyroptosis which was p62-dependent. The Nrf2/ARE pathway was acti-
vated by the accumulated p62, which increased the expression of Nrf2
and HO-1. Activated Nrf2 feedback promoted the accumulation of p62,
leading to the aggravation of autophagy damage and pyroptosis
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