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Abstract

Calpains are calcium-activated cysteine proteases. There are two main iso-
forms of calpain that are ubiquitously expressed in tissues, calpain u or cal-
pain 1, which requires micromolar Ca** for activation, and calpain or 2, which
requires millimolar Ca** for activation. The presence of other calpains is tis-
sue specific. Atherosclerosis (AS) is an important risk factor for cerebral in-
farction, coronary heart disease and peripheral vascular disease. It was origi-
nally thought that AS was caused by impaired lipid metabolism. This research
briefly reviewed Calpain Family, the structure and activation mechanism of
calpainl, Calpains in the pathogenesis of atherosclerosis, NLRP3 structural
characteristics and activation, ROS/NLRP3 inflammasome activation mechan-
ism and ROS/NLRP3 inflammasome in atherosclerosis. The research showed
that the Calpain-1 may play an important role in mitochondrial ROS/NLRP3
inflammasome in atherosclerosis.
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1. Introduction

Atherosclerosis (AS) is an important risk factor for cerebral infarction, coronary
heart disease and peripheral vascular disease [1]. It was originally thought that
AS was caused by impaired lipid metabolism [2]. In 2011, Hansson et al [3]
proposed that the inflammatory process and lipid metabolism jointly promote
the formation of AS plaques in the arterial wall. However, recent studies have
shown that the inflammatory response is crucial in the development of AS. A
large number of inflammatory cell infiltrations dominated by macrophages have
been detected in AS plaques, and the degree of infiltration is closely related to

the severity of the disease [4]. In addition, the levels of inflammatory cytokines
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and chemokines are up-regulated in the whole process of AS [5], and the pro-
inflammatory factors interleukin (IL)-1fand IL-18 play an important role in the
whole process of AS. Its secretion level is positively correlated with the severity
of cardiovascular events triggered by AS [6]. To study the role of NOD-like re-
ceptor pyrin domain containing 3 (NLRP3) inflammasome in AS will help to
provide new research ideas and development directions for the anti-inflammatory
treatment of AS.

2. Calpain Family

Calpains are calcium-activated cysteine proteases, there are two main isoforms
of calpain that are ubiquitously expressed in tissues, calpain y or calpain 1, which
requires micromolar Ca®" for activation, the presence of other calpains is tissue
specific. For example, calpain-3 is a skeletal muscle-specific protease, although
its expression is transient in the human embryonic heart leading to recessive
limb-girdle muscular dystrophy [7] [8] [9]. In many cases, it is difficult to iden-
tify the functional differences of all calpains. Calpain-1 and calpain-2 are both
heterodimers with an identical regulatory subunit, calpain4/CAPNS1. The inte-
raction between Ca®* and calpain-1 and calpain-2 induces the functional domain
to activate the enzyme activity [10]. In the absence of cytosolic calcium flux, cal-
pain can be activated by direct phosphorylation at serine 50 by extracellular sig-
nal-regulated kinase (ERK). Interestingly, during myocardial ischemia, calcium
overload induces calpain translocation to the sarcolemma, but intracellular aci-
dosis inhibits calpain activation. Calpain activity is tightly regulated by calpasta-
tin, a specific endogenous calpain inhibitor that regulates specific substrates for
proteolysis. These targeting substances are considered intracellular when they
are expressed in the cytoplasm. The structural determinants of calpain cleavage
substrates are not well established, several of which (e.g. the NF-kB complex and
the ATP-binding cassette transporter A1, ABCA1) are rich in sequences of pro-
line, glutamate, serine and threonine amino acid (PEST domain), enhances cal-
pain binding and calpain-dependent proteolysis [11]. It appears that many cal-
pain substrate proteins are also targets of MMP-2 degradation, suggesting that
the two proteases share the same substrate sequence, or because the identifica-
tion of protein substrates for calpain and MMP-2 was based on non-selective
calpain inhibitors (Ze. can affect MMP-2 and also inhibit the effect of calpain),
the efficiency of calpain may be overestimated. Nevertheless, after calpain 1 knock-
out in mice, it was found that calpain-1 only maintains the essential functions of
normal platelets [12], while homozygous calpain 2 knockout mice will lead to
embryonic death at the morula and blastocyst stages. The results indicated that
calpain-2 is necessary for embryonic development, and calpain-1 and calpain-2
have different physiological functions. In addition, when the regulatory subunit
capnsl was knocked out, the activities of both calpain-1 and calpain-2 were in-
hibited, and at E10.5 days, embryos showed defects, especially in the cardiovas-
cular system, and at E11.5 days, embryos were lethal [13]. Isolation of fibroblasts
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from these mice revealed that calpain plays physiological roles in cell migration,
cytoskeleton composition, apoptosis, autophagy, plasma membrane repair, and
membrane vesicles [14]. Transgenic mice conditionally overexpressing capnl
have increased intracardiac proteolytic activity and increased ubiquitination and
protease activity of cardiac proteins under unstressed conditions. In contrast,
transgenic mice overexpressing the calpastatin inhibitor calpastatin significantly
reduced cardiac ubiquitination of cardiac proteins, causing progressive dilated
cardiomyopathy, the pathological change of which is the accumulation of specif-
ic non-ubiquitinated proteins, triggering autonomic the phagocytosis destruc-
tion pathway is activated [15]. Calpains are primarily located intracellularly, but
some of these proteases can be detected outside of tissue cells. In fact, the active
secretion of calpains is independent of cell destruction, and the molecular me-
chanisms by which they are secreted and their functions are being investigated.
Calpain can be secreted by lymphocytes, endothelial cells, chondrocytes and os-
teoblasts, as well as other cells [16]. This mode of secretion is considered an un-
conventional one due to the lack of an N-terminal canonical secretion signal pep-
tide. However, in addition to being present on the cytoplasmic side of the en-
doplasmic reticulum and Golgi apparatus, calpain is also contained in their lu-
men and is eventually secreted [17] or calpain can be secreted to the membrane
microspheres of lymphocytes, endothelial cells and parathyroid cells in the bub-
ble. Serine phosphorylation by ERK and protein kinase C may be required for
calpain secretion, while the calpain phosphatase protein phosphatase 2A (PP2A),
reduces calpain secretion. The extracellular role of Calpain is still unclear. Main-
ly include can damage intracellular proteins, promote cell migration and inva-
sion. Interestingly, a new hypothesis proposes that unconventionally secreted
calpain provides a mechanism whereby calpain activity functions differently in-
side and outside the cell depending on its intracellular or extracellular localiza-
tion [18].

3. Calpains in the Pathogenesis of Atherosclerosis

Earlier studies showed that low-density lipoprotein and oxidized low-density li-
poprotein promote calpain-2 expression in endothelial cells of atherosclerotic
plaques [19] [20]. Activated calpain directly cleaves VE-cadherin and promotes
the extravasation of inflammatory cells and macromolecules into the vessel wall
[21]. Cytokines and inflammatory signals are involved in the development of
atherosclerosis. Nuclear factor-kB (NF-kB) signaling is a representative inflam-
matory signal, and calpain relieves the phosphorylation of NF-kB by degrading
IxB. Calpain inhibitor can significantly reduce the levels of NF-kB and cytokines
in endothelial cells [19]. In smooth muscle cells, activation of calpain is thought
to precede activation of collagen degradation by caspase, and inhibition of cal-
pain reduces the apoptotic response, suggesting a potential role for calpain in
atherosclerotic plaque rupture [22]. Therefore, calpain can activate NF-kB in

endothelial cells and smooth muscle cells, and promote the inflammatory re-
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sponse. ABCA1 can remove cholesterol by participating in the esterification
process of high-density lipoprotein. Calpain-1 can degrade ABCAL1, so it is con-
sidered to be one of the mechanisms of atherosclerosis. Endothelial cell-specific
expression of calpain-2 can cause atherosclerotic lesions by modifying low-density
lipoprotein. Calpain-2 can shear the cadherin of the vascular endothelium, re-
sulting in the disintegration of the adhesion junctions between cells and the in-

crease in the permeability between the vascular endothelium [19].

4. NLRP3 Structural Characteristics and Activation

The NLRP3 inflammasome is mainly located in the cytoplasm, and its main
structure includes three parts: the core protein NLRP3, the apoptotic speck pro-
tein containing a CARD (ASC) and the effector protein cysteine aspartate spe-
cific protein 1 (caspase-1). The activation process of NLRP3 inflammasome is
tightly regulated by the body, and its activation generally requires two parts of
signals-initiating signal and activation signal [23]. Priming refers to the binding
of various pathogen-associated molecular patterns (PAMPs), damage-associated
molecular patterns (DAMPs) to pattern recognition receptors (PRRs), or after
cytokines (TNF, IL-1p) are combined with their corresponding receptors, on the
one hand, the inflammatory response signal transduction pathway is activated,
NF-«B activation, the transcriptional expression of inflammasome components
NLRP3, caspasel and pro-IL-15 upregulated [24]. On the other hand, the initia-
tion signal activates the post-translational modification of NLRP3. Although the
modified NLRP3 is not activated, it is in a highly reactive state. Once it receives
the activated second signal, it can rapidly activate the inflammasome and me-
diate the inflammatory response [25]. After the cells that have received the first
signal are activated by the second signal, the NLRP3 inflammasome is rapidly
activated to form active caspasel to cleave pro-IL-1/ and pro-IL-18 and release
IL-14and IL-18. In addition, activated caspasel cleaves intracellular gasderminD
(GSDMD) to generate GSDMDN-terminus. The GSDMDN-terminus binds to
phosphatidylinositol phosphate and phosphatidylserine contained in the cell
membrane to form a 10 - 14 nm hole in the cell membrane, mediating Pyropto-
sis, while releasing IL-14, IL-18 [26].

5. ROS/NLRP3 Inflammasome Activation Mechanism

Studies have shown that a variety of NLRP3 inflammasome activators can lead to
mitochondrial dysfunction and ROS release, thereby activating the NLRP3 in-
flammasome, while ROS scavengers can inhibit the activation of the NLRP3 in-
flammasome. Mitochondria are organelles that provide energy to cells by gene-
rating ATP through aerobic metabolism. As a by-product of oxidative phospho-
rylation, mitochondria continue to produce cellular reactive oxygen species
(mtROS), and during cellular stress, the level of mtROS increases. Significantly
increased, its entry into the cytoplasm activates the NLRP3 inflammasome [27].
Mitophagy suppresses NLRP3 inflammasome activation by removing damaged

and dysfunctional mitochondria, reducing mtROS, and using mitophagy inhibi-
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tors to promote NLRP3 inflammasome activation [28]. Imiquimod, a small mo-
lecule adenine derivative, activates the NLRP3 inflammasome by inhibiting qui-
none oxidoreductase and mitochondrial complex I [29]. Its activation depends
only on mtROS and is not related to K" efflux and lysosomal destruction, which
is consistent with other studies using inhibitors of mitochondrial complexes I
and III to induce mtROS, thereby activating the NLRP3 inflammasome [30]. Nuc-
lear factor-E2-related factor 2 (Nuclear factor erythroid derived 2-like2, Nrf2) is
the main regulator of the body’s antioxidant defense system. On the one hand, it
inhibits ROS generation and NLRP3 activation by inducing an increase in anti-
oxidant gene expression [31]. On the other hand, by inhibiting the activation of
NF-kB, reducing the expression of NLRP3, CASP1, IL-1f and IL-18, and reduc-
ing the activity of the NLRP3 inflammasome [32].

6. ROS/NLRP3 Inflammasome in Atherosclerosis

Atherosclerosis (AS) is a disease characterized by the destruction of the integrity
of vascular endothelial cells and the proliferation of smooth muscle cells and fi-
broblasts. Its main feature is the formation of lipid atheromatous plaques under
the intima of large and medium arteries, and the specific mechanism is currently
unclear. Recent studies have shown that high-risk factors such as hyperlipide-
mia, hypertension, smoking, and diabetes can increase lipid peroxidative dam-
age in body cells and promote the formation and development of AS [33]. The
occurrence and development of AS caused by the above-mentioned high-risk
factors are closely related to the abnormality of endovascular factors (plasma li-
poproteins, platelets and hemorheology) and vascular wall factors (endothelial,
smooth muscle and mononuclear macrophages). 1) Endovascular factors: Low-
density lipoprotein is the main factor that causes endothelial and smooth muscle
injury, and endothelial injury is considered to be the initiating link of AS. ROS
can inhibit the activity of prostacyclin (PGI2) synthase and promote the synthe-
sis of thromboxane A2 (TXA2), which reduces the ratio of PGI2/TXA2, leading
to platelet aggregation and thrombosis. ROS also increases blood viscosity by in-
creasing lipid peroxides, leading to cross-linking of red blood cells and plasma
proteins; 2) Vascular wall factors: ROS damages endothelial cells, weakens the
intimal barrier, infiltrates blood lipids, and activates endothelial cells at the same
time, release endothelin and express adhesion molecules. After being activated
by ROS, monocytes can induce the expression of various cytokines such as tu-
mor necrosis factor and interleukin through the activation of nuclear factors.
Cytokines induce macrophages and endothelial cells to enter the endothelial
layer, and oxidized low-density lipoproteins are recognized by scavenger recep-
tors on macrophage membranes for uptake that is not regulated by negative feed-
back. With excessive lipid accumulation, smooth muscle cells migrate and proli-
ferate under the indirect action of ROS, forming foam cells, which eventually lead
to the formation of AS. Recently, a large number of clinical and animal experi-
ments have suggested that ROS generated by NAD(P)H oxidase plays a key role
in the pathogenesis of AS. This NAD(P) oxidase is called vascular NAD(P)H
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oxidase (partially different from the subunit of macrophage NAD(P)H oxidase),
which refers to vascular smooth muscle cells, endothelial cells and adventitia
NAD(P)H oxidase in fibroblasts [34]. Recently, Azumi et al [35] reported that in
patients with coronary atherosclerosis, ROS production and oxLDL were spa-
tially related to the subunit p22phox of NAD(P)H oxidase. This suggests that ROS
catalyzes the formation of 0xLDL, leading to the phagocytosis of oxLDL by ma-
crophages to form activated foam cells [36]. In addition, studies have confirmed
that ROS products are highly expressed in unstable angina compared with stable
angina, suggesting that ROS may also be involved in regulating plaque stability.
ROS-induced expression of matrix-degrading enzymes such as matrix metallo-
proteinases MMP2 and MMP9 initiates plaque instability [37].

Endothelial cell dysfunction is a key link in the formation of AS. When endo-
thelial cells are disturbed by various damage factors, the damaged endothelial
cells further release active substances and adhesion factors to mediate the occur-
rence and development of AS. [38] found that ox-LDL up-regulated the expres-
sion levels of NLRP3, caspase-1, and IL-1/5 by activating endothelial cell apopto-
sis signal-regulating kinase 1 (ASK1). Ox-LDL significantly increased the ex-
pression levels of caspase-1, IL-18 and lactate dehydrogenase (LDH) by inducing
the overexpression of MLKL in endothelial cells, which could be blocked by
MCC950 [39]. Bian et al. [40] proposed that C-reactive protein (CRP) promotes
the expression of IL-18 precursor and NLRP3 through the FcyRs/NF-kB path-
way. In addition, CRP can also upregulate ROS and promote the activity of cas-
pase-1. The NLRP3 inflammasome is activated to release IL-14. Sun et al [41]
pointed out that trimethylamineN-oxide (TMAO) activates the NLRP3 inflam-
masome through ROS-TXNIP to induce endothelial cell dysfunction. On this
basis, studies have found that apigenin can effectively inhibit the expression of
TMAO on intercellular cell adhesion molecule (lintercellular cell adhesion mole-
cule-1, ICAM-1), vascular cell adhesion molecule-1 (vascular cell adhesion mole-
cule-1, VCAM-1) and NLRP3 protein expression and suggested that apigenin
has the effect of preventing AS [42]. TNF-a can induce the up-regulation of the
expression levels of NLRP3 and IL-1/ in smooth muscle cells, and when NLRP3
is inhibited, the secretion level of IL-15 decreases, suggesting that the smooth
muscle cell NLRP3 inflammasome may be a potential target for the treatment of
AS [43]. Nicotine is an important risk factor for the induction of AS. Yao et al.
[44] found that rosmarinic acid could inhibit the activation of the NLRP3 in-
flammasome in smooth muscle cells induced by nicotine and delay the progres-
sion of AS. A recent study found that the caspase-1 inhibitor VX-765 inhibited
ox-LDL-induced NLRP3 inflammasome activation in smooth muscle cells to

control AS progression [45].

7. Conclusion

Studies have showed that activated calpain directly cleaves VE-cadherin and
promotes the extravasation of inflammatory cells and macromolecules into the

vessel wall. Cytokines and inflammatory signals are involved in the development
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of atherosclerosis. AS is a chronic inflammatory disease caused by multiple com-
plex factors. The production of inflammatory cytokines is the key to the devel-
opment of its disease course. NLRP3 inflaimmasome and its underlying pro-
inflammatory factor IL-1p are closely related to AS, and inhibiting the expres-
sion of NLRP3 inflammasome can effectively prevent AS progression and reduce
the risk of plaque rupture. Further exploration of the pathogenic mechanism of
NLRP3 inflammasome in AS will provide a theoretical basis for the development
of AS-targeted drugs. NLRP3-related signaling pathways and the inflammatory
cytokines produced by them may become new targets for AS treatment.

Conflicts of Interest

The authors declare no conflicts of interest regarding the publication of this pa-
per.

References

[1] Tall, A.R. and Yvan-Charvet, L. (2015) Cholesterol, Inflammation and Innate Im-
munity. Nature Reviews Immunology, 15, 104-116. https://doi.org/10.1038/nri3793

[2] Brown, M.S. and Goldstein, J.L. (1974) Familial Hypercholesterolemia: Defective
Binding of Lipoproteins to Cultured Fibroblasts Associated with Impaired Regula-
tion of 3-Hydroxy-3-methylglutaryl Coenzyme A Reductase Activity. Proceedings
of the National Academy of Sciences of the United States of America, 71, 788-792.
https://doi.org/10.1073/pnas.71.3.788

[3] Hansson, G.K. and Hermansson, A. (2011) The Immune System in Atherosclerosis.
Nature Immunology, 12, 204-212. https://doi.org/10.1038/ni.2001

[4] Van Leent, M.M.T., Beldman, T.J., Toner, Y.C., ef al (2021) Prosaposin Mediates
Inflammation in Atherosclerosis. Science Translational Medicine, 13, eabel1433.
https://doi.org/10.1126/scitranslmed.abe1433

[5] Huang, S.C., Kao, Y.H., Shih, S.F., et al (2021) Epigallocatechin-3-gallate Exhibits
Immunomodulatory Effects in Human Primary T Cells. Biochemical and Biophysi-
cal Research Communications, 550, 70-76.
https://doi.org/10.1016/j.bbrc.2021.02.132

[6] Zhao, ], Wang, Z., Yuan, Z., et al. (2020) Baicalin Ameliorates Atherosclerosis by
Inhibiting NLRP3 Inflammasome in Apolipoprotein E-Deficient Mice. Diabetes and
Vascular Disease Research, 17, 112-132. https://doi.org/10.1177/1479164120977441

[7] Zatz, M. and Starling, A. (2005) Calpains and Disease. The New England Journal of
Medicine, 352, 2413-2423. https://doi.org/10.1056/NEJMra043361

[8] Haravuor, L.H., Vihola, A., Straub, V., et al (2001) Secondary Calpain 3 Deficiency
in 2q-Linked Muscular Dystrophy: Titin Is the Candidate Gene. Neurology, 56,
869-877. https://doi.org/10.1212/WNL.56.7.869

[9] Huebsch, K.A., Kudrya Shova, E., Wooley, C.M., et al (2005) Mdm Muscular Dy-
strophy: Interactions with Calpain 3 and a Novel Functional Role for Titin’s N2A
Domain. Human Molecular Genetics, 14, 2801-2811.
https://doi.org/10.1093/hmg/ddi313

[10] Taylor, R.G., Geesink, G.H., Thom Pson, V.F,, et al (1995) Is Z-Disk Degradation
Responsible for Postmortem Tenderization? Animal Science, 73, 1351-1367.
https://doi.org/10.2527/1995.7351351x

DOI: 10.4236/jbm.2023.114005

56 Journal of Biosciences and Medicines


https://doi.org/10.4236/jbm.2023.114005
https://doi.org/10.1038/nri3793
https://doi.org/10.1073/pnas.71.3.788
https://doi.org/10.1038/ni.2001
https://doi.org/10.1126/scitranslmed.abe1433
https://doi.org/10.1016/j.bbrc.2021.02.132
https://doi.org/10.1177/1479164120977441
https://doi.org/10.1056/NEJMra043361
https://doi.org/10.1212/WNL.56.7.869
https://doi.org/10.1093/hmg/ddi313
https://doi.org/10.2527/1995.7351351x

F.T.Tang, M. A. Awad

(11]

[12]

(13]

[14]

(15]

[16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

Tompa, P., Buzder-Lantos, P., Tantos, A., Farkas, A., ef al (2004) On the Sequential
Determinants of Calpain Cleavage. The Journal of Biological Chemistry, 279, 20775-
20785. https://doi.org/10.1074/jbc.M313873200

Azam, M. andrabij, S.S., Sahr, K.E., ef al (2001) Disruption of the Mouse Mu-Calpain
Gene Reveals an Essential Role in Platelet Function. Molecular and Cellular Biology,
21, 2213-2220. https://doi.org/10.1128/MCB.21.6.2213-2220.2001

Arthur, J.S,, Elce, ].S., Hegadorn, C., Williams, K. and Greer, P.A. (2000) Disruption
of the Murine Calpain Small Subunit Gene, Capn4: Calpain Is Essential for Em-
bryonic Development but Not for Cell Growth and Division. Molecular and Cellular
Biology, 20, 4474-4481. https://doi.org/10.1128/MCB.20.12.4474-4481.2000

Mellgren, R.L., Zhang, W., Miyake, K. and McNeil, P.L. (2007) Calpain Is Required
for the Rapid, Calcium-Dependent Repair of Wounded Plasma Membrane. 7he Jour-
nal of Biological Chemistry, 282, 2567-2575.
https://doi.org/10.1074/jbc.M604560200

Galvez, A.S., Diwan, A., Odley, AM., et al (2007) Cardiomyocyte Degeneration
with Calpain Deficiency Reveals a Critical Role in Protein Homeostasis. Circulation
Research, 100, 1071-1078. https://doi.org/10.1161/01.RES.0000261938.28365.11
Fushimi, K., Nakashima, S., Banno, Y., et a/ (2004) Implication of Prostaglandin
E(2) in TNF-alpha-Induced Release of m-Calpain from HCS-2/8 Chondrocytes. In-
hibition of m-Calpain Release by NSAIDs. Osteoarthritis and Cartilage, 12, 895-903.
https://doi.org/10.1016/j.joca.2004.08.001

Hood, J.L., Brooks, W.H. and Roszman, T.L. (2006) Subcellular Mobility of the
Calpain/Calpastatin Network: An Organelle Transient. BioEssays. News and Re-
views in Molecular, Cellular and Developmental Biology, 28, 850-859.
https://doi.org/10.1002/bies.20440

Xu, L. and Deng, X. (2006) Suppression of Cancer Cell Migration and Invasion by
Protein Phosphatase 2A through Dephosphorylation of mu- and m-Calpains. 7he
Journal of Biological Chemistry, 281, 35567-35575.
https://doi.org/10.1074/jbc.M607702200

Miyazaki, T., Taketomi, Y., Takimoto, M., et al (2011) m-Calpain Induction in
Vascular Endothelial Cells on Human and Mouse Atheromas and Its Roles in VE-
Cadherin Disorganization and Atherosclerosis. Circulation, 124, 2522-2532.
https://doi.org/10.1161/CIRCULATIONAHA.111.021675

Porn-Ares, M.I,, Saido, T.C. andersson, T. and Ares, M.P. (2003) Oxidized Low-
Density Lipoprotein Induces Calpain-Dependent Cell Death and Ubiquitination of
Caspase 3 in HMEC-1 Endothelial Cells. 7he Biochemical Journal, 374, 403-411.
https://doi.org/10.1042/bj20021955

Thurston, G., Smith, K., Kunkel, R., ef al (1999) Vascular Endothelial-Cadherin Is
an Important Determinant of Microvascular Integrity in Vivo. Proceedings of the
National Academy of Sciences of the United States of America, 96, 9815-9820.
https://doi.org/10.1073/pnas.96.17.9815

Wnuck, LK., Keul, P., Lucke, S., ef al (2006) Degraded Collagen Induces Calpain-
Mediated Apoptosis and Destruction of the X-Chromosome-Linked Inhibitor of
Apoptosis (XIAP) in Human Vascular Smooth Muscle Cells. Cardiovascular Re-
search, 69, 697-705. https://doi.org/10.1016/j.cardiores.2005.08.005

Duncan, J.A., Bergstralht, D.T., Wang, Y., et al (2007) Cryopyrin/NALP3 Binds
ATP/dATP, Is an ATPase, and Requires ATP Binding to Mediate Inflammatory
Signaling. Proceedings of the National Academy of Sciences of the United States of
America, 104, 8041-8046. https://doi.org/10.1073/pnas.0611496104

DOI: 10.4236/jbm.2023.114005

57 Journal of Biosciences and Medicines


https://doi.org/10.4236/jbm.2023.114005
https://doi.org/10.1074/jbc.M313873200
https://doi.org/10.1128/MCB.21.6.2213-2220.2001
https://doi.org/10.1128/MCB.20.12.4474-4481.2000
https://doi.org/10.1074/jbc.M604560200
https://doi.org/10.1161/01.RES.0000261938.28365.11
https://doi.org/10.1016/j.joca.2004.08.001
https://doi.org/10.1002/bies.20440
https://doi.org/10.1074/jbc.M607702200
https://doi.org/10.1161/CIRCULATIONAHA.111.021675
https://doi.org/10.1042/bj20021955
https://doi.org/10.1073/pnas.96.17.9815
https://doi.org/10.1016/j.cardiores.2005.08.005
https://doi.org/10.1073/pnas.0611496104

F.T. Tang, M. A. Awad

(24]

(25]

(26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

Bauernfeind, F.G., Horvath, G., Stutz, A., et al (2009) Cutting Edge: NF-Kappa B
Activating Pattern Recognition and Cytokine Receptors License NLRP3 Inflamma-
some Activation by Regulating NLRP3 Expression. Journal of Immunology, 183,
787-791. https://doi.org/10.4049/jimmunol.0901363

He, W.-T., Wan, H., Hu, L., et a/ (2015) Gasdermin D Is an Executor of Pyroptosis
and Required for Interleukin-1 Beta Secretion. Cell Research, 25, 1285-1298.
https://doi.org/10.1038/cr.2015.139

Mulvihill, E., Sborgi, L., Mari, S.A., et al (2018) Mechanism of membrane Pore
Formation by Human Gasdermin-D. EMBO Journal, 37, €98321.
https://doi.org/10.15252/embj.201798321

Zhou, R., Yazdi, A.S., Menu, P., et al (2011) A Role for Mitochondria in NLRP3 In-
flammasome Activation. Nature, 469, 221-225. https://doi.org/10.1038/nature09663

Cruz, C.M.,, Rinna, A., Forman, H.]J., et al (2007) ATP Activates a Reactive Oxygen
Species-Dependent Oxidative Stress Response and Secretion of Proinflammatory
Cytokines in Macrophages. Journal of Biological Chemistry, 282, 2871-2879.
https://doi.org/10.1074/jbc.M608083200

Courbet, A., Bec, N., Constant, C., et al (2017) Imidazoquinoxaline Anticancer De-
rivatives and Imiquimod Interact with Tubulin: Characterization of Molecular Mi-
crotubule Inhibiting Mechanisms in Correlation with Cytotoxicity. PLOS ONE, 12,
€0182022. https://doi.org/10.1371/journal.pone.0182022

Gross, C.J., Mishra, R., Schneider, K.S., et al (2016) K + Efflux-Independent NLRP3
Inflammasome Activation by Small Molecules Targeting Mitochondria. Immunity,
45, 761-773. https://doi.org/10.1016/j.immuni.2016.08.010

Liu, X., Zhang, X., Ding, Y., et al (2017) Nuclear Factor E2-Related Factor-2 Nega-
tively Regulates NLRP3 Inflammasome Activity by Inhibiting Reactive Oxygen Spe-
cies-Induced NLRP3 Priming. Antioxidants & Redox Signaling, 26, 28-43.
https://doi.org/10.1089/ars.2015.6615

Li, W., Khor, T.O., Xu, C., et al (2008) Activation of Nrf2-Antioxidant Signaling
Attenuates NFkappa B-Inflammatory Response and Elicits Apoptosis. Biochemical
Pharmacology, 76, 1485-1489. https://doi.org/10.1016/j.bcp.2008.07.017

Ceconi, C., Boraso, A., Cargnoni, A., et al (2003) Oxidative Stress in Cardiovascular
Disease: Myth or Fact? Archives of Biochemistry and Biophysics, 420, 217-221.
https://doi.org/10.1016/j.abb.2003.06.002

Griendling, K.K., Sorescu, D. and Ushio Fukai, M. (2000) NAD (P) H Oxidase: Role
in Cardio Vascular Biology and Disease. Circulation Research, 86,494-501.
https://doi.org/10.1161/01.RES.86.5.494

Azumi, H., Inoue, N., Ohashi, Y., ef al (2002) Superoxide Generation in Directional
Coronary Atherectomy Specimens of Patients with Angina Pectoris: Important Role
of NAD (P)H Oxidase. Arteriosclerosis, Thrombosis, and Vascular Biology, 22, 1838-
1844. https://doi.org/10.1161/01.ATV.0000037101.40667.62

Channon, K.M. (2002) Oxidative Stress and Coronary Plaque Stability. Arterioscle-
rosis, Thrombosis, and Vascular Biology, 22, 1751-1752.
https://doi.org/10.1161/01.ATV.0000042203.08210.17

Rajagopalan, S., Meng, X.P., Ramasamy, S., et al (1996) Reactive Oxygen Species
Produced by Macrophage Derived Foam Cells Regulate the Activity of Vascular Ma-
trix Metalloproteinases in Vitro. Implications for Atherosclerotic Plaque Stability.
Journal of Clinical Investigation, 98, 2572-2579. https://doi.org/10.1172/JCI119076

Hang, L., Peng, Y., Xiang, R., et al (2020) Ox-LDL Causes Endothelial Cell Injury

DOI: 10.4236/jbm.2023.114005

58 Journal of Biosciences and Medicines


https://doi.org/10.4236/jbm.2023.114005
https://doi.org/10.4049/jimmunol.0901363
https://doi.org/10.1038/cr.2015.139
https://doi.org/10.15252/embj.201798321
https://doi.org/10.1038/nature09663
https://doi.org/10.1074/jbc.M608083200
https://doi.org/10.1371/journal.pone.0182022
https://doi.org/10.1016/j.immuni.2016.08.010
https://doi.org/10.1089/ars.2015.6615
https://doi.org/10.1016/j.bcp.2008.07.017
https://doi.org/10.1016/j.abb.2003.06.002
https://doi.org/10.1161/01.RES.86.5.494
https://doi.org/10.1161/01.ATV.0000037101.40667.62
https://doi.org/10.1161/01.ATV.0000042203.08210.17
https://doi.org/10.1172/JCI119076

F.T.Tang, M. A. Awad

(39]

[40]

[41]

(42]

(43]

[44]

[45]

through ASK1/NLRP3-Mediated Inflammasome Activation via Endoplasmic Reti-
culum Stress. Drug Design, Development and Therapy, 14, 731-744.
https://doi.org/10.2147/DDDT.S231916

Wu, Q., He, X., Wu, L.M,, et al. (2020) MLKL Aggravates ox-LDL-Induced Cell Py-
roptosis via Activation of NLRP3 Inflammasome in Human Umbilical Vein Endo-
thelial Cells. Inflammation, 43, 2222-2231.

https;//doi.org/lO.1007/s10753—020—01289—8
Bian, F.,, Yang, X.Y., Xu, G., et al (2019) CRP-Induced NLRP3 Inflammasome Ac-

tivation Increases LDL Transcytosis across Endothelial Cells. Frontiers in Pharma-
cology, 10, 40. https://doi.org/10.3389/fphar.2019.00040

Sun, X., Jiao, X., Ma, Y., et al (2016) Trimethylamine N-Oxide Induces Inflamma-
tion and Endothelial Dysfunction in Human Umbilical Vein Endothelial Cells via
Activating ROS-TXNIP-NLRP3 Inflammasome. Biochemical and Biophysical Re-
search Communications, 481, 63-70. https://doi.org/10.1016/j.bbrc.2016.11.017

Yamagata, K., Hashiguchi, K., Yamamoto, H., et a/ (2019) Dietary Apigenin Re-
duces Induction of LOX-1 and NLRP3 Expression, Leukocyte Adhesion, and Ace-
tylated Low-Density Lipoprotein Uptake in Human Endothelial Cells Exposed to
Trimethylamine-N-Oxide. Journal of Cardiovascular Pharmacology, 74, 558-565.
https://doi.org/10.1097/F]C.0000000000000747

Tangi, T.N., Elmabsout, A.A., Bengtsson, T., et a. (2012) Role of NLRP3 and CARDS
in the Regulation of TNF-alpha Induced IL-1beta Release in Vascular Smooth Mus-
cle Cells. International Journal of Molecular Medicine, 30, 697-702.
https://doi.org/10.3892/ijmm.2012.1026

Yao, Y., Mao, J., Xu, S., et al (2019) Rosmarinic Acid Inhibits Nicotine-Induced
C-Reactive Protein Generation by Inhibiting NLRP3 Inflammasome Activation in
Smooth Muscle Cells. Journal of Cellular Physiology, 234, 1758-1767.
https://doi.org/10.1002/jcp.27046

Li, Y., Niu, X., Xu, H., et al (2020) VX-765 Attenuates Atherosclerosis in ApoE De-
ficient Mice by Modulating VSMCs Pyroptosis. Experimental Cell Research, 389,
Article ID: 111847. https://doi.org/10.1016/j.yexcr.2020.111847

DOI: 10.4236/jbm.2023.114005

59 Journal of Biosciences and Medicines


https://doi.org/10.4236/jbm.2023.114005
https://doi.org/10.2147/DDDT.S231916
https://doi.org/10.1007/s10753-020-01289-8
https://doi.org/10.3389/fphar.2019.00040
https://doi.org/10.1016/j.bbrc.2016.11.017
https://doi.org/10.1097/FJC.0000000000000747
https://doi.org/10.3892/ijmm.2012.1026
https://doi.org/10.1002/jcp.27046
https://doi.org/10.1016/j.yexcr.2020.111847

	Calpain-1 Mediated Mitochondria ROS/NLRP3 Inflammasome in Atherosclerosis
	Abstract
	Keywords
	1. Introduction
	2. Calpain Family
	3. Calpains in the Pathogenesis of Atherosclerosis
	4. NLRP3 Structural Characteristics and Activation
	5. ROS/NLRP3 Inflammasome Activation Mechanism
	6. ROS/NLRP3 Inflammasome in Atherosclerosis
	7. Conclusion
	Conflicts of Interest
	References

