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The mitochondrion, the ATP-producing center, is both physically and functionally
associated with almost all other organelles in the cell. Mitochondrial-associated
membranes (MAMs) are involved in a variety of biological processes, such as lipid
exchange, protein transport, mitochondrial fission, mitophagy, and inflammation. Several
inflammation-related diseases in the cardiovascular system involve several intracellular
events including mitochondrial dysfunction as well as disruption of MAMs. Therefore,
an in-depth exploration of the function of MAMs will be of great significance for us
to understand the initiation, progression, and clinical complications of cardiovascular
disease (CVD). In this review, we summarize the recent advances in our knowledge of
MAM regulation and function in CVD-related cells. We discuss the potential roles of
MAMs in activating inflammation to influence the development of CVD.

Keywords: mitochondrial-associated membranes, mitochondria, autophagy, cardiovascular disease,
inflammation, inflammasome

INTRODUCTION

Inflammation is a universal phenomenon observed in CVDs, such as atherosclerosis (the
primary underlying cause), AMI, cardiac I/R injury, stroke, and HF (Golia et al., 2014; Esposito
et al., 2017; Zhou et al., 2018). Many experimental and clinical studies suggest that treatment
with anti-inflammatory drugs is capable of reducing the risk of CVDs (Golia et al., 2014;

Abbreviations: AMI, acute myocardial infarction; AMPK, AMP-activated protein kinase; ASC, apoptosis-related speck-
like protein; Bik, Bcl-2 interacting killer; BNIP3, BCL2/adenovirus E1B interacting protein 3; CAD, coronary artery
disease; CaMKIIδ, Ca2+/calmodulin regulated kinase δ; CVD, cardiovascular disease; CypD, cyclophilin D; DCM, dilated
cardiomyopathy; FUNDC1, FUN14 domain containing 1; GSK3b, glycogen synthase kinase 3b; Hcy, homocysteine;
HDL, high-density lipoprotein; HF, heart failure; HHcy, hyperhomocysteinemia; I/R injury, ischemia-reperfusion; IFN-γ,
interferon γ; IP3R2, inositol 1,4,5-trisphosphate type 2 receptor; IRGM, immunity-related GTPase M; LDL, low-density
lipoprotein; MAMs, mitochondrial-associated membranes; mtDNA, mitochondrial DNA; mt-ROS, mitochondrial reactive
oxygen species; NgBR, Nogo-B receptor; NLRP3, NOD-like receptor family pyrin domain-containing protein 3; oxLDL,
oxidative low-density lipoprotein; PACS-2, phosphofurin acidic cluster sorting protein 2; RyRs, ryanodine receptors; SR,
sarcoplasmic reticulum; T2D, type 2 diabetes; Tet2, ten-eleven translocation 2; VDAC1, voltage-dependent anion-selective
channel protein 1; VSMCs, vascular smooth muscle cells.
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Maffia and Cirino, 2017; Ridker et al., 2017). Generally,
inflammation is classified into classic inflammation (which is
caused by infection and tissue injury) and para-inflammation
(which is caused by tissue stress or malfunction); the latter is
more responsible for chronic inflammatory disease, including
T2D and CVDs (Medzhitov, 2008). The inflammasome, a
critical factor in pro-inflammation, participates in a variety of
inflammatory diseases and also serves as a possible therapeutic
target for infectious and inflammatory diseases (Rathinam and
Fitzgerald, 2016). In activated macrophages, NLRP3 is situated
downstream of a series of signaling events including generation
and releasing of mtROS (Tschopp and Schroder, 2010), cytosolic
mtDNA release (Nakahira et al., 2011), lysosomal damage
(Hornung and Latz, 2010), and cytosolic K+ efflux (Petrilli
et al., 2007; Shimada et al., 2012). Recent research has suggested
that MAMs are crucial platforms for inflammasome formation.
Impaired Ca2+ flux between mitochondria and the ER causes
mitochondrial damage that, in turn, induces the activation of
the NLRP3 inflammasome (Missiroli et al., 2018). In addition,
the NLRP3 inflammasome is recruited to MAMs and activated
by MAM-related effectors (Zhang et al., 2017). Given the
importance of MAMs in the pathogenesis of CVDs, we hereby
summarize the progress in understanding the specific roles of
MAMs in inflammasome activation and the association between
MAMs and the high-risk factors of CVDs. We also highlight some
new research ideas in inflammasome-induced CVDs.

MAMs, INFLAMMASOMES, AND CVDs

About 2.5 billion years ago, a bacterium that used oxygen
to convert organic molecules into energy turned into a
mitochondrion after it was engulfed by an archaebacterium
(McInerney et al., 2015). Eventually, it evolved into a double-
membrane organelle inside eukaryotic cells, and provided
energy for the cell while also participating in other cellular
biological functions (Mills et al., 2017). This is a hypothesis
of the origination of mitochondria which have been identified
as the stable structures in cells and actively participate in
cellular metabolism.

The organelles, including mitochondria and the ER in
eukaryotic cells, are isolated from each other by their membranes,
which allow individual organelles to have independent
microenvironments to facilitate the appropriate biochemical
reactions. Organelles are also tightly connected and work in a
coordinated manner. When cells perform biological functions,
some of the organelles need to be close to each other (Porter and
Palade, 1957). In Bernhard and Rouiller (1956) first discovered
Membrane Contact Sites (MCSs) with ultrastructural studies
(Gatta and Levine, 2017). In 1969, John Ruby and his colleagues
found a possible interaction between the outer mitochondrial
membrane and the ER membrane (van Vliet et al., 2014). Shore
and Tata used the same approach in rat liver homogenates with
low-speed (640 g) to extract the rough and smooth ER fractions
and found the major proportion of mitochondria was in this
fractions at the end of the 1970s (Shore and Tata, 1977a,b). It
was not until the last decade that the functions of MCSs have

been gradually revealed (Gatta and Levine, 2017). MCSs are
formed by interconnecting membrane protein complexes and
lipids, which keep the two organelles in close contact without
fusion (Annunziata et al., 2018). As one type of MCS, the MAM
is the membrane contact between mitochondria and the ER,
and it plays a role in exchange of materials and transport of
ions between these organelles (Rizzuto et al., 1993). In recent
years, MAMs have been found to be involved in intracellular
phospholipid transport (Vance, 1990; Friedman et al., 2018),
mitophagy (Missiroli et al., 2016; Wu et al., 2016), energy
metabolism (Csordas and Hajnoczky, 2009), mitochondrial
morphology (Liu et al., 2009), apoptosis (Theurey and Rieusset,
2017), and inflammasome formation (Zhou et al., 2011). These
biological functions seem to be independent of each other,
but they are inseparably linked. The MAM maintains the
physiological function of normal cells within tissues, and the
imbalance of MAMs is implicated in various diseases (Simmen
and Tagaya, 2017; Wong et al., 2019). The disturbance of MAMs
will lead to abnormal intracellular Ca2+ levels, impaired lipid
transport, and the destruction of mitochondria. Consequently,
the dysfunction of MAMs is associated with various diseases,
such as cancers (Peretti et al., 2019), neurodegeneration (Krols
et al., 2016), diabetes (Rutter and Pinton, 2014), infection (Jacobs
and Coyne, 2013), and CVDs (Eisner et al., 2013).

In macrophages, the inflammasome transduces signals sensed
by specific cytosolic proteins of the NLRP family into proteolytic
activation of caspase-1 and -11, which can stimulate cells to
yield and secrete cytokines including IL-1β, -18, and -1α (He
et al., 2016; Yabal et al., 2019). During this process, there
will be an increased level of mtROS and mtDNA released
from mitochondria into the cytoplasm (Shimada et al., 2012).
The increase of mtROS will recruit NLRP3 and cardiolipin to
the outer membrane of mitochondria, as well as promoting
K+ efflux from mitochondria. Subsequently, ASC (apoptosis-
related speck-like protein) accumulates at MAMs where the
NLRP3-ASC complex is formed, stimulating caspase-1 activation
(Zhou et al., 2011; Elliott et al., 2018; Namgaladze et al.,
2019). These events lead to activation of macrophages. Due to
changes in mitochondrial morphology and function, acetylation
of tubulin occurs, which in turn increases the abundance of
MAMs (Yabal et al., 2019; Figure 1). However, there are still
many unexplored steps in this complex pathway. The molecular
mechanisms that initiate the functional and morphological
changes in mitochondria in activated macrophages have not
yet been elucidated. These are, therefore, future research
directions in this field.

ATHEROSCLEROSIS

Cardiovascular diseases, including CAD, cardiomyopathy, and
HF, are associated with a high incidence of mortality (Mathers
and Loncar, 2006; North and Sinclair, 2012). Atherosclerosis is
a chronic disease that leads to progressive stenosis of arteries
due to an imbalance in lipid metabolism (Guo et al., 2015).
Immunocytes and cholesterol crystals accumulate on the arterial
wall, leading to the development of an atherosclerotic plaque,
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FIGURE 1 | Overview of the formation and autophagic clearance of inflammasomes. MAMs form in macrophages when they are stimulated by LPS and exposed to
NLRP3 agonists (such as ATP, Alum, and Nigericin). Under these conditions, mitochondria usually become unstable, and then ASC and NLRP3 will be recruited at
the MAM, which forms a positive-feedback loop. In Crohn’s Disease, serving as a compensatory mechanism, IRGM promotes selective autophagy to suppress the
formation of NLRP3 inflammasomes to limit inflammation.

which limits the flow of blood, and therefore of nutrients
and oxygen, to various organs (Weber and Noels, 2011).
Atherosclerosis can lead to further complications including life-
threatening CVDs such as myocardial infarction and stroke
(Sing et al., 2003; Guo et al., 2015). Atherosclerosis is more
likely to occur in the colon germ-free animals, which suggests
that atherosclerosis is closely related to inflammation caused by
endogenous substances (Wright et al., 2000). Prevention and
treatment of early atherosclerosis will deliver a breakthrough
in the treatment of CVDs. NLRP3 is involved in the sterile
inflammatory response in a variety of disease conditions
(Liu et al., 2018). There are tiny cholesterol crystals in
early atherosclerotic lesions. These crystals cause inflammation
through activated caspase-1 which is cleaved by NLRP3
inflammasomes. The latter will lead to the secretion of cytokines
like the IL family, which in turn will induce the formation
and development of atherosclerotic plaques (Duewell et al.,
2010). As the first signal for inflammasome activation, the
abnormal accumulation of free fatty acids and LDL in human

blood caused by imbalanced lipid metabolism can promote the
production of pro-IL-1β through Toll-like receptors (Masters
et al., 2011; Figure 2). Mice without LDL receptors are
prone to develop atherosclerotic plaques. Compared to wild-
type mice, atherosclerotic lesions were significantly reduced
in NLRP3- or ASC- knockout mice after feeding them a
high-cholesterol diet (Duewell et al., 2010). Similarly, the
atherosclerotic lesions will shrink after depletion of IL-1β in
ApoE-deficient mice (Kirii et al., 2003; Bhaskar et al., 2011).
PACS-2 (phosphofurin acidic cluster sorting protein 2) regulates
the distance between ER and mitochondria. Reduced expression
of PACS-2 induces uncoupling of mitochondria from the ER and
BAP31-dependent mitochondrial fission (Simmen et al., 2005).
Upon stimulation with atherogenic lipids, PACS-2-associated
MAM contacts increase in human VSMCs (Moulis et al., 2019).
In VSMCs lacking PACS-2, MAM formation is impaired, leading
to reduced mitophagosome formation and increased apoptosis
induced by oxidized lipoprotein (Moulis et al., 2019). HHcy
has been identified as a high-risk factor for CVDs from a mass
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FIGURE 2 | The role of inflammasomes and MAMs in atherosclerosis. (A) In macrophages, cholesterol crystals, free fatty acids, and LDL increase the progression of
atherosclerosis by activating caspase-1 and NLRP3 inflammasome formation, followed by release of secreted factors. (B) In T-cells, HHcy increases
ER-mitochondria coupling, which attenuates IFN-γ secretion and suppresses Treg cells to accelerate atherosclerosis.

of clinical studies. In T-cells, Hcy increases the association of
mitochondria with the ER. However, Nocodazole enlarges the
distance between ER and mitochondria, leading to the inhibition
of IFN-γ secretion and proliferation of T-cells. This effect shows
that the balance of MAMs is essential for T-cell activation (Feng
et al., 2016). Hcy accelerates atherosclerosis by increasing the
release of chemokines/cytokines in monocytes and T-cells and
results in the dysfunction of regulatory T-cells (Zeng et al., 2003;
Feng et al., 2009; Ma et al., 2013; Figure 2). In macrophages
from patients with CAD, the Ca2+ flux through MAMs maintains
mitochondrial hyperactivity when GSK3b is inactivated, leading
to the production of the collagenase cathepsin K that is related
to CAD (Zeisbrich et al., 2018). According to existing research
mentioned above (Moulis et al., 2019), the abundance of MAMs
significantly increases in VSMCs and a subset of immune cells in
atherosclerosis. At the same time, the increased MAMs in these
immune cells will promote the release of inflammatory factors
and further aggravate the development of atherosclerosis.

CARDIOMYOPATHY

Cardiomyopathy is defined as a myocardial disorder in which
the heart muscle is functionally and structurally abnormal
(McKenna et al., 2017). There are several different types
of cardiomyopathies, and they can either be acquired, such
as diabetic cardiomyopathy, or inherited, such as familial
DCM (McKenna et al., 2017; Schaufelberger, 2019). Diabetic
cardiomyopathy, one of the complications caused by diabetes,
is closely related to the increased incidence of HF and
arrhythmia in diabetic individuals (Boudina and Abel, 2007).

Downregulation of the NLRP3 inflammasome restores cardiac
function in diabetic cardiomyopathy models (Li et al., 2014;
Yang et al., 2018; Figure 3). Metformin, the most widely used
drug for treating T2D (Forslund et al., 2017), can inhibit
NLRP3 by activating AMPK (AMP-activated protein kinase),
thus increasing autophagy activity to promote the clearance
of inflammasomes via inhibiting the mTOR pathway and
alleviating the symptoms in diabetic cardiomyopathy (Yang et al.,
2019a; Figure 3). Rosuvastatin can effectively delay the progress
of diabetic cardiomyopathy through inhibition of NLRP3
inflammasomes (Figure 3; Luo et al., 2014). Familial DCM, a
syndrome caused by genetic mutation, is characterized by an
enlarged heart and impaired contractile function (Hershberger
and Siegfried, 2011; Caragnano et al., 2019). DCM hearts are
marked by the accumulation of lipoperoxidation products and
the activation of both inflammasome and redox-responsive
pathways (Caragnano et al., 2019). In mice, absence of the
protein FUNDC1 (FUN14 domain containing 1) impaires the
structure of MAMs, leads to the fusion of mitochondria and
causes mitochondrial dysfunction, which results in DCM. In
wild-type mice, MAM-localized FUNDC1 maintains the Ca2+

balance between mitochondria and the cytosol by influencing
the function of IP3R2 (inositol 1,4,5-trisphosphate type 2
receptor). The absence of FUNDC1 at MAMs leads to the
fusion of mitochondria and causes mitochondrial dysfunction,
which results in DCM (Wu et al., 2017). FUNDC1 can also
mediate diabetes-induced MAM formation and mitochondrial
Ca2+ increase, resulting in impairment of cardiac structure and
function (Munoz and Zorzano, 2017; Figure 3). Diabetes induces
MAM formation through the downregulation of AMPK, and
eventually causes diabetic cardiomyopathy (Wu et al., 2019).
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FIGURE 3 | Three factors influence diabetic cardiomyopathy. Metformin ameliorates diabetic cardiomyopathy via activation of AMPK, which inhibits mTOR and
promotes autophagy. Rosuvastatin improves diabetic cardiomyopathy by repressing NLRP3-inflammasomes. FUNDC1 down-regulates Ca2+ flux and subsequently
improves diabetic cardiomyopathy.

The inflammasome is essential to the development of diabetic
cardiomyopathy and DCM (Li et al., 2014; Yang et al., 2018;
Caragnano et al., 2019). The loss of NLRP3 will reduce heart
damage in cardiomyopathy. The stability of MAMs is important
for the structure and function of the heart. For example, an
imbalance of MAMs will increase the concentration of Ca2+

in mitochondria, thereby destroying the mitochondria. The
abundance of MAMs may affect the internal microenvironment
of cardiomyocytes, including the ion levels and mitochondria-
related events, in cardiomyopathy.

HEART FAILURE

The prevalence of HF is closely related to aging and
approximately doubles with each decade. Due to the increase of
the aging population, the threat of HF to humans will gradually
increase in the coming decades (Sano et al., 2018). HF is related
to chronic sterile inflammation induced by the activation of the
inflammasome, which produces inflammatory cytokines that
accelerate the process of myocardial apoptosis and ultimately
lead to cardiac hypertrophy (Butts et al., 2018). Mice with
Tet2 (Ten-eleven translocation 2)- deficient hematopoietic cells
show more maladaptive cardiac remodeling and dysfunction
in two HF models (transverse aortic constriction and the
permanent ligation of the left anterior descending artery).
IL-1β blockade or administration of an NLRP3 inflammasome
inhibitor provided effective protection in these models (Sano

et al., 2018). CaMKIIδ (Ca2+/calmodulin-regulated kinase
δ) will be activated in cardiomyocytes, followed by NLRP3
inflammasome activation (Figure 4). These responses promote
macrophage recruitment, fibrosis, and HF induced by myocardial
dysfunction (Suetomi et al., 2018). The SR, the ER in muscle
cells, is associated with mitochondria, and this association
is essential to the normal physiological functions of muscle
cells (Dorn and Maack, 2013; Lopez-Crisosto et al., 2017). In
noradrenaline-treated cardiomyocytes, cardiac metabolism is
disordered due to the increased distance between the SR and
mitochondria and the imbalanced Ca2+ homeostasis (Gutierrez
et al., 2014). Overexpression of BNIP3 (BCL2/adenovirus E1B
interacting protein 3) induces the oligomerization of VDAC1
(voltage-dependent anion-selective channel protein 1), which
increases Ca2+ flux through MAMs into the mitochondria from
SR. Based on this, BNIP3 induces mitochondrial dysfunction
and apoptosis of cardiomyocytes, and eventually contributes
to HF (Chaanine et al., 2013; Figure 4). In mice with leaky
RYR2 (ryanodine receptor type 2) channels caused by genetic
mutation, there is a detrimental increase in mitochondrial Ca2+

levels from the SR through MAMs. This Ca2+ leak also causes
alterations of mitochondrial function and morphology (Santulli
et al., 2015). Another report showed that Ca2+ released from
the SR tunneled to mitochondria via RyRs, as IP3 receptors
presented on mitochondrial and SR, leading to mitochondrial
ATP production (Seidlmayer et al., 2016; Figure 4). MAMs
are essential channels for Ca2+ to flow into the mitochondria
from the SR. In cardiomyocytes, the excessive loading of Ca2+
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FIGURE 4 | The role of inflammasomes and MAMs in heart failure (HF). Under high blood pressure, cardiomyocytes (CMs) activate CaMKIIδ, trigger inflammatory
gene expression and activate NLRP3 inflammasomes. This leads to macrophage recruitment, fibrosis, and myocardial dysfunction, which finally induces heart failure.
Noradrenaline, BNIP3 and RYR2 channels influence SR-to-mitochondria Ca2+ transfer and also alter cardiac metabolism. These factors all contribute to HF.

into the mitochondria is a key contributor to mitochondrial
imbalance, which in turn causes myocardial hypertrophy, and
ultimately leads to HF.

AUTOPHAGY AND INFLAMMASOME
CLEARANCE

Mitochondrial homeostasis is essential for heart health. Damaged
mitochondria have reduced ATP production and yield dangerous
amounts of ROS. Accumulated ROS may damage respiratory
complex proteins, membrane lipids, and mtDNA, leading to
catastrophic oxidative damage to the feed-forward cycle, and
ultimately to cell death (Whelan et al., 2010; Morales et al.,
2020). Damaged mitochondria, ubiquitinated in a Parkin-
dependent manner, will be specifically recognized by p62, which
induces autophagy (Zhong et al., 2016). The inflammasome
components, ASC, NLRP3, and pro-caspase-1, accumulate at the
MAMs (Zhou et al., 2011). In Crohn’s Disease, the expression
of IRGM (immunity-related GTPase M) is up-regulated to
promote the accumulation of p62 and LC-3 around the NLRP3
inflammasome, which is then selectively removed by autophagy
(Mehto et al., 2019a,b). Through this process, macrophages clear
the MAM-associated inflammasomes, which is a cellular “self-
defense” response to inflammatory stresses (Moulis et al., 2019;
Figure 1). It is generally believed that a controlled inflammatory
response is beneficial (for example, to protect against infection),
but it can be harmful if dysregulated (for example, causing septic
shock). Regardless of the cause, inflammation is presumably
an adaptive response to restore homeostasis (Medzhitov, 2008).
The NF-κB pathway is an inflammatory signaling pathway. In
macrophages, activation of the NF-κB signaling pathway inhibits

the inflammatory activity through p62-induced elimination of
damaged mitochondria (Zhong et al., 2016).

CARDIOVASCULAR DRUGS AND
MAM-RELATED CVDs

Several drugs are already in use to treat MAM-related CVDs.
Nocodazole attenuates IFN-γ secretion and proliferation
of T-cells (Feng et al., 2016) and reduces the inflammatory
response by uncoupling MAMs. Consequently, it decreases
the development of atherosclerotic plaques. Both Metformin
(Yang et al., 2019a) and Rosuvastatin (Luo et al., 2014) can
improve diabetic cardiomyopathy by inhibiting the formation
of inflammasomes in diabetic patients. Noradrenaline, as
an inducer of cardiac hypertrophy, alters Ca2+ handling
and cardiac metabolism through MAMs (Gutierrez et al.,
2014). Perhaps we could administer a norepinephrine
inhibitor, such as Reboxetine, to improve the symptoms of
HF patients. Recently, several clinical trials have reported
that novel pharmacological therapies are associated with
better outcomes in CVD patients. Canakinumab, an IL-1
antagonist, reduces the recurrence of ischemic events in patients
with CVDs, and also reduces the hospitalization rate for HF
(Abbate et al., 2020). Anakinra, a recombinant IL-1 receptor
antagonist, has similar effects as canakinumab for CVD patients
(Abbate et al., 2020). The influence of these therapies on the
structure of MAMs in inflammation-induced CVDs should be
further explored.

As described above, inflammation is a major factor in
the occurrence and development of CVDs (Hansson and
Hermansson, 2011), and cells need to repair themselves after
exposure to inflammation. The formation and elimination of
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FIGURE 5 | MAMs and the development of obesity. In obesity, liver cells have excessive MAMs, high mtROS, and Ca2+-overloaded mitochondria. These are all
significantly relieved when IR3R1 and PACS2 are expressed at a lower level.

FIGURE 6 | The integrity of MAMs in diabetes. Absence of CypD decreases the quantity of MAMs and damages their integrity, while Metformin reverses this effect
and leads to recovery of insulin sensitivity.

inflammasomes are completed at MAMs, which also participate
in various biochemical functions such as Ca2+ communication
and lipid transport. In summary, by studying the structure and
function of MAMs, we may further understand the process
of inflammasome formation and elimination. Interventions to
inhibit the early inflammatory events would be beneficial to the
treatment of CVD, and this will be a promising research direction
in the CVD field in the future.

MAMs AND CVD RISK FACTORS

It has been shown that the abundance of inflammasomes
increases in patients with a high risk of CVDs. The risk
factors include obesity, smoking, diabetes, hypertension,
and hypercholesterolemia. In the following sections, we
will analyze the relationship between MAMs and these risk
factors one by one.
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FIGURE 7 | The mechanism by which MAMs repress cigarette smoke-induced proliferation of endothelial cells. Bak is enriched at the ER following Bik-dependent
dissociation of the Bak/Bcl-2 complex. Bak interacts with DPAK1 on the ER to increase the abundance of MAMs and Ca2+ flow from the ER to mitochondria, which
suppresses the proliferation of endothelial cells induced by cigarette smoke.

OBESITY

The balance between the immune system and metabolism
is disturbed in obese individuals, which increases the
risk of CVD (Hotamisligil, 2006). Overnutrition leads to
dysfunction of membrane-bound organelles, such as ER and
mitochondria (Lowell and Shulman, 2005; Hotamisligil,
2010). In obesity, mitochondrial ROS is increased and
mitochondria are significantly overloaded with Ca2+.
When the expression of IP3R1, the inositol triphosphate
receptor, and PACS-2, the tethering protein of MAMs,
is inhibited in obese mice, intracellular homeostasis is
substantially improved, and obesity-induced metabolic
imbalances are relieved (Arruda et al., 2014; Figure 5). The
accumulation of MAMs is an early event in the process of
obesity, and it is an adaptation process in the cell. However,
long-term maintenance of MAMs will cause a series of
mitochondrial dysfunctions, such as mitochondrial Ca2+

overload, reduced mitochondrial oxidative capacity, and
increased mtROS.

In the pericentral zone of the liver, melatonin can convert
macrosteatosis to microsteatosis. Melatonin increases the
distance from ER to mitochondria, or decreases the abundance
of MAMs, resulting in the improving of the structure and
the metabolic functions of hepatic tissue (Stacchiotti et al.,
2016). In summary, restoring the normal homeostasis of
MAMs may reduce the degree of obesity and decrease the
incidence of CVDs.

DIABETES

The risk of CVDs in diabetes increases 2–4 fold (Faria and
Persaud, 2017). Controlling blood glucose and enhancing insulin
resistance will significantly decrease the risk of CVDs in diabetic
individuals (Gilca et al., 2017). Serving as a crucial intracellular
regulator in the function of insulin secretion by pancreatic beta
cells, Ca2+ is kept at low intracellular levels in normal conditions.
In a high-glucose environment, beta cells will close ATP-sensitive
K+ channels and inhibit plasma membrane depolarization to
facilitate the precise increase in cytoplasmic Ca2+ levels, leading
to the secretion of insulin (Rutter et al., 2017). However,
dysfunctional MAMs will lead to abnormal Ca2+ transport and
imbalanced Ca2+ levels in the cell, resulting in the pathogenesis
of T2D, which is caused by decreased insulin sensitivity (Wang
and Wei, 2017). Palmitate increases chemokine production from
the islets, which promotes immune cell infiltration into the
islets and increases the levels of immunocyte in the islets
of patients, thus inducing insulin resistance (Rieusset et al.,
2012; Tubbs et al., 2014; Khodabandehloo et al., 2016). In
HuH7 hepatocellular carcinoma cells, increased MAM formation
prevents the alteration of insulin signal transduction induced
by palmitate (Tubbs et al., 2014). The integrity of MAMs is
necessary for insulin signal transduction. Deletion of the gene
encoding CypD, a mitochondrial protein in MAMs, reduced the
abundance of MAMs and impaired their integrity. Interestingly,
mice lacking CypD had insulin resistance and elevated hepatic
neoglucogenesis in insulin tests. Treating CypD knockout mice
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FIGURE 8 | The role of MAMs in hypertension. 1. Under extracellular stresses, PACS-2-associated MAM contacts are formed in VSMCs, which mediate mitophagy
(autophagic degradation of mitochondria). 2. Depletion of PACS-2 decreases both mitophagy activity and the abundance of MAMs. This induces apoptosis and
stimulates the formation of atherosclerotic plaques. 3. NgBR affects cell proliferation and migration by interacting with its ligand Nogo-B. Low expression of NgBR
reduces the enrichment of MAMs and promotes pAkt-IP3R3 signaling, which enhances the proliferation of VSMCs and causes clinical symptoms.

with Metformin significantly improved the integrity of MAMs
and the insulin sensitivity (Tubbs et al., 2014; Stacchiotti et al.,
2018; Figure 6). Therefore, maintaining the stability of MAMs
is a necessary condition for stabilizing intracellular Ca2+ and
increasing insulin sensitivity. This is an essential direction for
treating diabetes and reducing the incidence of CVDs.

SMOKING

Smoking is one of the critical risk factors in the occurrence
and development of CVDs (Desgraz et al., 2017). Long-term
smoking also inhibits the proliferation and repair responses of
airway epithelial cells (Wang et al., 2001). Nicotine, as a standard
component of cigarette smoke, induces bronchial epithelial
cell senescence and apoptosis via ROS-mediated impairment
of autophagy (Bodas et al., 2016). The Ca2+ reservoir in
the ER is decreased in chronic obstructive pulmonary disease
patients, and the Ca2+ influx is suppressed in epithelial cells
from smokers (Petit et al., 2019; Figure 7). The following
mechanism, based on a study of mice and cultured cells,
may explain this phenomenon. Bik (Bcl-2 interacting killer)
reduces the proliferation of epithelial cells by causing the
release of Ca2+ stored in the ER. Bik dissociates the Bak/Bcl-2

complex, leading to the enrichment of Bak around the ER.
Bak interacts with the kinase domain of DAPK1, increasing the
abundance of MAMs and thus the flow of Ca2+ from the ER
to mitochondria, which causes the apoptosis of proliferating
epithelial cells to reduce cigarette smoke-induced mucous cell
hyperplasia (Mebratu et al., 2017; Figure 7). Inhalation of
cigarette smoke results in immune system imbalances which
induce exaggerated and prolonged inflammation in the lung
(Racanelli et al., 2018) and contribute to the development of
CVDs. Some data suggest that folic acid and Vitamin B12 may
combat oxidative stress caused by smoking via supplying essential
nutrients, removing free radicals and inhibiting inflammation
(Bhattacharjee et al., 2016). However, further exploration is
required to determine whether these vitamins can regulate the
proliferation and apoptosis of endothelial cells by affecting
enrichment of MAMs in endothelial cells. Inhalation of cigarette
smoke decreases the flow of Ca2+ and increases the production
of ROS, which inhibits the proliferation and self-recovery ability
of endothelial cells, and then causes apoptosis. The same
effect will occur when MAMs are enriched in endothelial cells.
Therefore, exploring the functional changes of MAM structure
during inhalation of cigarette smoke will be important in
devising methods to lessen the inflammatory damage and reduce
complications such as CVDs.
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FIGURE 9 | MAMs in the development of atherosclerosis. MAMs are involved in signal transduction of macrophages during hypercholesteremia-induced chronic
inflammation of the vascular wall.

HYPERTENSION

In pathology, hypertension is divided into two categories:
primary hypertension and secondary hypertension. Primary
hypertension, the main form of hypertension, is mainly due to
structural and functional changes in small and large arteries,
which cause high blood pressure (Laurent and Boutouyrie,
2015). Secondary hypertension, which affects about 5–10%
of the hypertensive population, refers to hypertension caused
by another disease or medical condition (Rimoldi et al.,
2014). It includes renal vascular hypertension, primary
aldosteronism, and diabetes-related hypertension (Laurent
and Boutouyrie, 2015). Vascular constriction, diminished
vasodilation reserve and stenosis, eutrophic remodeling, and
changes in expandability are characteristics of small resistance
arteries in patients with essential hypertension (Folkow, 1982,
1995; Mulvany and Aalkjaer, 1990; Schiffrin, 1992; Heagerty and
Izzard, 1995; Mulvany et al., 1996; Rizzoni and Agabiti-Rosei,
2012). Proliferation, mild inflammation, fibrosis, and chronic
vasoconstriction of VSMCs are implicated in the remodeling of
hypertensive arterioles (Intengan and Schiffrin, 2001; Schiffrin
and Touyz, 2004). These factors also affect the formation and
development of atherosclerotic plaques. VSMCs control vascular
homeostasis, including dilation, contraction, and remodeling
(Moulis et al., 2019).

Recent studies also suggested a link between MAMs,
autophagy and hypertension. PACS-2 maintains the migration
of the autophagy-initiating ATG14 complex into the early
autophagosome assembly region of the ER in the MAM structure
(Hailey et al., 2010; Hamasaki et al., 2013). Depletion of
PACS-2 induces BAP31-dependent mitochondrial fission and
the dissociation of MAMs (Simmen et al., 2005). During
stress, MAM structures will accumulate in VSMCs, and at
the same time, PACS-2 will gather at MAMs. Depletion of
PACS-2 will diminish mitochondrial autophagy in VSMCs and
decrease the abundance of MAMs, thus inducing apoptosis
(Moulis et al., 2019; Nahapetyan et al., 2019) and eventually
leading to the development of hypertension (Figure 8). NgBR,
localized in the ER, affects proliferation and migration by
interacting with its ligand Nogo-B in VSMCs (Miao et al.,
2006). NgBR is also required for angiogenesis (Zhao et al.,
2010) and development (Rana et al., 2016). Its expression is low
in the thickened pulmonary arteries of a hypoxic pulmonary
hypertension rat model. Downregulation of NgBR expression
reduces the abundance of MAMs in VSMCs, and meanwhile,
promotes pAkt-IP3R3 signal transduction on the surface of
MAMs, enhancing the proliferation ability of VSMCs (Yang
et al., 2019b; Figure 8). Accumulating evidence indicates that
MAMs may affect the functional structure of the vascular wall
by regulating the proliferation, migration, and apoptosis of
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VSMCs, which may cause clinical symptoms such as pulmonary
hypertension. Reducing the accumulation of MAMs may have
therapeutic value for ameliorating the structural damage of blood
vessels, and may provide new strategies for preventing arterial
hypertension (Yang et al., 2019c).

HYPERCHOLESTEREMIA

The lipoprotein transport system is vital to human health
(Genest, 2003). Lipoproteins are classified according to size
and density. HDL is relatively heavy as compared to LDL.
However, chylomicrons, chylomicron residues, and VLDL are
larger and lighter. Among lipoproteins, LDL particles are the
main carriers of cholesterol to peripheral tissues, and loss-of-
function analysis indicates that the LDL receptor is the main
factor leading to hyperlipidemia (Geovanini and Libby, 2018).
According to the lipid hypothesis, LDL is the key to reducing
atherosclerotic plaque formation and limiting complications
(Ridker, 2016). In hypercholesteremia, cholesterol-carrying LDL
particles remain in the arterial wall (Williams and Tabas, 1995;
Skalen et al., 2002; Hansson, 2005). This localization causes
local inflammation within blood vessel walls, differentiation
of monocytes into macrophages, accumulation of intracellular
cholesterol, and production of inflammatory mediators (Libby
et al., 2011). Consequently, immune cells are continuously
recruited to secrete immune factors, leading to chronic
inflammation (Stemme et al., 1995; Frostegard et al., 1999;
Hansson and Hermansson, 2011). Oxidative stress stimulates
vascular tissue to produce oxLDL, which is a critical trigger
for atherosclerosis progression (Suciu et al., 2018). With
the accumulation of oxLDL in the subendothelial region,
the endothelium will become dysfunctional and undergo
permeability changes (Palinski et al., 1989; Liao, 2013). At
this stage, the role of MAMs in endothelial cells during the
formation of atherosclerotic plaques remains unclear. However,
during chronic inflammation of the vascular wall caused
by hypercholesteremia, MAMs in macrophages are involved
in transducing signals. Increasing evidence shows that the
formation of NLRP3 inflammasomes is a key step in the process
of atherosclerotic plaque formation caused by oxLDL (Lundberg
and Yan, 2011; Figure 9). When inflammatory responses are
triggered in macrophages, mitochondria lose their membrane
potential, mtROS is upregulated, and the downstream pathways
are activated to release inflammatory factors. Following the
formation of inflammasomes at MAMs, NLRP3 accumulates
at mitochondria, probably by sensing the increased calcium
level (Triantafilou et al., 2013; Namgaladze et al., 2019). In
patients with hypercholesteremia, new breakthroughs will be

reached by studying the structure of MAMs in macrophages in
the atherosclerotic plaque, and by understanding how MAMs
regulate the development of chronic inflammation of blood
vessels. We must also pay attention to the changes of MAM
structures in vascular endothelial cells in atherosclerotic plaques,
which may lead to new research directions.

CONCLUSION

Recently, the structure and function of MAMs have been
intensively investigated. MAMs are involved in many aspects
of cellular activities and are essential structures to maintain cell
homeostasis and mutual communications between organelles. In
certain circumstances, inflammation develops when the structure
and function of MAMs are disturbed in some specialized types
of cells, thus aggravating the progression of CVDs. Smoking,
obesity, hyperglycemia, hypertension, hyperlipidemia, and other
high-risk factors of CVDs will cause alterations of MAMs in
different tissues, affecting the patient’s prognosis. However, the
growing body of recent experimental evidence mainly focuses on
macrophages. Studies on vascular smooth muscle and endothelial
cells are scarce, especially in the process of atherosclerosis.
In the future, we need to explore the role of structural and
functional changes in MAMs, and specific therapeutic strategies
in smooth muscle and endothelial cells. MAMS are important
places for mitochondrial fission, autophagy, intracellular energy
metabolism, and material exchange; therefore, it is possible that
controlling the structural changes of MAMs may be a key to
treating patients with CVDs.

AUTHOR CONTRIBUTIONS

DF and JL conceived the review. HL, HF, and DF wrote the
manuscript with the input from HZ, XL, DZ, YX, and PH. XL
and HF drew the cartoons. All authors discussed the manuscript.

FUNDING

This work was supported by the NSFC (Nos. 91754115
and 31771531), by the Guangdong Province Universities
and Colleges Pearl River Scholar Funded Scheme (GDUPS,
2018), by the Science and Technology Planning Project of
Guangdong Province (2017B090901051 and 2016A020215152),
by the Guangzhou Municipal “Ling Nan Ying Jie” Project (2018),
and by Chuang Xin Qiang Xiao project of Guangzhou Medical
University (2019KCXTD015).

REFERENCES
Abbate, A., Toldo, S., Marchetti, C., Kron, J., Van Tassell, B. W., and Dinarello,

C. A. (2020). Interleukin-1 and the inflammasome as therapeutic targets in
cardiovascular disease. Circ. Res. 126, 1260–1280. doi: 10.1161/circresaha.120.
315937

Annunziata, I., Sano, R., and d’Azzo, A. (2018). Mitochondria-associated ER
membranes (MAMs) and lysosomal storage diseases. Cell Death Dis. 9:328.

Arruda, A. P., Pers, B. M., Parlakgul, G., Guney, E., Inouye, K., and Hotamisligil,
G. S. (2014). Chronic enrichment of hepatic endoplasmic reticulum-
mitochondria contact leads to mitochondrial dysfunction in obesity. Nat. Med.
20, 1427–1435. doi: 10.1038/nm.3735

Frontiers in Cell and Developmental Biology | www.frontiersin.org 11 July 2020 | Volume 8 | Article 692

https://doi.org/10.1161/circresaha.120.315937
https://doi.org/10.1161/circresaha.120.315937
https://doi.org/10.1038/nm.3735
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-00692 July 28, 2020 Time: 18:36 # 12

Liu et al. MAMs Regulate Inflammation-Induced Cardiovascular Diseases

Bernhard, W., and Rouiller, C. (1956). Close topographical relationship between
mitochondria and ergastoplasm of liver cells in a definite phase of cellular
activity. J. Biophys. Biochem. Cytol. 2(4 Suppl.), 73–78. doi: 10.1083/jcb.2.4.73

Bhaskar, V., Yin, J., Mirza, A. M., Phan, D., Vanegas, S., Issafras, H., et al. (2011).
Monoclonal antibodies targeting IL-1 beta reduce biomarkers of atherosclerosis
in vitro and inhibit atherosclerotic plaque formation in Apolipoprotein
E-deficient mice. Atherosclerosis 216, 313–320. doi: 10.1016/j.atherosclerosis.
2011.02.026

Bhattacharjee, A., Prasad, S. K., Pal, S., Maji, B., Banerjee, A., Das, D., et al. (2016).
Possible involvement of iNOS and TNF-alpha in nutritional intervention
against nicotine-induced pancreatic islet cell damage. Biomed. Pharmacother.
84, 1727–1738. doi: 10.1016/j.biopha.2016.10.079

Bodas, M., Van Westphal, C., Carpenter-Thompson, R., Mohanty, M. D., and Vij,
N. (2016). Nicotine exposure induces bronchial epithelial cell apoptosis and
senescence via ROS mediated autophagy-impairment. Free Radic. Biol. Med. 97,
441–453. doi: 10.1016/j.freeradbiomed.2016.06.017

Boudina, S., and Abel, E. D. (2007). Diabetic cardiomyopathy revisited. Circulation
115, 3213–3223. doi: 10.1161/circulationaha.106.679597

Butts, B., Butler, J., Dunbar, S. B., Corwin, E., and Gary, R. A. (2018). Effects of
exercise on ASC methylation and IL-1 cytokines in heart failure. Med. Sci. Sports
Exerc. 50, 1757–1766. doi: 10.1249/mss.0000000000001641

Caragnano, A., Aleksova, A., Bulfoni, M., Cervellin, C., Rolle, I. G., Veneziano,
C., et al. (2019). Autophagy and inflammasome activation in dilated
cardiomyopathy. J. Clin. Med. 8:1519. doi: 10.3390/jcm8101519

Chaanine, A. H., Gordon, R. E., Kohlbrenner, E., Benard, L., Jeong, D., and
Hajjar, R. J. (2013). Potential role of BNIP3 in cardiac remodeling, myocardial
stiffness, and endoplasmic reticulum: mitochondrial calcium homeostasis in
diastolic and systolic heart failure. Circ. Heart Fail. 6, 572–583. doi: 10.1161/
circheartfailure.112.000200

Csordas, G., and Hajnoczky, G. (2009). SR/ER-mitochondrial local
communication: calcium and ROS. Biochim. Biophys. Acta 1787, 1352–1362.
doi: 10.1016/j.bbabio.2009.06.004

Desgraz, B., Collet, T. H., Rodondi, N., Cornuz, J., and Clair, C. (2017). Comparison
of self-perceived cardiovascular disease risk among smokers with Framingham
and PROCAM scores: a cross-sectional analysis of baseline data from a
randomised controlled trial. BMJ Open 7:e012063. doi: 10.1136/bmjopen-
2016-012063

Dorn, G. W. II, and Maack, C. (2013). SR and mitochondria: calcium cross-talk
between kissing cousins. J. Mol. Cell Cardiol. 55, 42–49. doi: 10.1016/j.yjmcc.
2012.07.015

Duewell, P., Kono, H., Rayner, K. J., Sirois, C. M., Vladimer, G., Bauernfeind,
F. G., et al. (2010). NLRP3 inflammasomes are required for atherogenesis
and activated by cholesterol crystals. Nature 464, 1357–1361. doi: 10.1038/
nature08938

Eisner, V., Csordas, G., and Hajnoczky, G. (2013). Interactions between sarco-
endoplasmic reticulum and mitochondria in cardiac and skeletal muscle -
pivotal roles in Ca(2)(+) and reactive oxygen species signaling. J. Cell Sci. 126(Pt
14), 2965–2978. doi: 10.1242/jcs.093609

Elliott, E. I., Miller, A. N., Banoth, B., Iyer, S. S., Stotland, A., Weiss, J. P., et al.
(2018). Cutting edge: mitochondrial assembly of the NLRP3 inflammasome
complex is initiated at priming. J. Immunol. 200, 3047–3052. doi: 10.4049/
jimmunol.1701723

Esposito, G., Cappetta, D., Russo, R., Rivellino, A., Ciuffreda, L. P., Roviezzo, F.,
et al. (2017). Sitagliptin reduces inflammation, fibrosis and preserves diastolic
function in a rat model of heart failure with preserved ejection fraction. Br. J.
Pharmacol. 174, 4070–4086. doi: 10.1111/bph.13686

Faria, A., and Persaud, S. J. (2017). Cardiac oxidative stress in diabetes: mechanisms
and therapeutic potential. Pharmacol. Ther. 172, 50–62. doi: 10.1016/j.
pharmthera.2016.11.013

Feng, J., Lu, S., Ding, Y., Zheng, M., and Wang, X. (2016). Homocysteine
activates T cells by enhancing endoplasmic reticulum-mitochondria coupling
and increasing mitochondrial respiration. Protein Cell 7, 391–402. doi: 10.1007/
s13238-016-0245-x

Feng, J., Zhang, Z., Kong, W., Liu, B., Xu, Q., and Wang, X. (2009). Regulatory T
cells ameliorate hyperhomocysteinaemia-accelerated atherosclerosis in apoE-/-
mice. Cardiovasc. Res. 84, 155–163. doi: 10.1093/cvr/cvp182

Folkow, B. (1982). Physiological aspects of primary hypertension. Physiol. Rev. 62,
347–504. doi: 10.1152/physrev.1982.62.2.347

Folkow, B. (1995). Hypertensive structural changes in systemic precapillary
resistance vessels: how important are they for in vivo haemodynamics?
J. Hypertens 13(12 Pt 2), 1546–1559.

Forslund, K., Hildebrand, F., Nielsen, T., Falony, G., Chatelier, E. Le, Sunagawa,
S., et al. (2017). Corrigendum: disentangling type 2 diabetes and metformin
treatment signatures in the human gut microbiota. Nature 545:116. doi: 10.
1038/nature22318

Friedman, J. R., Kannan, M., Toulmay, A., Jan, C. H., Weissman, J. S., Prinz,
W. A., et al. (2018). Lipid homeostasis is maintained by dual targeting of the
Mitochondrial PE biosynthesis enzyme to the ER. Dev. Cell 44, 261.e6–270.e6.

Frostegard, J., Ulfgren, A. K., Nyberg, P., Hedin, U., Swedenborg, J., Andersson, U.,
et al. (1999). Cytokine expression in advanced human atherosclerotic plaques:
dominance of pro-inflammatory (Th1) and macrophage-stimulating cytokines.
Atherosclerosis 145, 33–43. doi: 10.1016/s0021-9150(99)00011-8

Gatta, A. T., and Levine, T. P. (2017). Piecing together the patchwork of contact
sites. Trends Cell Biol. 27, 214–229. doi: 10.1016/j.tcb.2016.08.010

Genest, J. (2003). Lipoprotein disorders and cardiovascular risk. J. Inherit Metab.
Dis. 26, 267–287.

Geovanini, G. R., and Libby, P. (2018). Atherosclerosis and inflammation: overview
and updates. Clin. Sci. 132, 1243–1252. doi: 10.1042/cs20180306

Gilca, G. E., Stefanescu, G., Badulescu, O., Tanase, D. M., Bararu, I., and Ciocoiu,
M. (2017). Diabetic cardiomyopathy: current approach and potential diagnostic
and therapeutic targets. J. Diabetes Res. 2017:1310265.

Golia, E., Limongelli, G., Natale, F., Fimiani, F., Maddaloni, V., Pariggiano, I.,
et al. (2014). Inflammation and cardiovascular disease: from pathogenesis to
therapeutic target. Curr. Atheroscler. Rep. 16:435.

Guo, H., Callaway, J. B., and Ting, J. P. (2015). Inflammasomes: mechanism of
action, role in disease, and therapeutics. Nat. Med. 21, 677–687. doi: 10.1038/
nm.3893

Gutierrez, T., Parra, V., Troncoso, R., Pennanen, C., Contreras-Ferrat, A., Vasquez-
Trincado, C., et al. (2014). Alteration in mitochondrial Ca(2+) uptake disrupts
insulin signaling in hypertrophic cardiomyocytes. Cell Commun. Signal. 12:68.
doi: 10.1186/preaccept-1950166084128344

Hailey, D. W., Rambold, A. S., Satpute-Krishnan, P., Mitra, K., Sougrat, R.,
Kim, P. K., et al. (2010). Mitochondria supply membranes for autophagosome
biogenesis during starvation. Cell 141, 656–667. doi: 10.1016/j.cell.2010.04.009

Hamasaki, M., Furuta, N., Matsuda, A., Nezu, A., Yamamoto, A., Fujita, N., et al.
(2013). Autophagosomes form at ER-mitochondria contact sites. Nature 495,
389–393. doi: 10.1038/nature11910

Hansson, G. K. (2005). Inflammation, atherosclerosis, and coronary artery disease.
N. Engl. J. Med. 352, 1685–1695. doi: 10.1056/nejmra043430

Hansson, G. K., and Hermansson, A. (2011). The immune system in
atherosclerosis. Nat. Immunol. 12, 204–212.

He, Y., Hara, H., and Nunez, G. (2016). Mechanism and regulation of NLRP3
inflammasome activation. trends biochem. Sci 41, 1012–1021. doi: 10.1016/j.
tibs.2016.09.002

Heagerty, A. M., and Izzard, A. S. (1995). Small-artery changes in hypertension.
J. Hypertens 13(12 Pt 2), 1560–1565.

Hershberger, R. E., and Siegfried, J. D. (2011). Update 2011: clinical and genetic
issues in familial dilated cardiomyopathy. J. Am. Coll Cardiol. 57, 1641–1649.
doi: 10.1016/j.jacc.2011.01.015

Hornung, V., and Latz, E. (2010). Critical functions of priming and lysosomal
damage for NLRP3 activation. Eur. J. Immunol. 40, 620–623. doi: 10.1002/eji.
200940185

Hotamisligil, G. S. (2006). Inflammation and metabolic disorders. Nature 444,
860–867. doi: 10.1038/nature05485

Hotamisligil, G. S. (2010). Endoplasmic reticulum stress and the inflammatory
basis of metabolic disease. Cell 140, 900–917. doi: 10.1016/j.cell.2010.02.034

Intengan, H. D., and Schiffrin, E. L. (2001). Vascular remodeling in hypertension:
roles of apoptosis, inflammation, and fibrosis. Hypertension 38(3 Pt 2), 581–587.
doi: 10.1161/hy09t1.096249

Jacobs, J. L., and Coyne, C. B. (2013). Mechanisms of MAVS regulation at the
mitochondrial membrane. J. Mol. Biol. 425, 5009–5019. doi: 10.1016/j.jmb.
2013.10.007

Khodabandehloo, H., Gorgani-Firuzjaee, S., Panahi, G., and Meshkani, R. (2016).
Molecular and cellular mechanisms linking inflammation to insulin resistance
and beta-cell dysfunction. Transl. Res. 167, 228–256. doi: 10.1016/j.trsl.2015.08.
011

Frontiers in Cell and Developmental Biology | www.frontiersin.org 12 July 2020 | Volume 8 | Article 692

https://doi.org/10.1083/jcb.2.4.73
https://doi.org/10.1016/j.atherosclerosis.2011.02.026
https://doi.org/10.1016/j.atherosclerosis.2011.02.026
https://doi.org/10.1016/j.biopha.2016.10.079
https://doi.org/10.1016/j.freeradbiomed.2016.06.017
https://doi.org/10.1161/circulationaha.106.679597
https://doi.org/10.1249/mss.0000000000001641
https://doi.org/10.3390/jcm8101519
https://doi.org/10.1161/circheartfailure.112.000200
https://doi.org/10.1161/circheartfailure.112.000200
https://doi.org/10.1016/j.bbabio.2009.06.004
https://doi.org/10.1136/bmjopen-2016-012063
https://doi.org/10.1136/bmjopen-2016-012063
https://doi.org/10.1016/j.yjmcc.2012.07.015
https://doi.org/10.1016/j.yjmcc.2012.07.015
https://doi.org/10.1038/nature08938
https://doi.org/10.1038/nature08938
https://doi.org/10.1242/jcs.093609
https://doi.org/10.4049/jimmunol.1701723
https://doi.org/10.4049/jimmunol.1701723
https://doi.org/10.1111/bph.13686
https://doi.org/10.1016/j.pharmthera.2016.11.013
https://doi.org/10.1016/j.pharmthera.2016.11.013
https://doi.org/10.1007/s13238-016-0245-x
https://doi.org/10.1007/s13238-016-0245-x
https://doi.org/10.1093/cvr/cvp182
https://doi.org/10.1152/physrev.1982.62.2.347
https://doi.org/10.1038/nature22318
https://doi.org/10.1038/nature22318
https://doi.org/10.1016/s0021-9150(99)00011-8
https://doi.org/10.1016/j.tcb.2016.08.010
https://doi.org/10.1042/cs20180306
https://doi.org/10.1038/nm.3893
https://doi.org/10.1038/nm.3893
https://doi.org/10.1186/preaccept-1950166084128344
https://doi.org/10.1016/j.cell.2010.04.009
https://doi.org/10.1038/nature11910
https://doi.org/10.1056/nejmra043430
https://doi.org/10.1016/j.tibs.2016.09.002
https://doi.org/10.1016/j.tibs.2016.09.002
https://doi.org/10.1016/j.jacc.2011.01.015
https://doi.org/10.1002/eji.200940185
https://doi.org/10.1002/eji.200940185
https://doi.org/10.1038/nature05485
https://doi.org/10.1016/j.cell.2010.02.034
https://doi.org/10.1161/hy09t1.096249
https://doi.org/10.1016/j.jmb.2013.10.007
https://doi.org/10.1016/j.jmb.2013.10.007
https://doi.org/10.1016/j.trsl.2015.08.011
https://doi.org/10.1016/j.trsl.2015.08.011
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-00692 July 28, 2020 Time: 18:36 # 13

Liu et al. MAMs Regulate Inflammation-Induced Cardiovascular Diseases

Kirii, H., Niwa, T., Yamada, Y., Wada, H., Saito, K., Iwakura, Y., et al. (2003).
Lack of interleukin-1beta decreases the severity of atherosclerosis in ApoE-
deficient mice. Arterioscler Thromb. Vasc. Biol. 23, 656–660. doi: 10.1161/01.
atv.0000064374.15232.c3

Krols, M., van Isterdael, G., Asselbergh, B., Kremer, A., Lippens, S.,
Timmerman, V., et al. (2016). Mitochondria-associated membranes
as hubs for neurodegeneration. Acta Neuropathol. 131, 505–523.
doi: 10.1007/s00401-015-1528-7

Laurent, S., and Boutouyrie, P. (2015). The structural factor of hypertension: large
and small artery alterations. Circ. Res. 116, 1007–1021. doi: 10.1161/circresaha.
116.303596

Li, X., Du, N., Zhang, Q., Li, J., Chen, X., Liu, X., et al. (2014). MicroRNA-
30d regulates cardiomyocyte pyroptosis by directly targeting foxo3a in
diabetic cardiomyopathy. Cell Death Dis. 5:e1479. doi: 10.1038/cddis.
2014.430

Liao, J. K. (2013). Linking endothelial dysfunction with endothelial cell activation.
J. Clin. Invest. 123, 540–541. doi: 10.1172/jci66843

Libby, P., Ridker, P. M., and Hansson, G. K. (2011). Progress and challenges in
translating the biology of atherosclerosis. Nature 473, 317–325. doi: 10.1038/
nature10146

Liu, D., Zeng, X., Li, X., Mehta, J. L., and Wang, X. (2018). Role of NLRP3
inflammasome in the pathogenesis of cardiovascular diseases. Basic Res.
Cardiol. 113:5.

Liu, X., Weaver, D., Shirihai, O., and Hajnoczky, G. (2009). Mitochondrial
’kiss-and-run’: interplay between mitochondrial motility and fusion-fission
dynamics. EMBO J. 28, 3074–3089. doi: 10.1038/emboj.2009.255

Lopez-Crisosto, C., Pennanen, C., Vasquez-Trincado, C., Morales, P. E., Bravo-
Sagua, R., Quest, A. F. G., et al. (2017). Sarcoplasmic reticulum-mitochondria
communication in cardiovascular pathophysiology. Nat. Rev. Cardiol. 14, 342–
360. doi: 10.1038/nrcardio.2017.23

Lowell, B. B., and Shulman, G. I. (2005). Mitochondrial dysfunction and type 2
diabetes. Science 307, 384–387.

Lundberg, A. M., and Yan, Z. Q. (2011). Innate immune recognition receptors
and damage-associated molecular patterns in plaque inflammation. Curr. Opin.
Lipidol. 22, 343–349. doi: 10.1097/mol.0b013e32834ada80

Luo, B., Li, B., Wang, W., Liu, X., Liu, X., Xia, Y., et al. (2014). Rosuvastatin
alleviates diabetic cardiomyopathy by inhibiting NLRP3 inflammasome and
MAPK pathways in a type 2 diabetes rat model. Cardiovasc. Drugs Ther. 28,
33–43. doi: 10.1007/s10557-013-6498-1

Ma, K., Lv, S., Liu, B., Liu, Z., Luo, Y., Kong, W., et al. (2013). , CTLA4-
IgG ameliorates homocysteine-accelerated atherosclerosis by inhibiting T-cell
overactivation in apoE(-/-) mice. Cardiovasc. Res. 97, 349–359. doi: 10.1093/
cvr/cvs330

Maffia, P., and Cirino, G. (2017). Targeting inflammation to reduce cardiovascular
disease risk. Br. J. Pharmacol. 174, 3895–3897. doi: 10.1111/bph.14039

Masters, S. L., Latz, E., and O’Neill, L. A. (2011). The inflammasome in
atherosclerosis and type 2 diabetes. Sci. Transl. Med. 3:81s17.

Mathers, C. D., and Loncar, D. (2006). Projections of global mortality and burden
of disease from 2002 to 2030. PLoS Med. 3:e442. doi: 0.1371/journal.pmed.
0030442

McInerney, J., Pisani, D., and O’Connell, M. J. (2015). The ring of life
hypothesis for eukaryote origins is supported by multiple kinds of data.
Philos. Trans. R. Soc. Lond. B Biol. Sci. 370:20140323. doi: 10.1098/rstb.2014.
0323

McKenna, W. J., Maron, B. J., and Thiene, G. (2017). Classification, epidemiology,
and global burden of cardiomyopathies. Circ. Res. 121, 722–730. doi: 10.1161/
circresaha.117.309711

Mebratu, Y. A., Leyva-Baca, I., Wathelet, M. G., Lacey, N., Chand, H. S., Choi,
A. M. K., et al. (2017). Bik reduces hyperplastic cells by increasing Bak and
activating DAPk1 to juxtapose ER and mitochondria. Nat. Commun. 8:803.

Medzhitov, R. (2008). Origin and physiological roles of inflammation. Nature 454,
428–435. doi: 10.1038/nature07201

Mehto, S., Chauhan, S., Jena, K. K., Chauhan, N. R., Nath, P., Sahu, R., et al.
(2019a). IRGM restrains NLRP3 inflammasome activation by mediating its
SQSTM1/p62-dependent selective autophagy. Autophagy 15, 1645–1647. doi:
10.1080/15548627.2019.1628544

Mehto, S., Jena, K. K., Nath, P., Chauhan, S., Kolapalli, S. P., Das, S. K., et al.
(2019b). The Crohn’s disease risk factor IRGM limits NLRP3 inflammasome

activation by impeding its assembly and by mediating its selective autophagy.
Mol. Cell 73, 429.e7–445.e7.

Miao, R. Q., Gao, Y., Harrison, K. D., Prendergast, J., Acevedo, L. M., Yu, J.,
et al. (2006). Identification of a receptor necessary for Nogo-B stimulated
chemotaxis and morphogenesis of endothelial cells. Proc. Natl. Acad. Sc.i U.S.A.
103, 10997–11002. doi: 10.1073/pnas.0602427103

Mills, E. L., Kelly, B., and O’Neill, L. A. J. (2017). Mitochondria are the powerhouses
of immunity. Nat. Immunol. 18, 488–498. doi: 10.1038/ni.3704

Missiroli, S., Bonora, M., Patergnani, S., Poletti, F., Perrone, M., Gafa, R.,
et al. (2016). PML at mitochondria-associated membranes is critical for the
repression of autophagy and cancer development. Cell Rep. 16, 2415–2427.
doi: 10.1016/j.celrep.2016.07.082

Missiroli, S., Patergnani, S., Caroccia, N., Pedriali, G., Perrone, M., Previati, M.,
et al. (2018). Mitochondria-associated membranes (MAMs) and inflammation.
Cell Death Dis. 9:329.

Morales, P. E., Arias-Duran, C., Avalos-Guajardo, Y., Aedo, G., Verdejo, H. E.,
Parra, V., et al. (2020). Emerging role of mitophagy in cardiovascular physiology
and pathology. Mol. Aspects Med. 71:100822. doi: 10.1016/j.mam.2019.09.006

Moulis, M., Grousset, E., Faccini, J., Richetin, K., Thomas, G., and Vindis, C.
(2019). The multifunctional sorting protein PACS-2 controls mitophagosome
formation in human vascular smooth muscle cells through mitochondria-er
contact sites. Cells 8:638. doi: 10.3390/cells8060638

Mulvany, M. J., and Aalkjaer, C. (1990). Structure and function of small arteries.
Physiol. Rev. 70, 921–961. doi: 10.1152/physrev.1990.70.4.921

Mulvany, M. J., Baumbach, G. L., Aalkjaer, C., Heagerty, A. M., Korsgaard, N.,
Schiffrin, E. L., et al. (1996). Vascular remodeling. Hypertension 28, 505–506.

Munoz, J. P., and Zorzano, A. (2017). FUNDC1: a novel protein in cardiac health.
Circulation 136, 2267–2270. doi: 10.1161/circulationaha.117.031417

Nahapetyan, H., Moulis, M., Grousset, E., Faccini, J., Grazide, M. H., Mucher, E.,
et al. (2019). Altered mitochondrial quality control in Atg7-deficient VSMCs
promotes enhanced apoptosis and is linked to unstable atherosclerotic plaque
phenotype. Cell Death Dis. 10:119.

Nakahira, K., Haspel, J. A., Rathinam, V. A., Lee, S. J., Dolinay, T., Lam, H. C., et al.
(2011). Autophagy proteins regulate innate immune responses by inhibiting the
release of mitochondrial DNA mediated by the NALP3 inflammasome. Nat.
Immunol. 12, 222–230. doi: 10.1038/ni.1980

Namgaladze, D., Khodzhaeva, V., and Brune, B. (2019). ER-mitochondria
communication in cells of the innate immune system. Cells 8:1088. doi: 10.3390/
cells8091088

North, B. J., and Sinclair, D. A. (2012). The intersection between aging and
cardiovascular disease. Circ. Res. 110, 1097–1108. doi: 10.1161/circresaha.111.
246876

Palinski, W., Rosenfeld, M. E., Yla-Herttuala, S., Gurtner, G. C., Socher, S. S., Butler,
S. W., et al. (1989). Low density lipoprotein undergoes oxidative modification
in vivo. Proc. Natl. Acad. Sci. U.S.A. 86, 1372–1376. doi: 10.1073/pnas.86.4.1372

Peretti, D., Kim, S., Tufi, R., and Lev, S. (2019). Lipid transfer proteins and
membrane contact sites in human Cancer. Front. Cell Dev. Biol. 7:371. doi:
10.3389/fcell.2019.00371

Petit, A., Knabe, L., Khelloufi, K., Jory, M., Gras, D., Cabon, Y., et al. (2019).
Bronchial epithelial calcium metabolism impairment in smokers and chronic
obstructive pulmonary disease. decreased ORAI3 signaling. Am. J. Respir. Cell
Mol. Biol. 61, 501–511. doi: 10.1165/rcmb.2018-0228oc

Petrilli, V., Papin, S., Dostert, C., Mayor, A., Martinon, F., and Tschopp, J.
(2007). Activation of the NALP3 inflammasome is triggered by low intracellular
potassium concentration. Cell Death Differ. 14, 1583–1589. doi: 10.1038/sj.cdd.
4402195

Porter, K. R., and Palade, G. E. (1957). Studies on the endoplasmic reticulum. III.
Its form and distribution in striated muscle cells. J. Biophys. Biochem. Cytol. 3,
269–300.

Racanelli, A. C., Kikkers, S. A., Choi, A. M. K., and Cloonan, S. M. (2018).
Autophagy and inflammation in chronic respiratory disease. Autophagy 14,
221–232. doi: 10.1080/15548627.2017.1389823

Rana, U., Liu, Z., Kumar, S. N., Zhao, B., Hu, W., Bordas, M., et al. (2016). Nogo-
B receptor deficiency causes cerebral vasculature defects during embryonic
development in mice. Dev. Biol. 410, 190–201. doi: 10.1016/j.ydbio.2015.12.023

Rathinam, V. A., and Fitzgerald, K. A. (2016). Inflammasome complexes: emerging
mechanisms and effector functions. Cell 165, 792–800. doi: 10.1016/j.cell.2016.
03.046

Frontiers in Cell and Developmental Biology | www.frontiersin.org 13 July 2020 | Volume 8 | Article 692

https://doi.org/10.1161/01.atv.0000064374.15232.c3
https://doi.org/10.1161/01.atv.0000064374.15232.c3
https://doi.org/10.1007/s00401-015-1528-7
https://doi.org/10.1161/circresaha.116.303596
https://doi.org/10.1161/circresaha.116.303596
https://doi.org/10.1038/cddis.2014.430
https://doi.org/10.1038/cddis.2014.430
https://doi.org/10.1172/jci66843
https://doi.org/10.1038/nature10146
https://doi.org/10.1038/nature10146
https://doi.org/10.1038/emboj.2009.255
https://doi.org/10.1038/nrcardio.2017.23
https://doi.org/10.1097/mol.0b013e32834ada80
https://doi.org/10.1007/s10557-013-6498-1
https://doi.org/10.1093/cvr/cvs330
https://doi.org/10.1093/cvr/cvs330
https://doi.org/10.1111/bph.14039
https://doi.org/0.1371/journal.pmed.0030442
https://doi.org/0.1371/journal.pmed.0030442
https://doi.org/10.1098/rstb.2014.0323
https://doi.org/10.1098/rstb.2014.0323
https://doi.org/10.1161/circresaha.117.309711
https://doi.org/10.1161/circresaha.117.309711
https://doi.org/10.1038/nature07201
https://doi.org/10.1080/15548627.2019.1628544
https://doi.org/10.1080/15548627.2019.1628544
https://doi.org/10.1073/pnas.0602427103
https://doi.org/10.1038/ni.3704
https://doi.org/10.1016/j.celrep.2016.07.082
https://doi.org/10.1016/j.mam.2019.09.006
https://doi.org/10.3390/cells8060638
https://doi.org/10.1152/physrev.1990.70.4.921
https://doi.org/10.1161/circulationaha.117.031417
https://doi.org/10.1038/ni.1980
https://doi.org/10.3390/cells8091088
https://doi.org/10.3390/cells8091088
https://doi.org/10.1161/circresaha.111.246876
https://doi.org/10.1161/circresaha.111.246876
https://doi.org/10.1073/pnas.86.4.1372
https://doi.org/10.3389/fcell.2019.00371
https://doi.org/10.3389/fcell.2019.00371
https://doi.org/10.1165/rcmb.2018-0228oc
https://doi.org/10.1038/sj.cdd.4402195
https://doi.org/10.1038/sj.cdd.4402195
https://doi.org/10.1080/15548627.2017.1389823
https://doi.org/10.1016/j.ydbio.2015.12.023
https://doi.org/10.1016/j.cell.2016.03.046
https://doi.org/10.1016/j.cell.2016.03.046
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-00692 July 28, 2020 Time: 18:36 # 14

Liu et al. MAMs Regulate Inflammation-Induced Cardiovascular Diseases

Ridker, P. M. (2016). Residual inflammatory risk: addressing the obverse side of
the atherosclerosis prevention coin. Eur. Heart J. 37, 1720–1722. doi: 10.1093/
eurheartj/ehw024

Ridker, P. M., Everett, B. M., Thuren, T., MacFadyen, J. G., Chang, W. H.,
Ballantyne, C., et al. (2017). Antiinflammatory therapy with canakinumab for
atherosclerotic disease. N. Engl. J. Med. 377, 1119–1131.

Rieusset, J., Chauvin, M. A., Durand, A., Bravard, A., Laugerette, F., Michalski,
M. C., et al. (2012). Reduction of endoplasmic reticulum stress using chemical
chaperones or Grp78 overexpression does not protect muscle cells from
palmitate-induced insulin resistance. Biochem. Biophys. Res. Commun. 417,
439–445. doi: 10.1016/j.bbrc.2011.11.135

Rimoldi, S. F., Scherrer, U., and Messerli, F. H. (2014). Secondary arterial
hypertension: when, who, and how to screen? Eur. Heart J. 35, 1245–1254.
doi: 10.1093/eurheartj/eht534

Rizzoni, D., and Agabiti-Rosei, E. (2012). Structural abnormalities of small
resistance arteries in essential hypertension. Intern. Emerg. Med. 7, 205–212.
doi: 10.1007/s11739-011-0548-0

Rizzuto, R., Brini, M., Murgia, M., and Pozzan, T. (1993). Microdomains with
high Ca2+ close to IP3-sensitive channels that are sensed by neighboring
mitochondria. Science 262, 744–747. doi: 10.1126/science.8235595

Rutter, G. A., Hodson, D. J., Chabosseau, P., Haythorne, E., Pullen, T. J., and
Leclerc, I. (2017). Local and regional control of calcium dynamics in the
pancreatic islet. Diabetes Obes Metab. 19(Suppl. 1), 30–41. doi: 10.1111/dom.
12990

Rutter, G. A., and Pinton, P. (2014). , Mitochondria-associated endoplasmic
reticulum membranes in insulin signaling. Diabetes 63, 3163–3165. doi: 10.
2337/db14-0812

Sano, S., Oshima, K., Wang, Y., MacLauchlan, S., Katanasaka, Y., Sano, M., et al.
(2018). Tet2-mediated clonal hematopoiesis accelerates heart failure through a
mechanism involving the IL-1beta/NLRP3 inflammasome. J. Am. Coll Cardiol.
71, 875–886. doi: 10.1016/j.jacc.2017.12.037

Santulli, G., Xie, W., Reiken, S. R., and Marks, A. R. (2015). Mitochondrial calcium
overload is a key determinant in heart failure. Proc. Natl. Acad. Sci. U.S.A. 112,
11389–11394. doi: 10.1073/pnas.1513047112

Schaufelberger, M. (2019). Cardiomyopathy and pregnancy. Heart 105, 1543–
1551.

Schiffrin, E. L. (1992). Reactivity of small blood vessels in hypertension: relation
with structural changes. State of the art lecture. Hypertension 19, II1–II9.

Schiffrin, E. L., and Touyz, R. M. (2004). From bedside to bench to bedside: role
of renin-angiotensin-aldosterone system in remodeling of resistance arteries in
hypertension. Am. J. Physiol. Heart Circ. Physiol. 287, H435–H446.

Seidlmayer, L. K., Kuhn, J., Berbner, A., Arias-Loza, P. A., Williams, T., Kaspar,
M., et al. (2016). Inositol 1,4,5-trisphosphate-mediated sarcoplasmic reticulum-
mitochondrial crosstalk influences adenosine triphosphate production via
mitochondrial Ca2+ uptake through the mitochondrial ryanodine receptor in
cardiac myocytes. Cardiovasc. Res. 112, 491–501. doi: 10.1093/cvr/cvw185

Shimada, K., Crother, T. R., Karlin, J., Dagvadorj, J., Chiba, N., Chen, S., et al.
(2012). Oxidized mitochondrial DNA activates the NLRP3 inflammasome
during apoptosis. Immunity 36, 401–414. doi: 10.1016/j.immuni.2012.01.009

Shore, G. C., and Tata, J. R. (1977a). Two fractions of rough endoplasmic reticulum
from rat liver. I. Recovery of rapidly sedimenting endoplasmic reticulum in
association with mitochondria. J. Cell Biol. 72, 714–725. doi: 10.1083/jcb.72.
3.714

Shore, G. C., and Tata, J. R. (1977b). Two fractions of rough endoplasmic reticulum
from rat liver. II. Cytoplasmic messenger RNA’s which code for albumin and
mitochondrial proteins are distributed differently between the two fractions.
J. Cell Biol. 72, 726–743. doi: 10.1083/jcb.72.3.726

Simmen, T., Aslan, J. E., Blagoveshchenskaya, A. D., Thomas, L., Wan, L.,
Xiang, Y., et al. (2005). PACS-2 controls endoplasmic reticulum-mitochondria
communication and Bid-mediated apoptosis. EMBO J. 24, 717–729. doi: 10.
1038/sj.emboj.7600559

Simmen, T., and Tagaya, M. (2017). Organelle communication at membrane
contact sites (MCS): from curiosity to center stage in cell biology and
biomedical research. Adv. Exp. Med. Biol. 997, 1–12. doi: 10.1007/978-981-10-
4567-7_1

Sing, C. F., Stengard, J. H., and Kardia, S. L. (2003). Genes, environment, and
cardiovascular disease. Arterioscler Thromb. Vasc. Biol. 23, 1190–1196.

Skalen, K., Gustafsson, M., Rydberg, E. K., Hulten, L. M., Wiklund, O., Innerarity,
T. L., et al. (2002). Subendothelial retention of atherogenic lipoproteins in early
atherosclerosis. Nature 417, 750–754. doi: 10.1038/nature00804

Stacchiotti, A., Favero, G., Lavazza, A., Garcia-Gomez, R., Monsalve, M., and
Rezzani, R. (2018). Perspective: mitochondria-ER contacts in metabolic cellular
stress assessed by microscopy. Cells 8:5. doi: 10.3390/cells8010005

Stacchiotti, A., Favero, G., Lavazza, A., Golic, I., Aleksic, M., Korac, A., et al. (2016).
Hepatic macrosteatosis is partially converted to microsteatosis by melatonin
supplementation in ob/ob mice non-alcoholic fatty liver disease. PLoS One
11:e0148115. doi: 10.1371/journal.pone.0148115

Stemme, S., Faber, B., Holm, J., Wiklund, O., Witztum, J. L., and Hansson, G. K.
(1995). T lymphocytes from human atherosclerotic plaques recognize oxidized
low density lipoprotein. Proc. Natl. Acad. Sci. U.S.A. 92, 3893–3897. doi: 10.
1073/pnas.92.9.3893

Suciu, C. F., Prete, M., Ruscitti, P., Favoino, E., Giacomelli, R., and Perosa, F.
(2018). Oxidized low density lipoproteins: the bridge between atherosclerosis
and autoimmunity. Possible implications in accelerated atherosclerosis and for
immune intervention in autoimmune rheumatic disorders. Autoimmun. Rev.
17, 366–375. doi: 10.1016/j.autrev.2017.11.028

Suetomi, T., Willeford, A., Brand, C. S., Cho, Y., Ross, R. S., Miyamoto, S.,
et al. (2018). Inflammation and NLRP3 inflammasome activation initiated
in response to pressure overload by Ca(2+)/Calmodulin-dependent protein
kinase II delta Signaling in cardiomyocytes are essential for adverse cardiac
remodeling. Circulation 138, 2530–2544. doi: 10.1161/circulationaha.118.
034621

Theurey, P., and Rieusset, J. (2017). Mitochondria-associated membranes response
to nutrient availability and role in metabolic diseases. Trends Endocrinol. Metab.
28:32–45. doi: 10.1016/j.tem.2016.09.002

Triantafilou, K., Hughes, T. R., Triantafilou, M., and Morgan, B. P. (2013).
The complement membrane attack complex triggers intracellular Ca2+ fluxes
leading to NLRP3 inflammasome activation. J. Cell Sci. 126(Pt 13), 2903–2913.
doi: 10.1242/jcs.124388

Tschopp, J., and Schroder, K. (2010). NLRP3 inflammasome activation: the
convergence of multiple signalling pathways on ROS production? Nat. Rev.
Immunol. 10, 210–215. doi: 10.1038/nri2725

Tubbs, E., Theurey, P., Vial, G., Bendridi, N., Bravard, A., Chauvin, M. A., et al.
(2014). Mitochondria-associated endoplasmic reticulum membrane (MAM)
integrity is required for insulin signaling and is implicated in hepatic insulin
resistance. Diabetes 63, 3279–3294. doi: 10.2337/db13-1751

van Vliet, A. R., Verfaillie, T., and Agostinis, P. (2014). New functions of
mitochondria associated membranes in cellular signaling. Biochi.m Biophys.
Acta 1843, 2253–2262. doi: 10.1016/j.bbamcr.2014.03.009

Vance, J. E. (1990). Phospholipid synthesis in a membrane fraction associated with
mitochondria. J. Biol. Chem. 265, 7248–7256.

Wang, C. H., and Wei, Y. H. (2017). Role of mitochondrial dysfunction
and dysregulation of Ca(2+) homeostasis in the pathophysiology of insulin
resistance and type 2 diabetes. J. Biomed. Sci. 24:70.

Wang, H., Liu, X., Umino, T., Skold, C. M., Zhu, Y., Kohyama, T., et al. (2001).
Cigarette smoke inhibits human bronchial epithelial cell repair processes. Am.
J. Respir. Cell Mol. Biol. 25, 772–779. doi: 10.1165/ajrcmb.25.6.4458

Weber, C., and Noels, H. (2011). Atherosclerosis: current pathogenesis and
therapeutic options. Nat. Med. 17, 1410–1422. doi: 10.1038/nm.2538

Whelan, R. S., Kaplinskiy, V., and Kitsis, R. N. (2010). Cell death in the
pathogenesis of heart disease: mechanisms and significance. Annu. Rev. Physiol.
72, 19–44. doi: 10.1146/annurev.physiol.010908.163111

Williams, K. J., and Tabas, I. (1995). The response-to-retention hypothesis of early
atherogenesis. Arterioscler Thromb. Vasc. Biol. 15, 551–561. doi: 10.1161/01.
atv.15.5.551

Wong, Y. C., Kim, S., Peng, W., and Krainc, D. (2019). Regulation and function of
mitochondria-lysosome membrane contact sites in cellular homeostasis. Trends
Cell Biol. 29, 500–513. doi: 10.1016/j.tcb.2019.02.004

Wright, S. D., Burton, C., Hernandez, M., Hassing, H., Montenegro, J., Mundt,
S., et al. (2000). Infectious agents are not necessary for murine atherogenesis.
J. Exp. Med. 191, 1437–1442. doi: 10.1084/jem.191.8.1437

Wu, S., Lu, Q., Ding, Y., Wu, Y., Qiu, Y., Wang, P., et al. (2019).
Hyperglycemia-driven inhibition of AMP-activated protein kinase alpha2
induces diabetic cardiomyopathy by promoting mitochondria-associated

Frontiers in Cell and Developmental Biology | www.frontiersin.org 14 July 2020 | Volume 8 | Article 692

https://doi.org/10.1093/eurheartj/ehw024
https://doi.org/10.1093/eurheartj/ehw024
https://doi.org/10.1016/j.bbrc.2011.11.135
https://doi.org/10.1093/eurheartj/eht534
https://doi.org/10.1007/s11739-011-0548-0
https://doi.org/10.1126/science.8235595
https://doi.org/10.1111/dom.12990
https://doi.org/10.1111/dom.12990
https://doi.org/10.2337/db14-0812
https://doi.org/10.2337/db14-0812
https://doi.org/10.1016/j.jacc.2017.12.037
https://doi.org/10.1073/pnas.1513047112
https://doi.org/10.1093/cvr/cvw185
https://doi.org/10.1016/j.immuni.2012.01.009
https://doi.org/10.1083/jcb.72.3.714
https://doi.org/10.1083/jcb.72.3.714
https://doi.org/10.1083/jcb.72.3.726
https://doi.org/10.1038/sj.emboj.7600559
https://doi.org/10.1038/sj.emboj.7600559
https://doi.org/10.1007/978-981-10-4567-7_1
https://doi.org/10.1007/978-981-10-4567-7_1
https://doi.org/10.1038/nature00804
https://doi.org/10.3390/cells8010005
https://doi.org/10.1371/journal.pone.0148115
https://doi.org/10.1073/pnas.92.9.3893
https://doi.org/10.1073/pnas.92.9.3893
https://doi.org/10.1016/j.autrev.2017.11.028
https://doi.org/10.1161/circulationaha.118.034621
https://doi.org/10.1161/circulationaha.118.034621
https://doi.org/10.1016/j.tem.2016.09.002
https://doi.org/10.1242/jcs.124388
https://doi.org/10.1038/nri2725
https://doi.org/10.2337/db13-1751
https://doi.org/10.1016/j.bbamcr.2014.03.009
https://doi.org/10.1165/ajrcmb.25.6.4458
https://doi.org/10.1038/nm.2538
https://doi.org/10.1146/annurev.physiol.010908.163111
https://doi.org/10.1161/01.atv.15.5.551
https://doi.org/10.1161/01.atv.15.5.551
https://doi.org/10.1016/j.tcb.2019.02.004
https://doi.org/10.1084/jem.191.8.1437
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-00692 July 28, 2020 Time: 18:36 # 15

Liu et al. MAMs Regulate Inflammation-Induced Cardiovascular Diseases

endoplasmic reticulum membranes in vivo. Circulation 139, 1913–1936. doi:
10.1161/circulationaha.118.033552

Wu, S., Lu, Q., Wang, Q., Ding, Y., Ma, Z., Mao, X., et al. (2017). Binding
of FUN14 domain containing 1 with inositol 1,4,5-trisphosphate receptor
in mitochondria-associated endoplasmic reticulum membranes maintains
mitochondrial dynamics and function in hearts in vivo. Circulation 136, 2248–
2266. doi: 10.1161/circulationaha.117.030235

Wu, W., Li, W., Chen, H., Jiang, L., Zhu, R., and Feng, D. (2016). FUNDC1
is a novel mitochondrial-associated-membrane (MAM) protein required for
hypoxia-induced mitochondrial fission and mitophagy. Autophagy 12, 1675–
1676. doi: 10.1080/15548627.2016.1193656

Yabal, M., Calleja, D. J., Simpson, D. S., and Lawlor, K. E. (2019). Stressing out
the mitochondria: mechanistic insights into NLRP3 inflammasome activation.
J. Leukoc Biol. 105, 377–399. doi: 10.1002/jlb.mr0318-124r

Yang, F., Qin, Y., Lv, J., Wang, Y., Che, H., Chen, X., et al. (2018). Silencing
long non-coding RNA Kcnq1ot1 alleviates pyroptosis and fibrosis in diabetic
cardiomyopathy. Cell Death Dis. 9:1000.

Yang, F., Qin, Y., Wang, Y., Meng, S., Xian, H., Che, H., et al. (2019a). Metformin
inhibits the NLRP3 inflammasome via ampk/mtor-dependent effects in diabetic
cardiomyopathy. Int. J. Biol. Sci. 15, 1010–1019. doi: 10.7150/ijbs.29680

Yang, Y. D., Li, M. M., Xu, G., Feng, L., Zhang, E. L., Chen, J., et al. (2019b). Nogo-
B receptor directs mitochondria-associated membranes to regulate vascular
smooth muscle cell proliferation. Int. J. Mol. Sci. 20:319.

Yang, Y. D., Li, M. M., Xu, G., Zhang, E. L., Chen, J., Sun, B., et al. (2019c).
Targeting mitochondria-associated membranes as a potential therapy against
endothelial injury induced by hypoxia. J. Cell Biochem. 120, 18967–18978. doi:
10.1002/jcb.29220

Zeisbrich, M., Yanes, R. E., Zhang, H., Watanabe, R., Li, Y., Brosig, L., et al.
(2018). Hypermetabolic macrophages in rheumatoid arthritis and coronary
artery disease due to glycogen synthase kinase 3b inactivation. Ann. Rheum.
Dis. 77, 1053–1062. doi: 10.1136/annrheumdis-2017-212647

Zeng, X., Dai, J., Remick, D. G., and Wang, X. (2003). Homocysteine
mediated expression and secretion of monocyte chemoattractant protein-1 and
interleukin-8 in human monocytes. Circ. Res. 93, 311–320. doi: 10.1161/01.res.
0000087642.01082.e4

Zhang, Z., Meszaros, G., He, W. T., Xu, Y., de Fatima, H., Magliarelli, L., et al.
(2017). Protein kinase D at the Golgi controls NLRP3 inflammasome activation.
J. Exp. Med. 214, 2671–2693.

Zhao, B., Chun, C., Liu, Z., Horswill, M. A., Pramanik, K., Wilkinson, G. A.,
et al. (2010). Nogo-B receptor is essential for angiogenesis in zebrafish via Akt
pathway. Blood 116, 5423–5433. doi: 10.1182/blood-2010-02-271577

Zhong, Z., Umemura, A., Sanchez-Lopez, E., Liang, S., Shalapour, S., Wong, J.,
et al. (2016). NF-kappaB restricts inflammasome activation via elimination
of damaged mitochondria. Cell 164, 896–910. doi: 10.1016/j.cell.2015.
12.057

Zhou, H., Wang, S., Hu, S., Chen, Y., and Ren, J. (2018). ER-mitochondria
microdomains in cardiac ischemia-reperfusion injury: a fresh perspective.
Front. Physiol. 9:755. doi: 10.3389/fphys.2018.00755

Zhou, R., Yazdi, A. S., Menu, P., and Tschopp, J. (2011). A role for mitochondria in
NLRP3 inflammasome activation. Nature 469, 221–225.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Liu, Liu, Zhuang, Fan, Zhu, Xu, He, Liu and Feng. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 15 July 2020 | Volume 8 | Article 692

https://doi.org/10.1161/circulationaha.118.033552
https://doi.org/10.1161/circulationaha.118.033552
https://doi.org/10.1161/circulationaha.117.030235
https://doi.org/10.1080/15548627.2016.1193656
https://doi.org/10.1002/jlb.mr0318-124r
https://doi.org/10.7150/ijbs.29680
https://doi.org/10.1002/jcb.29220
https://doi.org/10.1002/jcb.29220
https://doi.org/10.1136/annrheumdis-2017-212647
https://doi.org/10.1161/01.res.0000087642.01082.e4
https://doi.org/10.1161/01.res.0000087642.01082.e4
https://doi.org/10.1182/blood-2010-02-271577
https://doi.org/10.1016/j.cell.2015.12.057
https://doi.org/10.1016/j.cell.2015.12.057
https://doi.org/10.3389/fphys.2018.00755
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Mitochondrial Contact Sites in Inflammation-Induced Cardiovascular Disease
	Introduction
	Mams, Inflammasomes, and Cvds
	Atherosclerosis
	Cardiomyopathy
	Heart Failure
	Autophagy and Inflammasome Clearance
	Cardiovascular Drugs and Mam-Related Cvds
	Mams and Cvd Risk Factors
	Obesity
	Diabetes
	Smoking
	Hypertension
	Hypercholesteremia
	Conclusion
	Author Contributions
	Funding
	References


