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Diabetic cardiomyopathy (DCM), as a serious complication of diabetes, causes structural and functional abnormalities of the heart
and eventually progresses to heart failure. Currently, there is no specific treatment for DCM. Studies have proved that
mitochondrial dysfunction and endoplasmic reticulum (ER) stress are key factors for the development and progression of
DCM. The mitochondria-associated ER membranes (MAMs) are a unique domain formed by physical contacts between
mitochondria and ER and mediate organelle communication. Under high glucose conditions, changes in the distance and
composition of MAMs lead to abnormal intracellular signal transduction, which will affect the physiological function of
MAMs, such as alter the Ca2+ homeostasis in cardiomyocytes, and lead to mitochondrial dysfunction and abnormal apoptosis.
Therefore, the dysfunction of MAMs is closely related to the pathogenesis of DCM. In this review, we summarized the
evidence for the role of MAMs in DCM and described that MAMs participated directly or indirectly in the regulation of the
pathophysiological process of DCM via the regulation of Ca2+ signaling, mitochondrial dynamics, ER stress, autophagy, and
inflammation. Finally, we discussed the clinical transformation prospects and technical limitations of MAMs-associated
proteins (such as MFN2, FUNDC1, and GSK3β) as potential therapeutic targets for DCM.

1. Introduction

Diabetes mellitus (DM) is a metabolic disorder characterized
by insulin resistance, hyperglycemia, and hyperlipidemia.
DM-related complications affect multiple organs. DM causes
cardiomyopathy and increases the risk of heart failure,
independent of the traditional risk factors, such as hyper-
tension, coronary artery disease, and valvular heart disease,
which is clinically known as diabetic cardiomyopathy (DCM)
[1]. DCM is a common complication of DM with a poor out-
come [2]. The development of DCM is a gradual process.
Early-stage DCM is characterized by structural and functional
abnormalities, including cardiac hypertrophy, increased myo-
cardial stiffness, myocardial fibrosis, and diastolic dysfunction.
As DCM progresses, these abnormalities may lead to heart
failure [3]. Effective therapeutic measures for DCM, especially
specific therapeutic drugs, are lacking.

The pathophysiology of DCM is multifactorial. Several
pathophysiological mechanisms, including hyperglycemia,
energy metabolism disturbances, and inflammation, have
been proposed. In addition, mitochondrial dysfunction and
ER stress are known to be crucial factors in the development
and progression of DCM [3] [4]. Both mitochondria and the
ER are vital organs in cells, with the functions of mitochon-
dria and the ER highly interconnected. Mitochondria are
highly dynamic structures, with their morphologies and
compositions constantly changing to meet cellular require-
ments [5]. They are connected to membranous organelles,
including the ER. The contact sites between mitochondria
and the ER are known as mitochondria-associated ER mem-
branes (MAMs). MAMs are unique domains that mediate
the tight connection between mitochondria and the ER [6].
MAMs serve as the essential hub for intraorganelle commu-
nication in cells.
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Dysregulation of MAMs contributes to the etiology of
many diseases. An increasing amount of data suggests that
MAMs play significant roles in pathological conditions,
including neurodegenerative disorders [7], metabolic dis-
eases [8], and cardiovascular diseases [9], by regulating
intraorganelle lipid exchange, calcium (Ca2+) transfer, mito-
chondrial dynamics, ER stress, inflammation, autophagy,
and apoptosis [10] and that these processes are involved in
DCM. As such, MAMs are closely related to the pathophysi-
ological mechanism of DCM.

In DM, destruction of the mitochondria-ER contacts in
cardiomyocytes leads to dysfunction of several molecular
pathways, thereby inducing cell death and cardiac dysfunc-
tion [11]. For example, knockout of MAM components
such as Mitofusin 2 (MFN2) [12], inositol 1,4,5-triphos-
phate receptors (IP3R1), or cyclophilin D (CypD) [13] will
interrupt MAM integrity and induce insulin resistance. The
latter is closely related to mitochondrial dysfunction, ER
stress, and altered Ca2+ homeostasis in DCM [11, 14]. Exces-
sive mitochondria-ER coupling also has adverse effects, with
recent research showing that enhancement of the MAM
formation is involved in metabolic pathologies, such as insu-
lin resistance and diabetes [15]. Therefore, a moderate but
not excessive level of MAM formation is necessary for cell
function.

We hypothesized that MAMs may be the promising
regulator in the physiopathology of DCM. In the present
review, we first introduce the structure and components of
MAMs. We then we discuss the role of MAMs in DCM
and summarize their emerging clinical use as potential bio-
markers and therapeutic targets for DCM.

2. Structure of Mitochondria-ER Contacts

In 1990, Vance et al. described the components of mem-
brane coupling between the ER and mitochondria in rat
liver [16]. Since then, researchers have used a combination
of electron microscopy and cell fluorescence microscopy to
reveal the microstructure of MAMs. Using electronic tomog-
raphy, researchers showed that the ER and mitochondria are
connected by tethers and that the distance between the ER
and mitochondria is approximately 25nm for rough ER
and approximately 10 nm for smooth ER [17]. Observations
using a wide-field digital 3D deconvolution microscope
showed that about 20% of the ER is in direct contact with
the mitochondrial surface in MAMs [18].

It is important to consider the frequency and spacing
between mitochondria and the ER in MAMs because they
are dynamic structures, and the contacts and distance
between mitochondria and the ER can vary widely under
different cellular physiological conditions. The dynamic
and flexible characteristics of MAMs results in a highly
variable MAM composition. A proteomic study of MAM
components showed that as many as 1212 proteins are
localized in MAMs [19]. After excluding contaminated
samples, approximately 75 proteins, including sorting pro-
teins, chaperone proteins, and protein kinases, were shown
to be associated with MAMs [20, 21].

MAMs have a unique structure, with a large number
of proteins with various functions (Table 1). Figure 1
shows the key tethering protein complexes between mito-
chondria and the ER in mammalian cells (Figure 1). (I)
The inositol 1,4,5-triphosphate receptor-glucose-regulated
protein 75-voltage-dependent anion-selective channel 1
(IP3R-GRP75-VDAC1) complex is composed of IP3Rs in
the ER and VDAC1 at the outer mitochondrial membrane
(OMM). GRP75 is a chaperone. It bridges the IP3R and
VDAC1 to maintain conformational stability and forms
an ER-mitochondrial Ca2+ tunnel [22]. (II) MFN2 ethers
the ER to mitochondria by forming heterotypic or homotypic
complexes with MFN1 or MFN2 on the mitochondrial sur-
face. These complexes mediate mitochondrial dynamics and
mitochondrial Ca2+ uptake [23]. (III) The vesicle-associated
membrane protein-associated protein B-protein tyrosine
phosphatase interacting protein 51 (VAPB-PTPIP51) com-
plex consists of the OMM protein PTPIP51 and the ER
resident protein VAPB, which maintains ER-mitochondrial
Ca2+ homeostasis [24]. (IV) The B-cell receptor-associated
protein 31-mitochondrial fission 1 (BAP31-FIS1) complex is
formed via the interaction of ER-localized BAP31 and mito-
chondrial FIS1, which participates in mitochondrial dynamics
and cell apoptosis [25]. (V) Recently, another important
protein bridge was reported, with the bridge formed through
the interaction of the OMM human protein FUN14 domain-
containing 1 (FUNDC1) with the IP3R2, which modulates
the Ca2+ transport in the ER into mitochondria and maintains
mitochondrial dynamics [26]. Various regulators modulate
these tether complexes. For example, the IP3Rs-GRP75-
VDAC1 complex is regulated by CypD, Sigma-1 receptor
(Sig-1R), glycogen synthase kinase-3β (GSK-3β) and pyruvate
dehydrogenase kinase 4 [27, 28].

Abnormality in MAMs resident proteins and regulators
may be associated with the pathology of various diseases.
For example, the insulin signaling protein AKT is located
in MAMs, interacting with promyelocytic leukemia (PML)-
protein phosphatase 2A (PP2A)-IP3R to form a large molec-
ular complex in MAMs and controlled ER Ca2+ release [29].
Recently, a few of studies support that the presence of ATK
regulate MAMs integrity [29–31]. Under DM condition or
insulin resistance, an increased phosphorylation of AKT
was found in the mice, which induces disruption of MAMs
and may be the critical cause of Ca2+ disorder and mito-
chondrial dysfunction in DCM. Additionally, the key
MAM proteins, VDAC1, CypD, and PACS2, decreased
significantly in insulin-resistant mice [30], which suggest
that MAMs are overtly altered under DCM condition;
targeted regulation of these MAMs is expected to alleviate
the disease to a certain extent.

In the future, more tethers and regulatory proteins will
be identified between the mitochondria and the ER, and
studies are required to investigate the alteration of MAMs
resident proteins contributing to the pathogenesis of DCM.

3. The Role of MAMs in DCM

In this section, we consider MAM proteins and their regula-
tors that play central roles in ER-mitochondrial crosstalk
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Table 1: Summary of the functional MAMs proteins.

Functions
MAMs
proteins

Relevant functions in MAMs Reference

Ca2+ transfer

IP3R1/2/3 Interacts with VDAC via GRP75, a major actor in ER Ca2+ release to mitochondria [22]

VDAC1 Acts as a Ca2+ uptake channel in the OMM [22]

GRP75
Chaperone protein connects IP3R and VDAC to form VDAC1/GRP75/IP3R1 channel

complex
[22]

PTPIP51 Interacts with VAPB at MAMs and regulates Ca2+ homeostasis [24]

VAPB Interacts with PTPIP51 at MAMs and regulates Ca2+ homeostasis [24]

SERCA Acts as an important pump involved in Ca2+ transport into ER [33]

Sig-1R
Generates a chaperone complex with BiP/GRP78 and
prolongs Ca2+ signaling stabilizing subunit 3 of IP3R

[105]

P53 Regulates SERCA activity and modulates ER-mitochondrial transfer [106]

PML Regulates Ca2+ transfer and control apoptosis [29]

Calnexin Interacts with SERCA, regulating Ca2+ transfer between contact sites [107]

Cytc Interacts with IP3Rs and regulate Ca2+ [108]

Bcl-2 Inhibit the opening of IP3Rs and downregulate IP3R-mediated Ca2+ flux [109]

CYPD A partner of the IP3R1-GRP75-VDAC1 complex and changes the MAM spatial structure [30]

mTORC2 Regulates Ca2+ signaling by Akt regulation [110]

PP2A Recruited by PML and inactivates AKT, facilitates IP3R-mediated Ca2+ release [29]

PTEN
PTEN regulates ER Ca2+ release through type 3 IP3R in a protein phosphatase-dependent

manner
[111]

Akt Akt phosphorylates all IP3R isoforms and inhibits Ca2+ release from the ER [38]

GSK3β Regulates organelle Ca2+ exchange [37]

FUNDC1
Binding of FUNDC1 to IP3R2 at the MAMs increases the Ca2+ concentration in both cytosol

and mitochondrial matrix
[26]

MFN2
Forms dimers with either MFN1 or MFN2 located on the mitochondria, controls the

mitochondrial fusion
[23]

Mitochondrial
dynamics

Bax Interacts with MFN2 to promote mitochondrial fusion [112]

FUNDC1
Interacts with OPA1 to promote mitochondrial fusion; promote mitochondrial fission under

hypoxic condition
[46]

DRP1 Regulates mitochondrial fission [18]

INF2 Drives initial mitochondrial constriction [50]

MFF Recruits DRP1 and regulates mitochondrial fission [113]

FIS1 Recruits DRP1 and regulates mitochondrial fission [114]

MiD49/51 Recruits DRP1 and regulates mitochondrial fission [55]

Autophagy

ATG14L Acts as preautophagosome marker, induces autophagosome formation [59]

ATG5 Acts as autophagosome marker [59]

PACS2 Knocking down PACS2 decreases the number of autophagosomes [115]

MFN2 Knocking down MFN2 decreases the number of autophagosomes [115]

VAPB Regulates autophagy [24]

PTPIP51 Forms a complex with VAPB to regulate autophagy [24]

BECLIN1 Enhances the formation of MAMs and autophagosomes [60]

PINK1 Promote ER-mitochondrial tethering and autophagosome formation [60]

Inflammation

NLRP3 NLRP3 inflammasome can be recruited to the MAM sites to sense mitochondrial damage [70]

ASC The adaptor of NLRP3 [70]

TXNIP
TXNIP activates NRLP3 inflammasome activation under

mitochondrial oxidative stress conditions
[116]

ER stress

PERK Induces apoptosis after ROS-based ER stress [117]

IRE1α
Responses to UPR stimulation; IRE1α ubiquitylation at MAM hinder ER-stress-induced

apoptosis
[118]

MFN2 Interacts with PERK and repress its activity [78]
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(Table 1). In DM condition, destruction of MAMs integrity
in cardiomyocytes directly or indirectly causes imbalances
in several biological processes, which may explain the meta-
bolic abnormalities in DCM.

3.1. MAMs Regulate Ca2+ Transfer in DCM. Mitochondria
and the ER (sarcoplasmic reticulum in muscle cells) are
the main organelles that regulate Ca2+ homeostasis in cells.
Mitochondrial Ca2+ uptake is dependent on close binding
of MAM-mediated ER to mitochondria [32]. The sarco-
plasmic reticulum (SR)/ER Ca2+ ATPase (SERCA) is
greatly enriched in MAMs, which is an ER membrane
influx transporter through which Ca2+ from the cytoplasm
is transported to the ER [33]. Ca2+ from the ER is transferred
to mitochondria through MAMs [22] and then enters the
mitochondrial matrix through the mitochondrial calcium
uniporters (MCUs) [34]. In this process, the distance of the
ER and mitochondria is a key parameter for Ca2+ transport.
At shorter distances, Ca2+ transport is more efficient. Con-
versely, Ca2+ transport becomes less efficient as the distance
increases [35]. Among MAM tethering protein complexes,
IP3R-GRP75-VDAC1 is the most important tethering com-
plex mediating Ca2+ efficient transfer in MAMs. The releases
of Ca2+ from the ER to the OMM through the IP3R-GRP75-
VDAC1 channel leads to local inflow of Ca2+ in the mito-
chondrial intermembrane space and the formation of a
microdomain of high Ca2+ close to MCUs, which facilitates
the mitochondrial Ca2+ uptake by MCU [36]. As shown in
recent studies, the IP3R-GRP75-VDAC1 complex also acts

as a molecular scaffold for several other proteins, such as
glycogen synthase kinase-3β (GSK-3β) [37], protein kinase
B (PKB)/Akt [38], and promyelocytic leukemia (PML) [29].
These proteins are crucial for the fine tuning of Ca2+ signal-
ing via IP3R-GRP75-VDAC1 axis (Table 1).

Due to its role in excitation-contraction coupling in
muscle tissue, Ca2+ signaling is crucial for heart function,
and Ca2+ disturbance mediated by destruction of the integ-
rity of MAMs is closely associated with cardiac dysfunction
in DCM. Interaction between several cellular Ca2+ trans-
porter complexes controls the diastolic and systolic func-
tions of the myocardium. During diastole, myocardial
relaxation occurs due to reuptake of Ca2+ into the SR via
SERCA2a [14]. In diabetes, reduced activity and expression
of SERCA2a in cardiomyocytes result in altered Ca2+ han-
dling, which leads to impairment of left ventricular diastolic
function and the development of DCM [39]. Disordered
Ca2+ transfer through MAMs is the crucial cause for
DCM. In the early stage of DCM, a reduced formation of
the IP3R-GRP75-VDAC1 Ca2+ channeling complex and
decreased IP3R-stimulated Ca2+ transfer to mitochondria
trigger mitochondrial dysfunction [40]. A decrease in the
ER-mitochondrial Ca2+ transfer leads to insufficient mito-
chondrial bioenergetics to match the energy demand for
normal heart contraction [40]. However, inconsistent find-
ing on the role of Ca2+ transport in DCM has been
reported. Hu et al. reported that a high glucose level
enhances the connections between the SR and mitochon-
dria and increases the efficiency of Ca2+ transfer, which
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causes Ca2+ overload in mitochondria [41]. Wu’s study
showed that FUNDC1 is important in mediating MAMs for-
mation in diabetes, with high glucose increasing FUNDC1
levels, IP3R2 levels, and MAMs formation, resulting in
increased Ca2+ levels, mitochondrial dysfunction, and deteri-
oration of cardiac function [11]. High glucose increases
MAMs-associated FUNDC1 levels by downregulating
AMP-activated protein kinase (AMPK). And binding of
FUNDC1 to the IP3R2 inhibits IP3R2 ubiquitination and
proteasome-mediated degradation, which promotes contacts
between the ER and mitochondria, resulting in increased
Ca2+ transport and a decline in the mitochondrial membrane
potential [11]. These events trigger long-term mitochondrial
permeability transition pore (mPTP) opening and cell
apoptosis by promoting mitochondrial Ca2+ uptake [42]
(Figure 2(a)). We hypothesize that this inconsistent result
of Ca2+ homeostasis in DCM is due to different severities
and stages of the disease.

According to the literature, MFN2 regulates Ca2+

transfer in high glucose conditions, with high glucose
upregulating the expression of MFN2, decreasing the dis-
tance between the ER and mitochondria, and increasing
mitochondrial Ca2+ uptake in atrial cardiomyocytes [43].
And knocking down MFN2 significantly disrupted ER-
mitochondrial tethering and decreased the Ca2+ transpor-
tation, thereby preventing mitochondrial dysfunction and
cell death [43]. However, there is still controversy regarding
the role of MFN2. Filadi et al. demonstrated that MFN2 abla-
tion or silencing increased the ER-mitochondrial contacts,
enhancing Ca2+ transfer between the two organelles, with the
function of MFN2 similar to that of a tethered antagonist
[44]. The use of different physiological conditions, cell types,
and experimental approaches may explain the discord in the
literature on the role of MFN2 in DCM. However, the detailed
mechanism of howMFN2 participates in the Ca2+ transport in
DCM is still unclear. In addition to mediating the spatial dis-
tance from the ER to mitochondria and affecting the transport
efficiency of Ca2+, it is interesting to explore whether it forms a
complex with Ca2+ channel proteins. The exact mechanism of
MFN2 in DCM deserves to be further investigated.

3.2. MAMs Modulate Mitochondrial Dynamics in DCM.
Mitochondria are highly dynamic organelles, and balancing
mitochondrial dynamics is essential to maintain heart func-
tion in response to metabolic or environmental stresses [5].
Various GTPases are involved in the regulation of mito-
chondrial dynamics, including dynamin-like GTPases optic
atrophy 1 (OPA1), which plays a role in inner mitochon-
drial membrane (IMM) fusion, together with MFN1 [45].
FUNDC1 interacts with OPA1 to coordinate mitochondrial
fusion [46]. Under normal physiological conditions, FUNDC1
anchor OPA1 to the inner surface of OMM through its
charged lysine residue. Mitochondrial stresses disrupt the
connection of FUNDC1 and OPA1 and induce OPA1 cleav-
age or even degradation, which promotes mitochondrial
fission [46]. Extracellular hyperglycemia and metabolic dys-
regulation create an energy stress in DCM, which reduce the
interaction of OPA1 and FUNDC1, increasing mitochondrial
fragmentation. MFN1 and MFN2 are crucial for the fusion of

OMM [23], with deletion of MFN1 or MFN2 reduces the
mitochondrial fusion rate [47]. In DCM, downregulation of
MFN2 contributes to unbalanced mitochondrial dynamics
and mitochondrial dysfunction [48]. The downregulation of
MFN2 is partly attributed to the decreased expression of the
peroxisome proliferator-activated receptor alpha (PPARα)
caused by the lipid metabolism disorder in DCM [49]
(Figure 2(b)). Reconstitution of MFN2 improves mitochon-
drial function by promoting mitochondrial fusion [48].
Accordingly, modulation of mitochondrial dynamics by regu-
lating MFN2 might be a potentially effective target for DCM
treatment.

Dynamin-related protein 1 (DRP1) plays a central role
in mitochondrial fission [18]. DRP1 is a cytoplasmic protein
that can be recruited from the cytosol to the OMM, which is
a critical step in the fission process. Friedman et al. showed
that MAM is an important platform for mitochondrial
fission. In their study, they demonstrated oligomerization
and translocation of DRP1 to MAMs, where it induced
fission events [18]. Subsequent studies revealed the mecha-
nism that MAMs participate in initial mitochondria contrac-
tion. This mechanism involves ER-localized inverted formin
2 (INF2) inducing actin polymerization, which promotes
MAMs formation, facilitating Ca2+ transfer from ER to
mitochondria, followed by IMM contraction and initial
mitochondrial constriction. This is followed by DRP1-
driven secondary constriction, which completes the fission
process [50, 51].

In patients diagnosed with diabetes, myocardial con-
tractile dysfunction is closely associated with mitochondria
fission. In diabetes, increased expression of DRP1 initiates
mitochondrial fission. Conversely, decreased expression of
DRP1 decrease alleviates mitochondrial dysfunction and car-
diac dysfunction [52]. Mechanically, lipid overload decreased
NAD+ levels and increased the acetylation of DRP1 at a spe-
cific lysine residue (K642). A DRP1 point mutation, K642E,
appears to reverse the impact of lipid toxicity. Excessively
activation of DRP1 results in DRP1 translocated to mito-
chondria, induces mPTP and apoptosis, and compromises
cardiomyocyte contractile function via VDAC1 [53].

Several proteins have been shown to regulate DRP1
activity at MAMs. Under normal physiological condition,
mitochondrial FIS1, mitochondrial fission factor, and mito-
chondrial dynamics proteins of 49/51 kDa have been
reported to recruit DRP1 during mitochondrial fission [54,
55]. Regulating DRP1 activity by handing these molecules
at contact site may be an appropriate strategy to prevent
the abnormal mitochondrial fission and mitochondrial
dysfunction-related DCM.

Despite the high abundance of fusion and fission regu-
latory proteins in the heart, mitochondria in adult cardio-
myocytes exhibit static morphology and infrequent dynamic
changes. These fusion and fission proteins may have functions
beyond morphology regulation, or they may regulate cardiac
function in DCM by regulating the mitochondrial dynamics
of other cells in the heart, such as cardiac fibroblasts. As shown
by Zhang et al. [56], they pointed to a novel noncanonical
function of DRP1, in which DRP1 maintained or positively
stimulated mitochondria respiration, biogenetics, and reactive
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oxygen species (ROS) signaling in adult cardiomyocytes, inde-
pendent of morphological changes. In DCM, whether the
fusion and fission proteins function through other mecha-
nisms independent of mitochondrial dynamics remains to be
elucidated.

3.3. MAMs Regulate Autophagy in DCM. Autophagy is an
evolutionarily conserved lysosome-mediated degradation
process that has fundamental roles in cellular homeostasis.
Autophagosome and autolysosome formation are key pro-
cesses in autophagy, which are mediated by autophagy-
related genes (ATGs) [57, 58]. Autophagosome formation at
MAMs in mammalian cells has been reported, with preauto-
phagosome marker, autophagy-related 14-like, and the ome-
gasome marker double FYV1 domain-containing protein1,
localized in MAMs initiating autophagosome formation [59].
Another autophagosome formation marker, autophagy-
related 2/5 (ATG2/5), also localizes at contact sites until the
autophagy process is completed [59]. In addition, Beclin-1, a
pro-autophagic protein localized in MAMs, plays a role in
autophagosome formation and the autophagy process [60].
Inducing MAM dysfunction by knockout of MFN2 or PACS2
decreases the number of autophagosomes, and MFN2 defi-
ciency impairs autophagosome-lysosome fusion [61]. Hu
et al. have also shown that AMPK interacts directly with
MFN2 to increase MAM numbers and induce autophagy
[62]. Thus, these facts indicated that MAMs play key roles in
the induction and execution of autophagy.

Autophagy is a double-edge sword, and basal autophagy
is beneficial to the heart, whereas insufficient autophagy or

excessive autophagy may promote pathological cardiomy-
opathy [63]. Previous studies reported that cardiac autoph-
agy was suppressed in diabetes, accompanied by decrease
in ATG5 and Beclin-1 expression levels [64]. However,
the role of autophagy in DCM is controversial, as another
study pointed to an increase in cardiac autophagy in type
2 diabetes through a Beclin-1-mediated pathway [65]. This
discord in the findings is likely related to the unresolved
question of whether an accumulation of autophagosomes
in cells is the result of upregulation of autophagy or blockade
of autophagic flux. As the autophagy process is highly
dynamic, quantification of autophagy becomes a challenge
[66]. It is important to consider not only the number of intra-
cellular autophagosomes but also the autophagic degradative
activity and autophagic flux. As reported previously, increased
autophagic flux alleviates diabetes-induced cardiac injury [67].
Thus, autophagic flux insufficiency, resulting in maladaptive
cardiac remodeling, should be considered a pivotal pathology
in in DCM [68].

3.4. MAMs Regulate Inflammasome in DCM. The crucial
role of inflammation in the pathogenesis of DCM is widely
recognized. Inflammasomes comprise innate immune sys-
tem receptors and sensors, which are activated in response
to cellular stress and trigger the maturation of proinflamma-
tory cytokines and the immune response [69]. To date,
NOD-like receptor pyrin domain-containing 3 (NLRP3) is
the sole inflammasome reported to be associated with
MAMs, and it comprises NLRP3 protein, the adapter
apoptosis-associated speck-like protein containing a C-
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terminal caspase recruitment domain (ASC) and pro-
caspase-1. Under normal physiological conditions, NLRP3
is localized in the cytosol. When inflammasome is activated,
the NLRP3 protein and its adaptor ASC are recruited to
MAMs and are activated by MAM-derived effectors [70].
The NLRP3 inflammasome is activated by saturated fatty
acids, ceramides, modified low density lipoprotein, and
hyperglycemia in obesity and type 2 diabetes [71]. Continu-
ous activation of inflammasomes ultimately leads to cardiac
dysfunction [72]. In DCM, an early inflammatory response
occurs as a protective mechanism against hyperglycemia. If
hyperglycemia continues, a chronic inflammatory response
will eventually lead to cardiomyocyte hypertrophy, apopto-
sis, and myocardial fibrosis [73].

The NLRP3 inflammasome recognizes signs of cellular
stress, such as mitochondrial ROS production and Ca2+

signaling from damaged cells. Sustained influx of Ca2+ into
the mitochondria via MAMs triggers mPTP opening, releas-
ing risk-associated molecular patterns, finally leading to the
activation of the NLRP3 inflammasom [70]. Yin et al. sug-
gested that ROS could promote NLRP3 inflammasome acti-
vation [74]. Zhou et al. showed that mitophagy/autophagy
blockade led to the accumulation of ROS, which activated
the NLRP3 inflammasome [70]. Therefore, mitochondrial
ROS and Ca2+ signaling pathways in MAMs are closely
bound up with inflammasome activity. Based on the litera-
ture, Ca2+ communication between mitochondria and the
ER may link MAMs to NLRP3 inflammasome activation in
DCM. More research is needed to investigate the link of
MAMs and inflammasome in DCM.

3.5. MAMs Regulate ER Stress in DCM. The ER plays a vital
role in proteins folding. Disruption of ER homeostasis leads
to an accumulation of misfolded proteins in the lumen,
which triggers unfolded protein response (UPR) and ER
stress. The stimulation of the UPR is sensed predominantly
by three transmembrane proteins, protein kinase RNA-like
endoplasmic reticulum kinase (PERK), inositol-requiring
protein 1 (IRE1α), and activating transcription factor 6
(ATF6), which regulate the protein folding ability of ER
[75]. Substantial evidence suggests that ER stress is a key
mechanism in the development and progression of DCM.
Continuous activation of the UPR mediates upregulation
of apoptosis-related gene expression by affecting mitochon-
drial function, which eventually leads to apoptosis of cardio-
myocytes and deterioration of cardiomyopathy.

IRE1α is expressed mainly in the MAMs, where it binds
to the Sigma-1 receptor (Sig1R). Our previous study
reported that the IRE1 pathway mediated the stimulatory
effect of Sig1R on cardiac fibroblast activation [76]. The
PERK signaling pathway plays a key role in ROS-mediated
ER stress in DCM [77]. Previous research showed that
MFN2 physically interacts with PERK and negatively regu-
lates its activity [78]. Gao et al. indicated that with the aggra-
vation of oxidative stress injury in DM, the cardiac MFN2
mRNA level decreased [79]. A recent study revealed that in
high glucose (HG)-induced podocytes, HG activated the
PERK pathway by downregulating MFN2 expression and
reducing MFN2-PERK interaction [80]. Therefore, we spec-

ulate that the downregulation of MFN2 in cardiomyocytes
under high glucose environment may lead to dissociation
and continuous activation of PERK, which subsequently
initiates UPR and ER stress.

4. MAMs Targeting as a Potential
Therapeutic Strategy

4.1. Current Drugs in Treatment of DCM. Metformin is
widely used to treat type 2 diabetes. A large-scale prospective
study of 1,519 type 2 diabetes mellitus (T2DM) patients with
heart failure indicated that treatment with metformin
reduces cardiovascular mortality in this patient population
[81]. In a preclinical study that examined the effect of
metformin treatment for 4 months in type 1 diabetes mice,
the authors observed clear improvements in the systolic
and diastolic function of the heart [82].

The major mechanism of action of metformin is activa-
tion of AMPK [83]. In this review, we focus mainly on met-
formin’s therapeutic effect on DCM through the MAMs
proteins-related pathways. The NLRP3 inflammasome is
activated in DCM, and AMPK inhibits NLRP3 expression
by initiating autophagy. In DCM, metformin exerts cardio-
protective and anti-inflammatory effects by activating
AMPK autophagy pathway and inhibiting the NLRP3
inflammasome [53]. AKT and GSK3β are essential MAM
components. Yang et al. showed that metformin ameliorates
high glucose-induced cardiac damage through the AKT-
GSK3β pathway in high glucose-exposed cardiomyocytes
and animal models of diabetes [84]. Combined treatment
with metformin and atorvastatin attenuated DCM by inhi-
biting oxidative stress and the impression of inflammation-
related proteins, such as NLRP3, caspase-1, and 1L-1β.
Combination therapy also restrained the apoptosis of car-
diomyocytes by decreasing the expression of pro-apoptotic
related proteins, including caspase-3 and BAX [85].

Sodium-glucose co-transporter 2 (SGLT2) inhibitors,
such as empagliflozin, dapagliflozin, and canagliflozin, also
serves as potential antidiabetic agents. In a cardiac magnetic
resonance imaging study of changes in cardiac structure and
function in 25 patients with T2DM, 6-month treatment with
empagliflozin lowered left ventricle end diastolic volume
compared to that in a control group [86]. Empagliflozin also
suppressed oxidative stress and fibrosis by activating Nrf2/
ARE signaling, as well as inactivating the TGF-β/SMAD
pathway [87]. In 37 patients (25 males and 12 females) with
T2DM, 32% of whom had pre-existing cardiovascular dis-
eases, a 3-month treatment with canagliflozin significantly
improved the left ventricular diastolic function [88]. Treat-
ment with dapagliflozin for 6 months in 58 T2DM patients
with stable heart failure appeared to have beneficial effects
on left ventricle diastolic function [89]. Dapagliflozin
reduced NLRP3/ASC inflammasome activation and acti-
vated AMPK both in vivo and in vitro. Attenuation of the
NLRP3 inflammasome activation depends on AMPK activa-
tion [90]. In addition to activating AMPK, dapagliflozin has
been identified activating mTOR [91]. Large-scale clinical
trials aiming at investigating the impact of SGLT2 inhibitors
on DCM are needed.
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The glucagon-like peptide-1 receptor (GLP-1R) agonist
is used to treat advanced stage T2DM. Preclinical studies
have indicated that GLP-1R agonists, including exendin-4
and liraglutide, induce robust cardio protection [92, 93].
Exendin-4 relieves mitochondrial oxidative stress in diabetic
heart. In models of T2DM models, the MFN1/MFN2 ratio
was reduced in exendin-4-treated group [94]. Exendin-4
and liraglutide also protected cardiomyocytes under high
glucose condition. High glucose incubation of cardiomyo-
cytes significantly upregulated the expression of pro-
apoptotic factor, but exendin and liraglutide abrogated this
effect. These two drugs activate autophagy through the clas-
sical mTOR/ULK1-dependent pathway [95]. Younce et al.
reported that exendin-4 attenuated high glucose-induced
cardiomyocyte apoptosis in association with decreased ER
stress and enhanced the activity of SERCA2a [96]. In addi-
tion, lipid regulation of GLP-1R agonists may improve dia-
stolic function and attenuate diabetic cardiomyopathy. Wu
et al. showed that exendin-4 improved the structure and
function of diabetic hearts by inhibiting PPARα-mediated
lipid accumulation and toxicity regulated by the PKA/ROCK
pathway [97].

Melatonin is widely used to treat insomnia and sleep
disorders. Notably, the cardioprotective effects of melato-
nin have been described [98, 99]. Recent research confirms
that melatonin acts as a regulator of MAMs. Application
of melatonin inhibits IP3R, stabilizing the physical contacts
between mitochondria and ER, and thus improving mito-
chondrial function and reducing cardiomyocytes damage.
Moreover, some other MAM markers, Fis1, BAP31, and
MFN2, were also inhibited by melatonin [100]. These data
suggest that melatonin-induced cardioprotective effect is
mediated via normalization of mitochondria-ER interaction.

4.2. Potential Targets. MFN2 was originally thought to be
a mitochondrial protein that mediated OMM fusion.
Recent research suggests that MFN2 appears to have a
variety of roles in a nonfusion way. For example, MFN2
tether the ER to the mitochondria for Ca2+ signaling from
the ER to mitochondria. MFN2 ablation or reduction
increases the physical distance between mitochondria and
the ER and disturb mitochondrial Ca2+ uptake [23, 44].
MFN2 is also involved in the cardiac autophagic process.
Deficiency of MFN2 impairs autophagosome-lysosome
fusion and leads to cardiac vulnerability and dysfunction
[61]. Hu demonstrated that MFN2 expression is reduced
in diabetic hearts, resulting in excessive mitochondrial fis-
sion, leading to mitochondrial dysfunction in DCM [48].
Reconstitution of MFN2 promotes mitochondrial fusion
and alleviated mitochondrial dysfunction, consequently
inhibiting the development of DCM [48]. Taken together,
these findings suggest that regulation of MFN2 might be
a potentially effective strategy for DCM treatment.

FUNDC1, an OMM protein, is highly conserved across
species from drosophila to humans and highly expressed in
cardiac muscle [26]. Diabetes increases FUNDC1 expression
and aberrant MAM formation in cardiomyocytes, resulting
in an increase in mitochondrial Ca2+ levels, mitochondrial
dysfunction, and cardiac dysfunction. Cardiac-specific dele-

tion of FUNDC1 improves mitochondrial function and
attenuates cardiomyopathy in diabetic mice, confirming
the causative role of FUNDC1 in this disorder [11]. How-
ever, there is some controversy regarding the role FUNDC1.
According to Ren et al., FUNDC1 deficiency accentuated
high fat diet-induced cardiac anomalies, including cardiac
remodeling and intracellular Ca2+ mishandling [101]. The
discord in the findings may be due to differences in the
expression of FUNDC1 in different stages of DCM disease
progression. As mentioned above, the development of
DCM is a gradual process. During this process, it is likely
that FUNDC1 expression may first increased and then
decreased or vice versa. In conditions like DCM, where the
disease progresses over time, the findings of these two stud-
ies may not necessarily be contradictory. Despite the discord
in the findings, both studies prove that FUNDC1 is an
extremely important regulator in DCM. FUNDC1 also inter-
acts with OPA1 to coordinate mitochondrial fusion under
normal conditions [46]. We speculate that extracellular
hyperglycemia and metabolic dysregulation in DCM might
reduce the interaction of OPA1 and FUNDC1, thereby
increasing mitochondrial fragmentation. These findings col-
lectively support the unique role of FUNDC1 as a powerful
therapeutic target in DCM.

GSK3β is a multifunctional kinase. A fraction of GSK3β
is localized to the MAM in the heart, where it specifically
interacts with the IP3R Ca2+ channeling complex in MAMs.
Apoptosis of cardiomyocytes in DCM involves overexpres-
sion of GSK3β [102]. Pharmacological or genetic inhibition
of GSK3β may decrease the cardiomyocytes apoptosis of
T2DM patients.

5. Conclusions

MAMs connect two important organelles (the ER and mito-
chondria), which have important roles in cellular functions.
The importance of the contacts between the ER and mito-
chondria in the pathogenesis of DCM has been recognized.
Several MAM-related proteins participate directly or indi-
rectly in the regulation of the pathophysiological process of
DCM via the regulation of lipids synthesis, insulin signaling,
Ca2+ signaling, mitochondrial dynamics, ER stress, autoph-
agy, and inflammation. Targeting MAMs could lead to the
development of more efficient pharmacological approaches
and potential biomarkers for the treatment of DCM.

Currently, various existing antidiabetic drugs, such as
metformin, SGLT2 inhibitors, and GLP-1 agonists, provide
significant cardiovascular protection in both animal models
and patients with DCM, and these drugs represent the pri-
mary treatment options for patients with DCM. Several
MAM proteins, such as MFN2, FUNDC1, and GSK3β, have
been identified that play key roles in DCM. These proteins
may have clinical applications as therapeutic targets and
intervention strategies in DCM. In addition, several herbal
compounds are known to regulate MAM and thus might
have potential in DCM treatment. For example, Shengmai
injection, a tradition Chinese herbal medicine extracted
from Panax ginseng C.A. Mey., Ophiopogon japonicus
(Thunb.) Ker Gawl., and Schisandra chinensis (Turcz.) Baill.,
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can activate the AMPK signaling pathway [103]. As AMPK
regulates FUNDC1 expression, targeting AMPK may pro-
vide a cardioprotective effect. Moreover, obacunone, a natu-
ral bioactive compound isolated from the Rutaceae family,
downregulates the activity of GSK-3β, which may target on
MAMs to stabilize the mitochondrial membrane potential
[104]. Taken together, these findings provide strong evi-
dence that MAMs may be the crucial target of DCM.

There are a number of unanswered questions surround-
ing the potential of MAMs as therapeutic targets in DCM.
First, the pathways or mechanisms of some MAM proteins
in DCM have not been clearly explained, even some contra-
dictory views appeared in different researches. Second, the
cell types and intervention methods in addition to the
carriers, dosages, and targeted treatment sites differ from
different researches. Third, current research is limited to
in vitro cell experiments and animal experiments, and clini-
cal studies are some ways off yet. Uniform research stan-
dards and intervention methods are necessary to further
explore the functional mechanisms, clinical efficacy, and
long-term effects of MAMs in DCM. In the future, more
tether proteins will likely be identified between the ER and
mitochondria. Further studies are required to shed light on
how changes in activity of MAMs resident proteins contrib-
ute to the pathogenesis of DCM and how these proteins are
expected to be clinically attractive therapeutic strategies.
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Background. Excessive myocardial oxidative stress could lead to the congestive heart failure. NADPH oxidase is involved in the
pathological process of left ventricular (LV) remodeling and dysfunction. β3-Adrenergic receptor (AR) could regulate cardiac
dysfunction proved by recent researches. The molecular mechanism of β3-AR regulating oxidative stress, especially NADPH
oxidase, remains to be determined. Methods. Cardiac hypertrophy was constructed by the transverse aortic constriction (TAC)
model. ROS and NADPH oxidase subunits expression were assessed after β3-AR agonist (BRL) or inhibitor (SR)
administration in cardiac hypertrophy. Moreover, the cardiac function, fibrosis, heart size, oxidative stress, and cardiomyocytes
apoptosis were also detected. Results. β3-AR activation significantly alleviated cardiac hypertrophy and remodeling in pressure-
overloaded mice. β3-AR stimulation also improved heart function and reduced cardiomyocytes apoptosis, oxidative stress, and
fibrosis. Meanwhile, β3-AR stimulation inhibited superoxide anion production and decreased NADPH oxidase activity.
Furthermore, BRL treatment increased the neuronal NOS (nNOS) expression in cardiac hypertrophy. Conclusion. β3-AR
stimulation alleviated cardiac dysfunction and reduced cardiomyocytes apoptosis, oxidative stress, and fibrosis by inhibiting
NADPH oxidases. In addition, the protective effect of β3-AR is largely attributed to nNOS activation in cardiac hypertrophy.

1. Introduction

Despite the progress of therapeutic approaches, congestive
heart failure (CHF) remains to be a high morbidity and mor-
tality [1, 2]. Considerable evidence suggests that excessive
oxidative stress leads to the CHF [3–5]. Experiments found
that oxidative stress was activated in animal models with
cardiac hypertrophy [6, 7]. Besides, increased ROS could
result in not only cardiac hypertrophy and cardiomyocytes
apoptosis but also many other diseases such as acute kidney
injury [8–12]. Moreover, patients with CHF were also found
to have elevated markers of oxidative stress, suggesting that
oxidative stress was increased in failing heart [13].

ROS is mainly originated from the NADPH oxidases in
cardiovascular system [14]. The typical NADPH oxidases

consist NOX, p22phox, p40phox, p47phox, p67phox, and
Rac1. When assembled, electron could be transferred from
NADPH to molecular oxygen, resulting in the formation of
superoxide [15]. The level of NADPH oxidase was increased
in an animal model with cardiac hypertrophy and even in
CHF patients [5, 16]. Recent studies found that NOX2 defi-
ciency attenuated angiotensin II-induced cardiac hypertro-
phy [17]. Furthermore, Rac1, an important subunit for
NOX2 activation, regulates the occurrence and development
of cardiac hypertrophy [18]. Taken together, these results
suggested that NAPDH oxidases play an essential role in
cardiac hypertrophy. However, clinical application of anti-
oxidants has yielded disappointing results, indicating that
the detailed relationship between oxidative stress and heart
failing still needs to be explored [19]. Therefore, our study
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is aimed at exploring the molecular mechanism and finding
a novel therapy target to treat heart failure.

Accumulating evidence demonstrated that 3 subtypes of
β-ARs regulate the cardiac function when exposed to stress
[20, 21]. The biological function of β1- and β2-AR in mam-
mals is thoroughly studied in the past years [22]. Previous
study suggested that β3-AR plays a negative inotropic effect,
which is the opposite effect of β1/2-ARs [23]. Furthermore,
β3–/– mice exacerbated cardiac hypertrophy and heart fail-
ure. However, whether the biological function of β3-AR is
mediated by oxidative stress regulation during heart failure
is still uncertain. Therefore, it is necessary to clarify the
underline mechanism of β3-AR in oxidative stress, espe-
cially NADPH oxidase in cardiac hypertrophy.

2. Methods Animals

The 8–10-week-old male C57BL6/J mice were randomly
allocated as follows: [1] sham group (Sham); [2] transverse
aortic constriction group (TAC); [3] TAC + BRL37344
group (TAC+BRL); and [4] TAC + SR59230A group (TAC

+SR). The experiments were approved by the Fourth Mili-
tary Medical University Committee on Animal Care.

2.1. Construction of Transverse Aortic Constriction Model.
Transverse aortic constriction (TAC) was constructed as
previously described. Briefly, mice were anesthetized with
2% isoflurane, endotracheally intubated with a 20G catheter,
and ventilated. The transverse aortic arch was surgically
accessed. Then, a 25G needle was placed on the transverse
aorta, which was secured. Finally, the chest was closed after
removing the needle, leaving a stenosis. Mice were adminis-
trated with BRL37344 (Tocris Bioscience, Ellisville, Mis-
souri) or SR59230A, respectively, at 0.1mg/kg/hour via
osmotic minipumps.

2.2. Primary Cardiomyocytes Culture and Treatments. Pri-
mary cardiomyocytes were isolated from the neonatal mouse
(1 to 3 days old) hearts as previously described. The cardio-
myocytes were treated with hypertrophic agonists, phenyl-
ephrine (PE). Then, after 24 hours, the cardiomyocytes
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Figure 1: β3-AR stimulation alleviated cardiac hypertrophy and remodeling in pressure-overloaded mice. (a) Representative images of heart
size. (b) Cardiomyocytes size as stained by WGA. (c) HW/TL. (d) Quantitative analysis of cardiomyocytes size. (e, f) LV mass and wall
thickness measured by echocardiography. (g, h) The expression level of ANP and BNP. (i, j) Primary cardiomyocytes size as stained by
α-actinin. The number of mice (n = 6). ∗P < 0:05.
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were treated with BRL37344 or SR59230A. The groups are as
follows: [1] saline; [2] PE; [3] PE+BRL; and [4] PE+ SR.

2.3. Cell Size. Primary cardiomyocytes were subjected to
immunostaining. Antibody sources were as follows: α-acti-
nin (1 : 200, Abcam); Alexa-594 secondary antibodies
(1 : 500, Invitrogen).

2.4. Histological Analysis and Immunostaining. Three weeks
after TAC operation, mice were sacrificed. Tissue sections of
hearts were stained with Masson’s trichrome (Sigma) for
detection of fibrosis. The fibrosis-related genes Col1a1,
Col3a1, and fibrillin 1 (FBN1) were detected by q-PCR.
Meanwhile, wheat germ agglutinin (WGA, Sigma) was used

to outline cardiomyocytes. Mean cardiomyocyte cross-
sectional area was determined from digitized images and
analyzed using the ImageJ program. ANP and BNP were
detected by q-PCR. For analyzing the expressions of myo-
cardial NAD(P)H oxidase subunit, immunohistochemical
stainings of NOX2, NOX4, and p22phox were performed as
previously described. The primary antibodies are NOX2
(1 : 200, Abcam), NOX4 (1 : 200, Abcam), and p22phox

(1 : 200, Abcam).

2.5. Echocardiography. Echocardiography studies were con-
ducted weekly to monitor heart function as previously
described [19]. We followed the methods of Xiaolin Liu
et al. (2014).
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Figure 2: β3-AR stimulation reduced fibrosis after TAC. (a, b) The level of cardiac fibrosis. (c–e) The expression of fibrotic remodeling
marker genes (Col1a1, Col3a1, and FBN1). The number of mice (n = 6). ∗P < 0:05.
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2.6. Cell Apoptosis Assay. Apoptosis in heart tissue was
determined based on TUNEL and caspase-3 activity assay
as previously described [19].

2.7. Measurement of Oxidative Stress Level. The production
of O2

•- in the LV was measured as previously described.
Meanwhile, in situ formation of tissue ROS was detected
by staining with DHE and DCF as described recently.
Briefly, fresh frozen left ventricular sections were incubated
with DHE (2μM; Molecular Probes) or DCF (4μM; Molec-
ular Probes), respectively. The activities of SOD and GSH
were detected according to the Beyotime Kits.

2.8. Protein Preparation and Immunoblotting. Membrane
proteins or total cell proteins were extracted from homoge-
nized LV tissue. The primary antibodies included NOX2,

NOX4, p22phox, p47phox, p67phox, Rac-1 (1 : 500, Abcam);
eNOS, p-eNOSSer1177, p-eNOSThr495, p-eNOSSer114, iNOS,
nNOS (1 : 1000, Cell Signaling Technology), β3-adrenergic
receptor (1 : 500, Abcam), and β-actin (1 : 5000, Abcam).

2.9. Statistical Analysis. The results are presented as mean
± SEM. All experiment data were analyzed by the GraphPad
Prism8 software. Statistical comparisons for different group
were performed using one-way ANOVA followed by Stu-
dent’s paired, two-tailed t test for two groups’ comparison.
P values < 0.05 were considered statistically significant.

3. Results

3.1. β3-AR Stimulation Alleviated Cardiac Hypertrophy and
Remodeling in Pressure-Overloaded Mice. The representative
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Figure 3: β3-AR stimulation improved pressure overload-induced cardiac dysfunction. (a) Representative images of echocardiography. (b–
e) LVEDd, LVESd, LVEF, and LVFS measured by echocardiography. The number of mice (n = 6). ∗P < 0:05.
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figures of hearts demonstrated that pressure overload caused
ventricular dilatation (Figure 1(a)). Meanwhile, the heart
weight/tibia length ratio (HW/TL ratio) in TAC was signifi-
cantly increased compared to sham ones (168:9 ± 8:9mg/cm
vs. 117:4 ± 9:8mg/cm, P < 0:05), indicating that pressure
overload successfully induced cardiac pathological remodel-
ing. Moreover, cross-sectional area, LV mass, and wall thick-
ness all increased after TAC operation (Figures 1(b) and
1(d)–1(f)). These results suggested that mice developed evi-

dent cardiac hypertrophy induced by TAC. However, 3
weeks of BRL application significantly alleviated LV dilation,
cardiac hypertrophy, and cardiac pathological remodeling.
ANP and BNP levels significantly decreased after BRL treat-
ment in TAC mice (Figures 1(g) and 1(h)). The size of car-
diomyocytes in PE+BRL group was remarkably smaller
compared to the PE group (Figures 1(i) and 1(j)). Thus,
β3-AR stimulation reduced myocardial hypertrophy and
remodeling induced by pressure overload.
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Figure 4: Cardiomyocyte apoptosis was inhibited in TAC mice after BRL treatment. (a, b) Representative images of TUNEL staining and the
apoptosis index. (c) Caspase-3 activity. The number of mice (n = 6). ∗P < 0:05.
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3.2. β3-AR Stimulation Reduced Fibrosis after TAC. BRL
treatment significantly reduced fibrosis compared with the
TAC group (Figures 2(a) and 2(b)). Moreover, the increasing
tendency of interstitial fibrosis was detected in the TAC+SR
group, which is a β3-AR-specific inhibitor, although without
significance. Moreover, the levels of Col1a1, Col3a1, and
FBN1 were all reduced in the TAC mice after BRL treatment
(Figures 2(c)–2(e)).

3.3. β3-AR Stimulation Improved Cardiac Dysfunction in
TAC Mice. As shown in Figure 3(a), systolic dysfunction
was revealed in the TAC and TAC+SR groups. Conversely,
BRL treatment enhanced LV anterior wall motion after
TAC operation, indicating that β3-AR stimulation could
improve cardiac dysfunction induced by pressure overload.
Moreover, the LVEDd and LVESd were increased in TAC

mice. In addition, the LVEDd and LVESd were significantly
decreased in TAC mice after BRL treatment (Figures 3(b)
and 3(c)). Similarly, the enhanced LVEF and FS were
observed in the TAC+BRL group, indicating that β3-AR
stimulation improved cardiac dysfunction after TAC
(Figures 3(d) and 3(e)).

3.4. Cardiomyocyte Apoptosis Was Inhibited in TAC Mice
after BRL Treatment. Figure 4(a) reveals that, compared to
the TAC group and TAC+SR group, BRL treatment signifi-
cantly decreased the cardiomyocyte apoptosis index. The
apoptosis index in the TAC+BRL group was 21:67 ± 1:76%
, less than that in the TAC group (35:3 ± 3:6%, P < 0:05)
and TAC+SR group (34:7 ± 4:7%, P < 0:05) (Figure 4(b)).
Meanwhile, caspase-3 enzymatic activity decreased in the
TAC+BRL group compared to the TAC group (73:2 ± 3:2
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Figure 5: β3-AR stimulation decreased the oxidative stress level in pressure-overloaded mice. (a) Representative images of DHE and DCF
staining. (b) NADPH oxidase activity. (c) The production of O2
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Figure 6: BRL treatment regulated the expression and activation of NADPH oxidase subunits. (a–g) Western blot analysis of NOX2, NOX4,
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Figure 7: β3-AR stimulation regulates activation and expression of NOS isoforms. (a–h) Western blot analysis of β3-AR, nNOS, p-
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vs. 131:5 ± 3:7, P < 0:05) and TAC+SR group (73:2 ± 3:2 vs.
140:2 ± 6:7, P < 0:05) (Figure 4(c)). These data suggested
that β3-AR stimulation decreased apoptosis in the
pressure-overloaded heart.

3.5. β3-AR Stimulation Decreased the Oxidative Stress Level
in Pressure-Overloaded Mice. The production of ROS, mea-
sured by DHE and DCF staining, was significantly increased
in the TAC group and TAC+SR group. However, BRL treat-
ment significantly decreased ROS generation in pressure-
overloaded mice (Figure 5(a)). Meanwhile, the NADPH oxi-
dase activity increased in the TAC group (301:5 ± 19:1 uni-
ts/min/mg vs. 127:1 ± 13:1 units/min/mg; P < 0:05) and
TAC+SR group (316:7 ± 24:5 units/min/mg vs. 127:1 ±
13:1 units/min/mg; P < 0:05). NADPH oxidase activity was
lower in the TAC+BRL group compared to the TAC group
(173:5 ± 17:4 units/min/mg vs. 301:5 ± 19:1 units/min/mg;
P < 0:05, Figure 5(b)). Similarly, the O2

•- production was
lower in the TAC+BRL group compared with that in the
TAC group (52:2 ± 8:4 nmol/mg vs. 104:5 ± 13:2 nmol/mg;
P < 0:05; Figure 5(c)). The level of SOD and GSH was
increased in the TAC+BRL group compared to the TAC
group (Figures 5(d) and 5(e)). These findings indicated that

β3-AR stimulation decreased oxidative stress induced by
pressure overload.

3.6. BRL Treatment Regulated the Expression and Activation
of NADPH Oxidase Subunits. We assessed the intracellular
expressions of NADPH oxidase subunits by Western bolt
assay. The expression of membrane-bound subunits, p22phox
and NOX2, significantly increased in the TAC group, which
was abolished by BRL treatment (Figures 6(a)–6(g)). However,
the expression of NOX4 was unchanged in all groups. More-
over, the membrane expressions of p47phox, p67phox, and
Rac1, which are cytosolic subunits, were significantly upregu-
lated in the TAC group and TAC+SR group. Moreover, BRL
treatment resulted in decreased expression of p47phox,
p67phox, and Rac1.

3.7. β3-AR Stimulation Regulates Activation and Expression
of NOS Isoforms. Western blotting assays were performed
to evaluate β3-AR expression in all groups. The decreased
β3-AR was observed in the TAC and TAC+SR groups
(Figures 7(a) and 7(b)). Conversely, the expression of β3-
AR increased after BRL treatment. We further evaluated
the expression of NOS isoforms in all groups. First, the
expression of total eNOS and phosphorylated eNOSSer114
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10 Oxidative Medicine and Cellular Longevity



was unchanged. However, TAC operation significantly
decreased the phosphorylation of eNOSThr495 but increased
expression of phospho-eNOSSer1177, which were abolished
by the BRL treatment. Furthermore, we examined the
expression of iNOS and nNOS. There was no difference in
iNOS expression in all groups (Figures 7(a) and 7(d)). In
contrary, pressure overload decreased the cardiac expression
of nNOS, which was increased by the BRL treatment
(Figures 7(a) and 7(h)).

4. Discussion

Cardiac remodeling, a major determinant of CHF, is associ-
ated with pathological cardiac hypertrophy [20]. Initially,
cardiac hypertrophy occurs as an adaptive response to main-
tain normal cardiac function and output by ameliorating ven-
tricular wall stress. However, sustained pressure load induces
pathological ventricular hypertrophy, resulting in heart failure
and malignant arrhythmias [20]. Our study suggested that
sustained pressure overload for 3 weeks induced cardiac
hypertrophy and increased the oxidative stress and cardio-
myocytes apoptosis, which were associated with impaired car-
diac function. But these effects of pressure overload could be
abolished by β3-AR stimulation, which was in line with our
previous study [24].

Oxidative stress is involved in cardiomyocyte apoptosis,
cardiac remodeling, cardiac dysfunction, and heart failure
[25–28]. Oxidative stress and related mitochondrial damage
are strongly associated with the progression of many dis-
eases [29, 30]. Previous study suggested that increased
NADPH oxidase activity was observed in end-stage failing
myocardium [16]. And increasing evidence suggested the
important role of myocardial NADPH oxidase in cardiovas-
cular diseases [31–33]. NADPH oxidase activity is involved
in the pathophysiology of congestive heart failure. In our
study, β3-AR stimulation alleviated the oxidative stress by
inhibiting NADPH oxidases. Moreover, the cardiac protec-
tive effect of BRL is mediated through NO generating via
the nNOS pathway.

The NOX subunit forms a stable heterodimer with the
p22phox subunit. Among all NOX submits, NOX2 and
NOX4 are mainly enriched in cardiomyocytes. Previous
studies revealed that NOX2 deficiency inhibited cardiac
hypertrophy [17]. Interestingly, a recent study demonstrated
that cardiac dysfunction was exaggerated in NOX4-null
mice. Moreover, NOX4 knockout exaggerated cardiac dys-
function when exposed to chronic overload, indicating
NOX4 mediates protection against stress [34]. In current
study, TAC treatment increased the NOX2 expression,
whereas the expression of NOX4 was unchanged in all
groups. Therefore, our results suggested that NOX2 is detri-
mental during pressure overload-induced remodeling. Fur-
thermore, the expression of cytosolic subunits, including
p47phox, p67phox, and Rac1, was significantly upregulated
in TAC mice. Taken together, we found that the combina-
tion of NOX2 with a series of subunits directly activates
the NADPH oxidases and generates superoxide, which sub-
sequently results in the pressure overload-induced cardiac
injury.

It have been demonstrated that 3 subtypes of β-ARs may
modulate cardiac function. Among them, β1-AR and β2-
ARs mediate positive chronotropic and inotropic effects
[20, 21]. β3-AR is reported to mediate lipolysis and thermo-
genesis in adipocytes [35]. However, β3-AR is also involved
in cardiovascular system regulation, which may antagonize
the effects of β1/2-ARs. Moreover, β3-AR is increased in
failing hearts [24]. Meanwhile, β3-AR overexpression atten-
uated cardiac hypertrophy [36]. Furthermore, β3 knockout
exacerbated cardiac hypertrophy induced by pressure over-
load [24]. In current study, β3-AR stimulation reduced
hypertrophy, prevented fibrosis, and preserved cardiac func-
tion induced by pressure overload. Furthermore, β3-AR
stimulation reduced the superoxide generation in TAC mice.
Meanwhile, NADPH oxidase activity was also decreased
after β3-AR stimulation, indicating that the protective effect
of β3-AR is mediated, at least by part, through inhibiting
NADPH oxidases, which contributes to the cardiac oxidative
stress induced by pressure overload (Figure 8).

β3-AR stimulation could increase NO release by NOS
activity [36].Moreover, our previous study has demonstrated
that β3-AR knockout exacerbates NOS uncoupling, suggest-
ing that β3-AR regulates cardiac oxidase stress by regulating
NO generation through NOS activity [24]. Three NOS iso-
forms are all associated with NO release. However, which
NOS isoform regulates cardiac function by β3-AR signaling
still remains unclear. The activity of eNOS is mainly affected
by eNOS-PSer1177, eNOS-PThr495, and eNOS-PSer114.
Phosphorylation at Ser1177 activates eNOS, whereas phos-
phorylations at Ser114 and Thr497 inhibit eNOS activity
[37]. In the current study, the decreased p-eNOS Thr495 and
increased p-eNOSSer1177 were observed in chronic pressure
overload after BRL treatment. Therefore, β3-AR stimulation
leads to eNOS deactivation rather than activation. In con-
trary, β3-AR stimulation increased the expression of nNOS.
Moreover, both nNOS expression and nNOS-derived NO
production regulate cardiac function [30]. The cardioprotec-
tive effects of β3-AR were actually abolished in nNOS–/–

mice [24]. Based on these results, nNOS may be the primary
downstream of β3-AR (Figure 8).

In conclusion, we provide evidence that β3-AR stimula-
tion regulates the oxidative stress by inhibiting NADPH oxi-
dases, which impaired cardiac function. In addition, these
cardioprotective effects of β3-AR are largely attributed to
nNOS activation. These inspiring observations provide
novel insight into β3-AR as a new target for treating cardiac
hypertrophy.
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Myocardial fibrosis represents the primary pathological change associated with diabetic cardiomyopathy and heart failure, and it
leads to decreased myocardial compliance with impaired cardiac diastolic and systolic function. Quercetin, an active ingredient in
various medicinal plants, exerts therapeutic effects against cardiovascular diseases. Here, we investigate whether SIRT5- and
IDH2-related desuccinylation is involved in the underlying mechanism of myocardial fibrosis in heart failure while exploring
related therapeutic drugs for mitochondrial quality surveillance. Mouse models of myocardial fibrosis and heart failure,
established by transverse aortic constriction (TAC), were administered with quercetin (50mg/kg) daily for 4 weeks. HL-1 cells
were pretreated with quercetin and treated with high glucose (30mM) in vitro. Cardiac function, western blotting, quantitative
PCR, enzyme-linked immunosorbent assay, and immunofluorescence analysis were employed to analyze mitochondrial quality
surveillance, oxidative stress, and inflammatory response in myocardial cells, whereas IDH2 succinylation levels were detected
using immunoprecipitation. Myocardial fibrosis and heart failure incidence increased after TAC, with abnormal cardiac
ejection function. Following high-glucose treatment, HL-1 cell activity was inhibited, causing excess production of reactive
oxygen species and inhibition of mitochondrial respiratory complex I/III activity and mitochondrial antioxidant enzyme
activity, as well as increased oxidative stress and inflammatory response, imbalanced mitochondrial quality surveillance and
homeostasis, and increased apoptosis. Quercetin inhibited myocardial fibrosis and improved cardiac function by increasing
mitochondrial energy metabolism and regulating mitochondrial fusion/fission and mitochondrial biosynthesis while inhibiting
the inflammatory response and oxidative stress injury. Additionally, TAC inhibited SIRT5 expression at the mitochondrial
level and increased IDH2 succinylation. However, quercetin promoted the desuccinylation of IDH2 by increasing SIRT5
expression. Moreover, treatment with si-SIRT5 abolished the protective effect of quercetin on cell viability. Hence, quercetin
may promote the desuccinylation of IDH2 through SIRT5, maintain mitochondrial homeostasis, protect mouse cardiomyocytes
under inflammatory conditions, and improve myocardial fibrosis, thereby reducing the incidence of heart failure.

1. Introduction

Heart failure is a condition that leads to ventricular filling or
impaired ejection function due to various organic or func-
tional heart diseases, and it represents the end stage of vari-

ous cardiovascular diseases, particularly those associated
with diabetic cardiomyopathy. Thus, heart failure is referred
to as “the last battleground of diabetic cardiovascular dis-
ease” in clinical practice [1]. In the past few decades, most
research has focused on the maintenance of diabetic
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myocardial injury, cardiac hemodynamics, and regulation of
the islet system. Diabetes in patients with heart failure has
been shown to occur significantly earlier than in patients
without coronary heart disease, hypertension, or diabetes.
Myocardial fibrosis is vulnerable to factors such as oxidative
stress, inflammatory response, mitochondrial energy metab-
olism disorder, and cellular aging [2]. As the main cause of
ventricular remodeling [3], myocardial fibrosis can promote
decreased myocardial compliance and impaired cardiac sys-
tolic and diastolic function. Ultimately, long-term volume
or pressure overload can lead to heart failure. Thus, progres-
sion from diabetic cardiomyopathy to heart failure is accom-
panied by severe myocardial fibrosis or cardiac hypertrophy
[4, 5]. As such, improving myocardial fibrosis has been
shown to delay heart failure and improve heart function
and has become a new approach for treating diabetic cardio-
myopathy and heart failure [6].

Mitochondria, the energy metabolism centers of cells,
produce energy through oxidative phosphorylation to meet
the high energy needs of the heart [7, 8]. Many important
physiological activities occurring in the heart, such as myo-
cardial contraction and maintenance of intracellular homeo-
stasis, require ATP [9–11]. Mitochondria have their own
quality control system to maintain and restore structure
and energy metabolism by regulating mitochondrial fission,
fusion, biogenesis, and mitophagy [12, 13]. This surveillance
system can protect mitochondria and cardiomyocytes from
stress stimulation [8, 13]. Moreover, myocardial damage
because of diabetic cardiomyopathy may be related to mito-
chondrial dysfunction caused by an imbalance in mitochon-
drial quality surveillance.

Therefore, normal cardiac physiological functioning
requires intact and fully functioning mitochondria. Indeed,
excessive production of mitochondrial reactive oxygen spe-
cies (ROS) or damage to the myocardial antioxidant system
is related to ventricular hypertrophy and wall remodeling,
which can lead to myocardial fibrosis and heart failure. Stud-
ies have revealed abnormalities in the morphology and
structure of myocardial mitochondria in patients with diabe-
tes mellitus complicated with heart failure and diabetic car-
diomyopathy. Moreover, mitochondrial membrane damage
and structural abnormalities have been reported in canine
models of heart failure. Decreased mitochondrial membrane
potential, abnormal mitochondrial permeability transition
pore (mPTP) opening, decreased ATP synthesis, and exces-
sive ROS production have also been detected [14, 15].
Hence, conducting mitochondrial quality surveillance by
targeting mitochondrial mass and homeostasis may be use-
ful for inhibiting oxidative stress and inflammatory
responses, thereby improving fibrosis [16]. Oxidative stress
and inflammatory responses are important factors that
induce myocardial fibrosis and often coexist at the same
lesion site in various cardiovascular diseases [16, 17]. When
a variety of cardiovascular complications or metabolic car-
diomyopathy occur accompanied by acute or chronic myo-
cardial injury, the immune system is activated, releasing
numerous inflammatory factors that induce oxidative stress
injury, activate myocardial fibroblasts, and cause abnormal
collagen metabolism, myocardial cell necrosis, and tissue

degeneration, thus ultimately leading to myocardial fibrosis
and heart failure [18, 19].

Sirtuin 5 (SIRT5) is widely distributed in the nucleus,
cytoplasm, and mitochondria. Although SIRT5 exhibits dea-
cetylase activity, it can regulate lysine succinylation [20].
Through its N-terminal peroxisome localization signal
PTS2, SIRT5 can enter peroxisomes to reduce intracellular
H2O2 production, thus playing a major role in cell oxidation.
Moreover, SIRT5 reportedly promotes desuccinylation as a
protective mechanism in acute myocardial infarction
[21–23]. Specifically, acute cardiac ischemia and hypoxia
may upregulate the expression of SIRT5 through the PGC-
1α/PPAR-γ pathway, leading to subsequent desuccinylation
of key proteins involved in cardiomyocyte energy metabo-
lism, thus exerting a protective effect on these cells [24].
Posttranslational modification of SIRT5 occurs primarily in
the mitochondria. Also occurring within the mitochondria,
NADP+-dependent isocitrate dehydrogenase 2 (IDH2) can
affect the normal operation of the glutathione- (GSH-)
related mitochondrial antioxidant system, including the
activities of glutathione peroxidase (GPX) [25]. Moreover,
IDH2 provides NADPH to glutathione reductase and thior-
edoxin reductase, thereby eliciting a regulatory effect to pro-
tect mitochondria from oxidative stress [26]. However, few
studies have evaluated the regulation of SIRT5 and IDH2
succinylation in heart failure.

Quercetin is a flavonoid that is widely present in nature.
Pharmacological studies have reported that quercetin can
delay vascular endothelial functional damage and cardiac
terminal damage [27]. Quercetin also has a regulatory role
in the prevention of myocardial fibrosis [28] and can further
regulate islet function. Moreover, we previously found that
quercetin can regulate mitophagy and endoplasmic reticu-
lum stress through SIRT1/TMBIM6, improve mitochondrial
energy metabolism, and protect human cardiac myocytes
[27]. However, the regulatory mechanisms underlying the
effect of quercetin on SIRT5 succinylation and its protective
effect on myocardial cells remain unclear. Therefore, we
hypothesized that succinylation regulated by SIRT5 affects
the metabolic growth of cells via mitochondrial quality sur-
veillance and mitochondrial homeostasis. We found that
SIRT5 deletion may lead to increased succinylation, which
in turn affects cardiomyocyte activity and myocardial
fibrosis.

2. Materials and Methods

2.1. Animals and Drug Treatment. All experimental proce-
dures were performed in accordance with the NIH Guide
for the Care and Use of Laboratory Animals and were
approved by the Shandong University of Traditional Chi-
nese Medicine Institutional Animal Care and Use Commit-
tee. Briefly, 30 male wild-type C57BL/6J mice (8-week-old)
were obtained from the Experimental Animal Center of
Shandong University of Traditional Chinese Medicine and
randomly divided into three groups: (1) sham operation,
(2) transverse aortic constriction (TAC), and (3) TAC+quer-
cetin. The TAC+quercetin group was intraperitoneally
administered with 50mg/kg quercetin daily (Shanghai
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Yuanye Biotechnology Company, Shanghai, China) for 15
days. Sham and TAC mice were administered with a corre-
sponding intraperitoneal injection of normal saline.

2.2. Establishment of the Animal Model. A congestive heart
failure model was established using TAC [29]. Briefly, the
mice were anesthetized by intravenous injection of pento-
barbital (50mg/kg; Sigma-Aldrich, St. Louis, MO, USA),
and a ventilator was connected after which thoracotomy
was performed. The aorta was ligated with an 8-0 silk thread
between the right artery and left common carotid artery and
reduced to 25–30% of the original cross-sectional area with a
27G needle.

2.3. Cell Culture. HL-1 myocytes were provided by the
Experimental Center of Shandong University of Traditional
Chinese Medicine. The cells were cultured in a Claycomb
medium containing 10% fetal bovine serum, 100U/mL peni-
cillin/streptomycin, 0.1mM noradrenaline, and 2mM L-
glutamine. The cells were cultured at 37°C and 5% CO2
[30]. Glucose was purchased from Sigma-Aldrich. Quercetin
was obtained from Shanghai Yuanye Biotechnology Com-
pany. The cells were randomized into the four experimental
groups: (1) control, (2) high glucose (HG), (3) HG+querce-
tin, and (4) HG+quercetin+si-SIRT5. HL-1 cells were treated
with high glucose (30mmol/L) and quercetin (150mg/L).
For small interfering RNA (siRNA) transfection, Lipofecta-
mine RNAiMAX (Invitrogen, Carlsbad, CA, USA) was used
to transfect 50nM siRNA into the HL-1 cells 24 h before
treatment. All siRNAs were obtained from Jikai Biology
(Shanghai, China).

2.4. Flow Cytometry. To analyze the apoptosis level, HL-1
cells were resuspended in phosphate-buffered saline (Gibco,
Grand Island, NY, USA), fixed with 70% ethanol for 24h,
washed, and then placed in 50μg/mL propidium iodide
solution. After 30min, the cells were resuspended, and flow
cytometry was performed to detect apoptosis as described
previously.

2.5. Cell Viability Assay. The viability of HL-1 cells was eval-
uated using an MTT assay. Cells were seeded into 12-well
plates at a density of 50,000 cells/well. After 22 h, the cells
were supplemented with fresh growth medium and incu-
bated for 24 h, after which cell viability was determined by
MTT assay [31].

2.6. Enzyme-Linked Immunosorbent Assay. An enzyme-
linked immunosorbent assay (ELISA) kit was used to quan-
titatively analyze the activity of antioxidant enzymes and
inflammatory factors in mouse myocardial tissue homoge-
nates and HL-1 cells. Briefly, myocardial tissue homogenates
and HL-1 cell suspensions were collected.

2.7. Oxygen Consumption Rate. The oxygen consumption
rate of HL-1 cells in different groups was measured using a
Seahorse XF Cell Mitochondrial Pressure Test kit (Agilent
Technologies, Santa Clara, CA, USA), whereas the extracellu-
lar acidification rate was measured with a Seahorse XF glycol-

ysis rate assay kit (Agilent Technologies). Both assays were
performed according to the manufacturer’s instructions.

2.8. Real-Time Quantitative PCR. Total RNA was extracted
using TRIzol reagent, and RNA integrity was analyzed by
agarose gel electrophoresis. First-strand cDNA was synthe-
sized using an iScript™ cDNA synthesis kit (1μL of total
RNA; Bio-Rad, Hercules, CA, USA) in a total volume of
20μL. A CFX96 RT-PCR system (Bio-Rad) was used to ana-
lyze the level of cDNA twice using 500 × 10−9 nM specific
primers. In each experiment, continuously diluted mixed
cDNA was used to evaluate the efficiency of the PCR analy-
sis. Gene expression was quantified relative to the geometric
mean of housekeeping gene expression amplified in the
same sample as the studied gene, and gene expression was
determined using the 2−ΔΔCT method [32].

2.9. Statistical Analysis. Data are expressed as the mean ±
standard deviation of themean. One-way analysis of vari-
ance was used to verify the differences between multiple
groups, and Student-Newman-Keuls post hoc test was per-
formed. Two-tailed t-tests were used to compare two groups.
Statistical analysis was performed using SPSS 22.0 software
(SPSS, Inc., Chicago, IL, USA). Statistical significance was
set at P < 0:05.

3. Results

3.1. Quercetin Alleviates Myocardial Hypertrophy and
Cardiac Dysfunction after TAC. C57BL/6J male mice were
randomly divided into three groups (control, TAC opera-
tion, and TAC operation+quercetin). Quercetin was admin-
istered to the TAC+quercetin group (50mg/kg, every 12 h).
Seven weeks after TAC, approximately 20% of the mice in
the TAC model group and 10% of in the quercetin treatment
group died. Compared with that in the sham operation
group, cardiac function in the TAC group deteriorated
remarkably after 3 weeks (Figures 1(a)–1(i)). However,
cardiac function in mice treated with quercetin was
improved compared to mice not treated with quercetin
(Figures 1(a)–1(i)).

We then assessed myocardial hypertrophy in TAC mice
after TAC+quercetin treatment using hematoxylin and
eosin, WGA, and TUNEL staining 8 weeks after TAC
(Figures 1(j)–1(m)). Compared with that in the sham
operation group, the degree of cardiac hypertrophy and car-
diomyocyte hypertrophy or death in TAC mice was signifi-
cantly increased (Figures 1(j)–1(m)); however, this effect
was significantly decreased following quercetin treatment
(Figures 1(j)–1(m)).

3.2. Quercetin Attenuates Myocardial Fibrosis and
Inflammatory Levels after TAC. We detected collagenase I
levels in the myocardium of different groups by immunohis-
tochemistry. The collagenase I/III level in the myocardium
of the model group was significantly increased after TAC
(Figures 2(h)–2(j)); this effect was reversed by quercetin
(Figures 2(h)–2(j)). We also assessed the degree of myocar-
dial fibrosis in different groups by Masson staining. The
degree of myocardial fibrosis in the model group was
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significantly increased after TAC; treatment with quercetin
reversed this phenomenon and protected the myocardial
tissue (Figures 2(a) and 2(b)).

Myocardial fibrosis is a complex pathological process
primarily caused by long-term pressure overload and
inflammatory reactions. Many proinflammatory factors,
such as TGF-β, TNF-α, IL-13, IL-18, and MMPs, can partic-
ipate in myocardial fibrosis. Hence, we detected the abun-
dance of select proinflammatory factors (TNF-α, IL-13,
and IL-18) by ELISA, while transcription levels of TGF-β
and MMP-9 were detected by RT-PCR. The expression
levels of TNF-α, IL-13, and IL-18 and mRNA levels of
TGF-β and MMP-9 in the model group were higher than
those in the control group (Figures 2(c)–2(g)). Quercetin
reversed this phenomenon and inhibited inflammation
(Figures 2(c)–2(g)). To verify whether the therapeutic mech-
anism of quercetin is related to SIRT5 and IDH2, we
detected the mRNA and protein expression of SIRT5 and
IDH2. The mRNA and protein expression levels were signif-
icantly inhibited after TAC (Figures 2(m)–2(p)). Quercetin
reversed these effects, indicating that quercetin targets SIRT5
and IDH2 to protect against myocardial fibrosis and heart
failure (Figures 2(m)–2(p)).

To further verify the protective mechanism of quercetin
on myocardial fibrosis or myocardial injury after TAC, we
investigated ROS production in the myocardial tissue and
found that it was significantly increased after TAC
(Figures 2(k) and 2(l)), whereas quercetin inhibited ROS
overproduction (Figures 2(k) and 2(l)). These findings sug-
gest that the protective effect of quercetin on myocardial
fibrosis or myocardial injury is related to the regulation of
redox homeostasis.

3.3. Quercetin Reduces High-Glucose-Induced HL-1
Inflammation Injury by Regulating Oxidative Stress. The
aforementioned experimental results preliminarily showed
that quercetin can improve cardiac function and inhibit
the level of myocardial fibrosis in mice after TAC. Its protec-
tive effect might be related to the regulation of SIRT5 and
anti-inflammatory factors; however, whether these events
occur through a direct regulatory mechanism remained
unclear. To study the regulatory mechanism of quercetin
under high-glucose conditions, we induced HL-1 cell injury

by high glucose, treated these cells with quercetin, and
knocked down SIRT5 with siRNA. Cell activity was detected
using the MTT and CCK-8 assays, apoptosis levels were
detected using flow cytometry, and superoxide dismutase
(SOD), GSH, TrxR, and malondialdehyde (MDA) activities
were detected using ELISA. We used CCK-8 to analyze the
viability of HL-1 cells under different glucose concentra-
tions. As shown in Figure 3(j), cell viability decreased sig-
nificantly at a high-glucose concentration of 30mM. MTT
and flow cytometry revealed that high-glucose conditions
inhibited cell activity, increased apoptosis and ROS produc-
tion, and accelerated cell death (Figures 3(a)–3(e)). Com-
pared with that in the control group, high-glucose
stimulation increased MDA activity and inhibited the activ-
ity of antioxidant enzymes, such as SOD, GSH, and TrxR
(Figures 3(f)–3(i)).

Quercetin inhibited the activity of MDA, increased the
activity of SOD, GSH, and TrxR (Figures 3(f)–3(i)), inhib-
ited apoptosis and ROS production (Figures 3(a)–3(e)),
and improved cell activity (Figure 3(c)). However, si-SIRT5
+quercetin treatment further enhanced the activity of
MDA, increased the level of apoptosis and ROS production,
and inhibited cellular activity (Figures 3(a)–3(i)). Collec-
tively, these results demonstrate that quercetin regulates
the imbalance in the redox state stimulated by high glucose
and protects HL-1 cardiomyocytes. This regulatory effect
may be directly related to SIRT5.

3.4. Quercetin Reduces High-Glucose-Induced HL-1
Inflammation Injury by Promoting SIRT5-Related
Desuccinylation Modification. Oxidative stress directly
affects the structure and function of myocardial cells and
can directly activate the signaling molecules associated with
myocardial fibrosis, such as MMPs, leading to hypertrophy
and apoptosis of myocardial cells, which is related to exces-
sive production of ROS, accompanied by an inflammatory
reaction. Excess ROS production can damage mitochondrial
macromolecules at or near their formation sites. Mitochon-
drial structural damage and functional collapse in heart fail-
ure are related to increased levels of ROS, primarily
manifested as increased mitochondrial lipid peroxide and
decreased enzyme activities of mitochondrial respiratory
complexes I, III, and IV. However, energy metabolism in
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mitochondria is regulated by succinylation. Previous experi-
mental results established that the therapeutic effect of quer-
cetin on myocardial fibrosis and heart failure is related to
SIRT1.

In the current study, analysis of the mRNA levels of
SIRT5 and IDH2 in high-glucose-stimulated HL-1 cells
and immunoprecipitation showed that IDH2 expression in
HL-1 cells was significantly inhibited following high-
glucose stimulation, whereas the succinylation level of
IDH2 was significantly increased (Figures 4(a)–4(d)). More-
over, following quercetin intervention, the mRNA expres-
sion of SIRT5 and IDH2 and level of IDH2 desuccinylation
increased (Figures 4(a)–4(d)). To further verify the effect of
SIRT5-mediated succinylation on the mitochondrial respira-
tory chain, we assessed mitochondrial respiratory complexes
I, III, and IV. After high-glucose stimulation, the levels of
these complexes were decreased; however, quercetin
reversed this phenomenon (Figures 4(e)–4(g)).

The regulatory effect of quercetin on the mitochondrial
respiratory complex and IDH2 succinylation were also
inhibited following si-SIRT5 treatment (Figures 4(a)–4(g)).
Therefore, SIRT5-mediated desuccinylation of IDH2 may
be an important regulatory mechanism of myocardial fibro-
sis and heart failure. Moreover, quercetin may improve the

inflammatory response and oxidative stress injury through
SIRT5-mediated desuccinylation of IDH2; however, the reg-
ulatory mechanism of mitochondrial homeostasis requires
further analysis.

3.5. Quercetin Reduces High-Glucose-Induced HL-1
Inflammation Injury by Regulating Mitochondrial Energy
Metabolism and NLRP3. Mitochondrial energy metabolism
is regulated by succinylation. However, heart failure or myo-
cardial fibrosis caused by various factors involves an impor-
tant pathological mechanism of oxidative stress and
mitochondrial energy metabolism disorder in the inflamma-
tory state. Therefore, we verified the regulatory effects of
quercetin on mitochondrial energy metabolism and homeo-
stasis. Immunofluorescence analysis showed that NLRP3
was highly expressed after high-glucose stimulation, which
was reversed by quercetin (Figures 5(f) and 5(g)). Moreover,
si-SIRT5 treatment eliminated the regulatory effect of quer-
cetin on NLRP3 (Figures 5(f) and 5(g)).

Regulation of mitochondrial homeostasis is closely
related to NLRP3 activation. In fact, NF-κB can limit activa-
tion of NLRP3 by eliminating damaged mitochondria [33,
34]. We found that quercetin affected mitochondrial homeo-
stasis by regulating NLRP3. High-glucose-stimulated HL-1
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cells exhibited serious disorders of mitochondrial energy
metabolism. The ATP level, basal respiration, maximal res-
piration, and respiratory reserve of mitochondria were sig-
nificantly reduced. Moreover, the mPTP opening was
abnormally increased (Figures 5(a)–5(e)). Quercetin
reversed these effects and restored mitochondrial energy
metabolism and mPTP closure (Figures 5(a)–5(e)). How-
ever, si-SIRT5 treatment reversed the regulation induced
by quercetin on mitochondrial energy metabolism and
mPTP (Figures 5(a)–5(e)). Therefore, excess production of
ROS accompanied by inflammation and oxidative stress

can lead to mitochondrial oxidative stress injury, and
NLRP3 can interact with mitochondrial energy metabolism.
Mitochondria may be the “Trojan horse” of inflammation,
which is consistent with the results of a previous study [35].

3.6. Quercetin Reduces High-Glucose-Induced HL-1
Inflammation Injury by Regulating Mitochondrial Quality
Surveillance. Mitochondria can alter their shape and size
through quality surveillance mechanisms and generate new
mitochondria through biosynthesis; thus, the mitochondrial
pool is supplemented and the energy metabolism that needs
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Figure 3: Quercetin (Que) reduces high-glucose- (HG-) induced HL-1 inflammation injury by regulating oxidative stress. (a) Apoptosis. (b)
ROS levels were detected using flow cytometry. (c) Cell activity was determined using MTT. (d) Total apoptosis level. (e) ROS level. (f–i)
MDA, SOD, GSH, and TrxR levels were detected using ELISA. (j) Cell activity was detected using CCK-8 assay. Mean ± SD; ∗P < 0:05.

10 Oxidative Medicine and Cellular Longevity



cells under various conditions is met. Mitochondrial quality
surveillance is critical for cytoprotective regulation during
heart failure and myocardial fibrosis [36]. To explore the
regulatory mechanism of quercetin on mitochondrial quality
surveillance, we evaluated the mRNA levels of Drp1/Fis1 and
Mfn1/Mfn2 after 24 h of high-glucose stimulation. Gene
expression analysis showed high-glucose stimulation upreg-
ulated Drp1 and Fis1 and downregulated Mfn1 and Mfn2 in
mitochondria (Figures 6(a)–6(d)); moreover, quercetin
reversed these effects (Figures 6(a)–6(d)). We also evaluated
mitochondrial biogenesis. qPCR analysis results showed

that, after high-glucose stimulation, the expression of Tfam
and PGC1α was severely reduced. In turn, quercetin
increased the levels of Tfam and PGC1α and enhanced mito-
chondrial biogenesis (Figures 6(e) and 6(f)). It is worth not-
ing that mitochondrial fission was increased significantly
following si-SIRT5 treatment, whereas mitochondrial bio-
synthesis was decreased (Figures 6(e) and 6(f)). Thus, the
ability of quercetin to regulate mitochondrial quality surveil-
lance may be closely related to SIRT5.

The results showed that the protective effect of quercetin
on HL-1 cells was closely related to its regulation of
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Figure 4: Quercetin (Que) reduces high-glucose- (HG-) induced HL-1 inflammation injury by promoting SIRT5-related desuccinylation.
(a) Immunoblotting and succinylation of IDH2. RT-PCR was used to detect (b) SIRT5 and (c) IDH2 mRNA expression. (d) IDH2
succinylation. (e–g) Activities of mitochondrial respiratory complexes I/III and IV were detected using ELISA. Mean ± SD; ∗P < 0:05.
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mitochondrial quality surveillance. Quercetin may promote
the desuccinylation of IDH2 through SIRT5, thereby main-
taining mitochondrial respiratory chain function and mito-
chondrial homeostasis, subsequently improving cell activity.

4. Discussion

Myocardial fibrosis is closely associated with heart failure
and is characterized by dysregulated extracellular matrix
metabolism and collagen component ratio. It is caused by
oxidative stress damage and inflammation induced by heart
failure [37]. Oxidative stress and inflammatory cytokines

can cause mitochondrial homeostasis disorders, affect the
posttranslational modification of related proteins, cause
damage to the contractile function of cardiomyocytes, and
induce cardiomyocyte fibrosis, leading to heart failure [38].
Hence, a better understanding regarding the role of mito-
chondrial function and protein posttranslational modifica-
tion in myocardial fibrosis injury will provide insights into
myocardial remodeling from the perspective of mitochon-
drial quality surveillance and oxidative stress, while also pro-
viding new strategies for improving the prognosis and
treatment of heart failure. Specifically, targeted drugs for
mitochondrial quality surveillance are urgently needed
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Figure 5: Quercetin (Que) reduces high-glucose- (HG-) induced HL-1 inflammation injury by regulating mitochondrial energy metabolism
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[39]. In this study, we found that the level of myocardial
fibrosis in the mouse myocardium and myocardial cells
increased after surgery, whereas the cardiac ejection function
decreased. Moreover, quercetin can regulate myocardial cell
mitochondrial homeostasis after stress injury, inhibit oxida-
tive stress damage and inflammation, maintain cardiomyo-
cyte activity, and reduce myocardial fibrosis damage in
mice with heart failure. Quercetin can also protect myocar-
dial tissue, increase the expression of SIRT5 in cardiomyo-
cytes, and promote IDH2 desuccinylation.

The primary cause of death in diabetic patients is cardio-
vascular diseases; however, the importance of heart failure in
diabetic patients is not yet fully understood. Furthermore,
the relationship between these two conditions is not solely
at the level of comorbidities, rather an intricate relationship
exists resulting in their reciprocal promotion or suppression
[40]. Additionally, indicators that are reflective of insulin
resistance, including glycosylated hemoglobin (HbA1c),
fasting blood glucose, and insulin levels, are related to the
risk of heart failure. Additionally, a series of physiological
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Figure 6: Quercetin (Que) reduces high-glucose- (HG-) induced HL-1 inflammation injury by regulating mitochondrial quality
surveillance. (a–d) Expression of Drp1/Fis1 and Mfn1/Mfn2 as determined using qPCR. (e, f) Transcriptional levels of mitochondrial
DNA synthesis markers PGC1α and Tfam determined using qPCR. Mean ± SD; ∗P < 0:05.
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or metabolic abnormalities, including autonomic neuropa-
thy, microcirculation dysfunction, changes in metabolism
or energy, and increased accumulation of advanced glyca-
tion end products, may cause insulin resistance or cardiomy-
opathy in diabetic patients [41].

Moreover, heart failure can increase the risk of insulin
resistance, impaired glucose tolerance, and diabetes. Long-
term abnormal carbohydrate and lipid metabolism or
enhanced fatty acid metabolism and increased oxygen con-
sumption further induce dysfunction of the mitochondrial
respiratory chain of cardiomyocytes, resulting in a sharp
decline in mitochondrial energy metabolism, which indi-
rectly leads to imbalanced redox homeostasis and the over-
expression of inflammatory factors [42]. Specifically,
diabetic cardiomyopathy is a type of diabetes complicated
by a vascular disease. Utilization of glucose metabolism by
myocardial cells in patients with diabetes and heart failure
accompanied by myocardial ischemia and hypoxia is
reduced [43, 44]. The results of this study also indirectly
established that a high-glucose environment can indirectly
lead to mitochondrial quality surveillance.

In an oxidative stress environment, the oxygen and
blood supply of cardiomyocytes is significantly reduced,
resulting in production of a large amount of oxygen free rad-
icals and a variety of intermediate metabolites. It can also
cause a metabolic imbalance in the body, damage the myo-
cardial cell membrane, and disrupt the balance between
extracellular degradation and synthesis [45, 46]. Prolifera-
tion of myocardial fibroblasts leads to myocardial fibrosis,
which in turn causes a large amount of intercellular collagen
to be deposited and cell structure to become disordered,
effectively disrupting the balance between various types of
collagen. Hence, severe myocardial fibrosis has been shown
to ultimately lead to heart failure. Although most previous
studies have focused on the role of quercetin in oxidative
stress and inflammatory damage [47], it can also regulate
mitochondrial homeostasis, expression of related proteins,
and posttranslational modifications [48]. Our results expand
on these previous findings that suggest quercetin functions
through SIRT5 to promote the desuccinylation of IDH2,
thus regulating mitochondrial homeostasis, protecting the
activity of myocardial cells, and improving the damage asso-
ciated with myocardial fibrosis. Hence, quercetin may repre-
sent a new therapeutic approach for treating heart failure.

In mice, mitochondrial homeostasis disorders or dys-
functions are primarily caused by overproduction of ROS
and insufficient ATP synthesis, which adversely affect the
structure and function of the heart, leading to subsequent
heart failure [49]. Under conditions of oxidative stress and
inflammation, excessive production of ROS can cause oxida-
tive damage to cellular proteins, lipids, and mitochondrial
DNA, as well as induce cell damage and apoptosis [50]. This
is largely due to the imbalance in mitochondrial homeostasis
caused by disruption of redox homeostasis associated with
inflammation. Currently, many studies have indicated that
the inflammatory response that occurs when heart failure
occurs is closely related to oxidative stress [51]. The onset
of heart failure is accompanied by severe myocardial hyper-
trophy and myocardial fibrosis. As far as the pathological

mechanism of heart failure is concerned, when myocardial
infarction occurs, factors such as myocardial ischemia, hyp-
oxia, impaired mitochondrial function, and activation of
neutrophils and inflammatory factors cause an explosive
increase in ROS. This excess production of ROS caused by
an imbalance in redox homeostasis is then accompanied by
NF-κB activation and subsequent activation of proinflam-
matory gene promoters in monocytes. Consequently,
inflammatory factor transcription is upregulated, and the
NADPH oxidase complex is oxidized on the cell membrane
to generate ROS, inhibiting the activity of antioxidant
enzymes and further stimulating the occurrence of inflam-
matory reactions [52]. This vicious circle is an inducing fac-
tor for the progressive aggravation of myocardial
hypertrophy and fibrosis. ROS can also damage actin and
excitatory-contractile coupling proteins, resulting in cardiac
muscle systolic/diastolic dysfunction. Moreover, insufficient
ATP synthesis leads to a lack of energy supply to cardiomyo-
cytes, which has serious adverse effects on cardiomyocyte
survival and cardiac ejection function [53].

In addition, severe diabetic cardiomyopathy with heart
failure is accompanied by myocardial hypertrophy, partial
myocardial ischemia, and hypoxia [36, 53]. The energy
metabolism of myocardial cells is converted from fatty acid
oxidation to glycolysis to adapt to hypoxia as a self-
protective mechanism. However, this conversion is accom-
panied by a desuccinylation modification. In this study, we
found that high-glucose stimulation can lead to apoptosis
or death, which may be caused by the interaction between
oxidative stress and the inflammatory reaction. This reaction
is also accompanied by an imbalance in mitochondrial
energy metabolism and mitochondrial quality surveillance.
Similar to hypoxia/ischemia, a high-glucose environment
can induce excessive ROS production, resulting in oxidative
stress and mitochondrial mass imbalance. Consequently,
glucose metabolism disorders further aggravate the primary
cardiovascular disease or microcirculation damage, which
may represent a key mechanism associated with diabetes
mellitus complicated with heart failure.

IDH2 participates in the tricarboxylic acid cycle by cata-
lyzing the conversion of isocitrate to α-ketoglutarate and
NADP+ to NADPH. Studies have reported that knockout
of IDH2 in mice can lead to a decrease in the redox state
of NADPH and thioredoxin reductase activity in mitochon-
dria. It can also lead to decreased cell activity and mitochon-
drial oxygen consumption [54]. Moreover, knockout of
IDH2 decreases NADPH levels and mitochondrial GPX
activity in mice with hepatic ischemia-reperfusion injury,
leading to mitochondrial cristae loss, mitochondrial frag-
mentation, mitochondrial fissure shift, cytochrome c release,
and cell death [55]. A lack of IDH2 can also lead to increased
mitochondrial ROS, inhibited histone deacetylase activity,
and increased activation of NF-κB through acetylation, lead-
ing to increases in inflammation and apoptosis [56]. Indeed,
IDH2-deficient mice exhibit accelerated heart failure,
increased apoptosis and hypertrophy, and mitochondrial
dysfunction, which is related to an imbalance in redox
homeostasis [57]. Our results are consistent with those of
previous studies, indicating that mitochondrial homeostasis
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and quality control disorders of murine cardiomyocytes are
related to the succinylation of IDH2.

Succinylation of lysine is a recently discovered protein
posttranslational modification in which a lysine (K) residue
in the protein is converted from the succinyl group by
succinyl-coenzyme A [58, 59]. Related in vitro and in vivo
studies have shown that quercetin can significantly reduce
AngII-induced myocardial contractility, fibrosis, inflamma-
tion, and myocardial hypertrophy while inhibiting the
expression of fibroblast differentiation markers type I and type
III collagen [28]. Quercetin also reverses isoproterenol-
induced cardiac hypertrophy by restoring the cellular redox
balance and protecting mitochondria [38]. Our results show
that quercetin promotes the desuccinylation of IDH2 through
SIRT5, regulates the redox balance, maintains mitochondrial
homeostasis, inhibits inflammation, protects cardiomyocytes,
reduces the level of myocardial fibrosis damage, and restores
heart function. These findings are consistent with those of pre-
vious studies; that is, high-glucose stimulation causes an
imbalance in redox levels, causes inflammation, and activates
mitochondrial quality surveillance and homeostasis, as well
as the mitochondrial apoptosis pathway. In addition, we show
that SIRT5 promotes IDH2 desuccinylation, increases the sen-
sitivity of cells to oxidative stress, and reduces oxidative stress
damage to cardiomyocytes, which have also been observed
previously [60].

Our study had three main limitations. First, although we
conducted in vivo studies using animal models of heart fail-
ure and myocardial fibrosis to verify the regulatory effect of
quercetin, but we did not conduct targeted verification using
gene knockout animals. Second, only mitochondrial homeo-
stasis, and not endoplasmic reticulum function, was evalu-
ated. The pathological mechanism of myocardial fibrosis is
primarily related to calcium homeostasis. The endoplasmic
reticulum is an important intracellular calcium store. Exces-
sive or low calcium levels in the endoplasmic reticulum can
cause calcium signaling disorders, leading to abnormal phys-
iological functions in cardiomyocytes and the occurrence of
myocardial fibrosis. Third, the interaction between endo-
plasmic reticulum stress and mitochondrial homeostasis
has not been clearly elucidated in the pathogenesis of
diabetes mellitus complicated with heart failure; however,
myocardial fibrosis was not examined. Despite these limita-
tions, our research shows that quercetin can promote the
desuccinylation of IDH2 through SIRT5. Quercetin main-
tains the regulation of mitochondrial homeostasis and redox
balance, inhibits inflammation, and reduces the apoptosis
level of cardiomyocytes, as well as the level of muscle fibrosis
and recovery of cardiac ejection function.

5. Conclusions

Our results provide insights into the pathological mecha-
nism and clinical treatment of myocardial fibrosis and heart
failure. Heart failure is one of the most serious cardiovascu-
lar complications in patients with diabetes; however, cur-
rently, there are few drugs that can control blood sugar
and improve myocardial damage in clinical practice, and
the treatment and pathological mechanisms remain unclear.

In this study, it was discovered through in vivo experimental
studies that quercetin can effectively improve the pathologi-
cal response of heart failure in mice after TAC, improve car-
diac function, inhibit the expression of inflammatory factors
and the level of myocardial fibrosis, and protect the myocar-
dium. Furthermore, we showed that quercetin can regulate
the redox balance of mouse cardiomyocytes under high-
glucose conditions, inhibit the release of NLRP3 inflamma-
somes, regulate mitochondrial quality surveillance, maintain
mitochondrial homeostasis, and inhibit the apoptosis or
death of cardiomyocytes in high-glucose environments. In
addition, the active ingredient quercetin as a natural medi-
cine affects the SIRT5 regulatory mechanism by promoting
desuccinylation. Quercetin can regulate the succinylation
of SIRT5, which may improve the tolerance of mitochondria
to oxidative stress and inflammation. We infer that querce-
tin, which has antioxidative stress effects, can regulate mito-
chondrial quality surveillance through the “inflammation-
oxidative stress” pathway. Although there have been great
advances in deciphering the pathological mechanism of the
“inflammatory-oxidative stress-mitochondrial dysfunction”
pathway, the associated crosstalk mechanism has not yet
been fully elucidated. The results of this study suggest that
quercetin may become a supplementary alternative drug or
daily health supplement for patients with diabetes and heart
failure; however, large-scale, multicenter clinical studies are
needed to further verify its effectiveness and safety.
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Background. Cardiac hypertrophy is a compensatory response to pressure overload, which eventually leads to heart failure. The
current study explored the protective effect of nicotinamide riboside (NR), a NAD+ booster that may be administered through the
diet, on the occurrence of myocardial hypertrophy and revealed details of its underlying mechanism. Methods. Transverse aortic
constriction (TAC) surgery was performed to establish a murine model of myocardial hypertrophy. Mice were randomly divided
into four groups: sham, TAC, sham+NR, and TAC+NR. NR treatment was given daily by oral gavage. Cardiac structure and
function were assessed using small animal echocardiography. Mitochondrial oxidative stress was evaluated by dihydroethidium
(DHE) staining, malondialdehyde (MDA) content, and superoxide dismutase (SOD) activity. Levels of expression of atrial
natriuretic peptide (ANP), brain natriuretic peptide (BNP), IL-1β, TNF-α, and Sirtuin3 were measured by real-time PCR and
ELISA. Expression levels of Caspase-1, Caspase-1 pro, cleaved Gasdermin D (GSDMD), NLRP3, ASC, Sirtuin3, ac-MnSOD, and
total MnSOD were measured by Western blot. Results. Reductions in the heart/body mass ratio (HW/BW) and lung/body mass
ratio (LW/BW) and in ANP, BNP, and LDH levels were observed in the TAC group on the administration of NR (P < 0:05).
Moreover, echocardiography data showed that cardiac dysfunction and structural changes caused by TAC were improved by NR
treatment (P < 0:05). NR treatment also reduced levels of the inflammatory cytokines, IL-1β and TNF-α, and attenuated
activation of NLRP3 inflammasomes induced by TAC. Furthermore, changes in DHE staining, MDA content, and SOD activity
indicated that NR treatment alleviated the oxidative stress caused by TAC. Data from ELISA and Western blots revealed elevated
myocardial NAD+ content and Sirtuin3 activity and decreased acetylation of MnSOD after NR treatment, exposing aspects of the
underlying signaling pathway. Conclusion. NR treatment alleviated TAC-induced pathological cardiac hypertrophy and
dysfunction. Mechanically, these beneficial effects were attributed to the inhibition of NLRP3 inflammasome activation and
myocardial inflammatory response by regulating the NAD+-Sirtuin3-MnSOD signaling pathway.

1. Introduction

Cardiac hypertrophy is a feature common to many cardiovas-
cular diseases [1]. Hypertrophy develops as a benign, adaptive
response to physiological and pathological stimuli and results
in increased heart contractility. However, with continued
stimulation, hypertrophy progresses to cardiac remodeling
and dysfunction and becomes pathological hypertrophy, a
complex process which eventually leads to heart failure [2].
Recent research has identified a number of mechanisms that

contribute to pathological hypertrophy, including cellular
metabolism, the immune response, abnormal expression of
lncRNAs, and epigenetic changes [3, 4]. However, there still
remains a need to conduct further exploration in order to
identify molecular targets for treatment.

Inflammation is considered a critical hallmark of hyper-
trophy [5]. However, the pathogenic role of inflammation
during hypertrophy is incompletely understood. The cyto-
solic inflammasome is a multiprotein complex, comprising
key regulators of the inflammatory response to numerous
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stimuli. The resulting activation of Caspase-1 induces matu-
ration of proinflammatory cytokines [6]. There is increasing
evidence that links the nucleotide-binding and leucine-rich
repeat pyrin domains protein 3 (NLRP3) inflammasome
and its stimulation of cytokine secretion with the pathogen-
esis of various cardiovascular diseases, including atheroscle-
rosis, acute myocardial infarction (AMI), acute myocarditis,
and progression to heart failure (HF). Such findings expose
the possibility of oral administration of NLRP3 inflamma-
some inhibitors to treat cardiovascular disorders [7]. Hence,
there is increasing scrutiny of inflammasome-based
approaches to cardiovascular treatment.

Nicotinamide adenine dinucleotide (NAD+) is a coen-
zyme involved in diverse biological processes [8]. Decreased
NAD+ levels and subsequent mitochondrial protein hypera-
cetylation have been reported to be associated with the
development of HF. Thus, there is the potential for elevating
NAD+ levels during therapy for cardiovascular diseases [9].
Notably, the potential benefits of dietary administration of
NAD+ boosters have attracted much attention [10]. How-
ever, the salubrious effects of such agents in the hypertrophic
heart have not been explored.

In the present study, we have used a transverse aortic con-
striction (TAC) mouse model to demonstrate that NLRP3
inflammasome activation is associated with the progression
of heart hypertrophy. Furthermore, we have identified a cardi-
oprotective role for nicotinamide riboside (NR), an NAD+

booster available through the diet and which inhibits the
NLRP3 inflammasome and inflammatory responses via regu-
lation of the Sirtuin3-MnSOD signaling pathway.

2. Materials and Methods

2.1. Materials

2.1.1. Animals. Male C57BL/6J mice (8 weeks, 180-200 g
weight) were purchased from the Animal Center of Jinling
Hospital. Animals were maintained under standard condi-
tions of temperature (21 ± 2°C) and humidity (55 ± 2%) with
an alternating 12h light/12h dark cycle. The animals had free
access to tap water and were fed adequate food. The proce-
dures of in vivo study were approved by the Jinling Hospital
Committee on Animal Care. All animal study procedures were
carried out in accordance with the Chinese National Institutes
of Health Guidelines on the Use of Laboratory Animals.

2.1.2. Reagents. NR was purchased from China Thompson
Biological Co., Ltd. DHE probe was purchased from Biolab
company (Frozen Section ROS Detection Kit, Biolab, Beijing,
China). Antibodies raised against Caspase-1, Caspase-1 pro,
NLRP3, ASC, Sirtuin3, and β-actin for Western blotting were
purchased from Cell Signaling Technology (Cell Signaling
Technology, USA), and antibodies raised against cleaved
GSDMD, MnSOD (total), and ac-MnSOD (MnSOD-acetyl
K68) were purchased from Abcam (Abcam, USA).

2.2. Methods

2.2.1. Experimental Grouping and Surgical Treatments. A
mouse model of cardiac hypertrophy was established using

TAC surgery. A total of 40 experimental mice were ran-
domly assigned to one of four groups: sham, TAC, sham
+NR and TAC+NR with 10 mice in each group. The TAC
procedure is as follows. Mice were anesthetized with 2% iso-
flurane. Under aseptic conditions, with the mouse supine,
the second rib on the left side of the thoracic cavity was
cut off with surgical scissors and the thymus lightly plucked
to fully expose the aortic arch. A 27G pillow was placed
along the direction of the aortic arch, followed by ligation
with a 7-0 thin thread to constrict the aortic arch to about
0.4mm in diameter when the pillow was removed. Mice in
the sham group were subjected to skin incisions and blunt
separation without constriction of the aorta. The chest cavity
was closed and the skin disinfected with iodophor. Postsur-
gery, penicillin was injected intraperitoneally to prevent
infection. Echocardiography was performed one week after
TAC surgery to confirm the position of the ligation thread.
Mice in the sham+NR and TAC+NR groups were given
NR by daily oral gavage at a dose of 400mg/kg/d for 8 weeks.

2.2.2. Tissue Collection and Measurement. Eight weeks
postsurgery, mice were fasted for 12 hours, weighed, and
anesthetized by intraperitoneal injection of 2% sodium
pentobarbital. Blood was taken from the carotid artery, and
the heart and lungs were removed and weighed. The
heart/body mass ratio (HW/BW): heart mass (mg)/body
mass (g) and lung/body mass ratio (LW/BW): lung mass
(mg)/body mass (g) were calculated. After standing for 15
minutes, carotid blood was centrifuged at 2,000g for 10min
to harvest serum. The activity of the myocardial injury
marker, lactate dehydrogenase (LDH), was measured spec-
trophotometrically using a commercially available kit (Jian-
cheng Bioengineering Institute, Nanjing, China). Levels of
IL-1β and TNF-α in myocardial tissue were measured using
ELISA kits according to the manufacturer’s instructions.

2.2.3. Evaluation of Heart Function by Echocardiography. A
Vevo 2100 ultrasound echocardiography system (Visual-
Sonics, Toronto, Canada) was used to evaluate cardiac func-
tion. In brief, mice were anesthetized with isoflurane
throughout. The heart was imaged in the two-dimensional
parasternal short-axis view and an M-mode echocardiogram
of the midventricle produced. Detailed procedures are as
reported previously [11].

2.2.4. Measurement of Myocardial Oxidative Stress. Dihy-
droethidium (DHE) staining was used to evaluate the
production of myocardial reactive oxygen species (ROS) in
response to TAC. Briefly, frozen tissue sections were incu-
bated with DHE solution for 30min in the dark at 37°C. Cell
nuclei were counterstained by DAPI (1mg/mL) for 5min.
After washing, the slides were visualized under a laser scan-
ning confocal microscope (Olympus FV1200, Olympus,
Tokyo, Japan). Three replicate sections were analyzed to cal-
culate the mean data.

Levels of malondialdehyde (MDA) and activities of
superoxide dismutase (SOD) in myocardial tissue were mea-
sured with commercial assay kits (Beyotime, Shanghai,
China), according to the manufacturer’s instructions.
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2.2.5. ELISA Assay. Levels of inflammatory cytokines, IL-1β
and TNF-α, were measured in myocardial tissue using com-
mercial ELISA kits (IL-1β and TNF-α ELISA kit: abs520001,
Abison Shanghai Biotechnology Co., Ltd., China), according
to the manufacturer’s instructions. Each sample was tested
in triplicate.

2.2.6. Sirtuin3 Activity. The Sirtuin3 activity was analyzed
using a commercial kit (Sirtuin3 Activity Assay Kit, Abcam,
Cambridge, MA, USA), according to the manufacturer’s
instructions. Fluorescence at Ex/Em = 340 – 360/440 – 460
nm was measured using a microplate reader. Sirtuin3 activ-
ities are presented relative to the sham group.

2.2.7. Quantitative Real-Time PCR. Quantitative real-time
PCR was performed as described previously [11]. Briefly,
total RNA was isolated from myocardial tissue, and cDNA
was synthesized using a QuantiTect reverse transcription
kit (Qiagen, Hiden, Germany). A real-time PCR procedure
was performed using the KAPA SYBR FAST qPCR Kit
(KAPA Biosystems, Woburn, MA, USA). Primer sequences
are listed in Table 1. Forty cycles of amplification for genes
encoding ANP and BNP were carried out (94°C for 30 s,
60°C for 60 s, and 72°C for 1min). Relative mRNA expressions
were calculated by the ΔΔCT method using the 7500 System
SDS Software Version 1.2.1.22 (Applied Biosystems). GAPDH
(housekeeping gene) was included as an internal standard.

2.2.8. Western Blotting. In brief, heart tissue was collected
into Eppendorf tubes. Proteins were extracted by homoge-
nizing tissue in RIPA buffer (Thermo RIPA buffer, Thermo
Fisher Scientific, Waltham, MA) containing 1% Thermo
Scientific Halt Protease Inhibitor Cocktail. Protein quantifi-
cation was performed using the Thermo Scientific Pierce
BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham,
MA). For the Western blot assay, the tissue homogenate was
loaded onto SDS-PAGE gels; bands were transferred to the
NC membrane (Millipore, Billerica, MA) and blocked with
5% adipoprotein, followed by incubation with the primary
antibody at 4°C overnight (Caspase-1, Caspase-1 pro,
NLRP3, ASC, GSDMD, Sirtuin3, MnSOD, MnSOD-acetyl
K68, and β-actin (1 : 2000)). Membranes were washed with
TBST solution and incubated with corresponding secondary
antibody for 1 h at room temperature. Bands were visualized
by a chemiluminescence detection kit (Thermo Electron
Corp, Rockford, IL) and analyzed with ImageJ software
(NIH ImageJ System, Bethesda, MD).

2.2.9. Statistics. All data were statistically analyzed with
Prism 6.0 software. The experimental data are expressed as
the mean ± standard deviation ðmean ± SDÞ. Data compari-
son was performed by one-way ANOVA analysis, followed
by Tukey’s analysis. P < 0:05 is considered to be the thresh-
old for statistical significance.

3. Results

3.1. NR Attenuated the Myocardial Hypertrophy Markers in
TAC Mice. The results of ultrasound echocardiography,
performed one week after TAC, are shown in Figure 1(a).

The aorta was narrowed in the TAC group compared with
the sham group. The effects of NR treatment on markers
of myocardial hypertrophy, including cardiac mass index,
ANP and BNP level, and LDH activity, were evaluated 8
weeks after TAC surgery. As shown in Figures 1(b) and
1(c), the HW/BW and LW/BW ratios in the TAC group
(HW/BW: 5:342 ± 0:323 and LW/BW: 8:397 ± 0:320) were
significantly higher than that in the sham group
(4:771 ± 0:122; P < 0:05 and 6:426 ± 0:253; P < 0:05). NR
treatment significantly reduced the ratios. The TAC+NR
group had HW/BW: 5:011 ± 0:109 and LW/BW: 7:544 ±
0:332 compared with 5:342 ± 0:323 and 8:397 ± 0:320, respec-
tively, for the TAC group (P < 0:05). Levels of ANP and BNP
were lower in the NR+TAC group compared with the TAC
group (ANP: 1:32 ± 0:08 vs. 1:76 ± 0:06; P < 0:05; BNP: 1:74
± 0:05 vs. 2:31 ± 0:06; P < 0:05), indicating that NR treatment
significantly improved the myocardial hypertrophy induced
by TAC (Figure 1(d)). TAC caused an increase in activities
of the cardiac injury marker, LDH, compared with the sham
group (TAC: 2978 ± 332U/L vs. sham: 1268 ± 219U/L; P <
0:05), and activities were reduced on treatment with NR
(TAC+NR: 2300 ± 221U/L; P < 0:05) (Figure 1(e)).

3.2. NR Alleviated the Cardiac Dysfunction Caused by TAC.
Heart structure and function were evaluated by ultrasound
echocardiography. Figure 2(a) shows the M-mode echocar-
diograms of the midventricle at the level of the papillary
muscles. There was no significant difference in the mouse
heart rate (HR) among groups with the HR ranging from
400 to 450 bpm (Figure 2(b)). The ejection fraction (EF)
and fractional shortening (FS) were markedly decreased in
the TAC group (EF: TAC: 59:2 ± 4:2 vs. sham: 75:8 ± 2:3;
FS: TAC: 32:3 ± 2:2 vs. sham: 50:1 ± 1:6; P < 0:05), suggest-
ing impaired myocardial function induced by TAC. NR
treatment restored the left ventricular systolic function of
TAC mice (EF: TAC+NR: 64:3 ± 2:1 vs. TAC: 59:2 ± 4:2;
FS: TAC+NR: 43:2 ± 2:3 vs. TAC: 32:3 ± 2:2; P < 0:05)
(Figures 2(c) and 2(d)). As is shown in Figures 2(e)–2(g),
TAC caused changes in the structure of the mouse heart, man-
ifested as left ventricular end-diastolic dimension (LV EDD),
left ventricular end-systolic dimension (LV ESD), and left ven-
tricular wall thickness (LV wall thickness) increases (LV EDD:
TAC: 4:096 ± 0:122 vs. sham: 3:379 ± 0:092; LV ESD: TAC:
2:071 ± 0:096 vs. sham: 1:400 ± 0:115; LV wall thickness:
TAC: 1:428 ± 0:040 vs. sham: 1:156 ± 0:066; P < 0:05). NR
treatment significantly improved TAC-induced changes in
cardiac structure (LV EDD: TAC+NR: 3:644 ± 0:154 vs.
TAC: 4:096 ± 0:122; LV ESD: TAC+NR: 1:676 ± 0:087 vs.
TAC: 2:071 ± 0:096; LV wall thickness: TAC+NR: 1:288 ±
0:023 vs. TAC: 1:428 ± 0:040; P < 0:05).

3.3. NR Inhibits the NLRP3 Inflammasome Activation and
Inflammatory Cytokine Expression Induced by TAC. The
results of ELISA and Western blot measurements of inflam-
matory cytokines are shown in Figure 3. Levels of inflamma-
tory factors, IL-1β and TNF-α, were increased in the
myocardial tissue of the TAC group (IL-1β: TAC: 267:58
± 10:23 vs. sham: 195:32 ± 6:23; P < 0:05; TNF-α: TAC:
472:9 ± 17:30 vs. sham: 312:2 ± 18:11; P < 0:05), and NR
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treatment significantly reduced these levels (IL-1β: TAC
+NR: 233:17 ± 7:12 vs. TAC: 267:58 ± 10:23; P < 0:05;
TNF-α: TAC+NR: 366:9 ± 13:40 vs. TAC: 472:9 ± 17:30;
P < 0:05). Western blot results (Figure 3(c)) showed that
the ratio of Caspase-1/Caspase-1 pro in the myocardium of
the TAC group increased (P < 0:05), along with the expres-
sion of cleaved GSDMD and NLRP3 protein. NR treatment
reduced the expression of NLRP3 and cleaved GSDMD,
along with Caspase-1 activation in the TAC+NR group
(P < 0:05). These results demonstrate the inhibitory effects
of NR on the inflammasome activation induced by TAC.

3.4. NR Alleviated TAC-Induced Oxidative Stress. Mitochon-
drial ROS production was measured via DHE staining of
myocardial tissue. Figures 4(a) and 4(b) show that the
DHE fluorescence intensity was increased in the TAC myo-

cardial tissue (P < 0:05), an effect which was reduced by NR
treatment (P < 0:05). In addition, the myocardial MDA level
was elevated in the TAC group compared with the sham,
suggesting severe oxidative stress (P < 0:05). NR treatment
reduced MDA levels (P < 0:05, Figure 4(c)). Furthermore,
TAC also impaired the activity of the myocardial antioxi-
dant enzyme, SOD, the activity of which was restored by
NR treatment (P < 0:05, Figure 4(d)).

3.5. NR Regulates NLRP3 Inflammasome Activation through
the NAD+-Sirtuin3-MnSOD Axis. The therapeutic effective-
ness of NR is dependent on the NAD+ pool. Figure 5(a)
shows that NAD+ content was reduced in the myocardial
tissue of the TAC group (P < 0:05), an effect which was ame-
liorated by NR treatment (P < 0:05). Moreover, the TAC-
induced reduction of Sirtuin3 protein was also ameliorated

Table 1: Primer sequences for real-time PCR.

Forward primer Reverse primer

ANP GCTTCCAGGCCATATTGGAGCA TCTCTCAGAGGTGGGTTGACCT

BNP ATGGATCTCCTGAAGGTGCTGT GCAGCTTGAGATATGTGTCACC

GAPDH GGCACAGTCAAGGCTGAGAATG ATGGTGGTGAAGACGCCAGTA
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Figure 1: NR attenuates the myocardial hypertrophy markers in TAC mice. (a) Narrowed aorta (red arrow) in the TAC group. (b) The
HW/BW ratio in the TAC+NR group was significantly reduced compared with the TAC group (5:011 ± 0:109 vs. 5:342 ± 0:323, P < 0:05).
(c) NR reduced TAC-induced LW/BW ratio augmentation (7:544 ± 0:332 vs. 8:397 ± 0:320, P < 0:05). (d) NR significantly reduced ANP
and BNP in TAC mice (ANP: 1:32 ± 0:08 vs. 1:76 ± 0:06, P < 0:05; BNP: 1:74 ± 0:05 vs. 2:31 ± 0:06, P < 0:05). (e) NR treatment reduced
LDH level in hypertrophied mice (2300 ± 221 vs. 2978 ± 332U/L, P < 0:05). TAC: transverse aortic constriction; HW/BW: heart/body
mass ratio; LW/BW: lung/body mass ratio. ∗P < 0:05 vs. sham group; #P < 0:05 vs. TAC group.
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by NR treatment (P < 0:05, Figure 5(b)). MnSOD is the
regulatory substrate of Sirtuin3 and a key protein in the
regulation of cellular oxidative stress. Figure 5(c) shows that
levels of ac-MnSOD protein increased after TAC treatment,
an effect which was partially reversed by NR treatment
(P < 0:05). These changes are consistent with the altered
levels of Sirtuin3 activity.

4. Discussion

In the present study, we have demonstrated that NLRP3
inflammasome activation, along with accompanying secre-

tion of cytokines, contributed to the progression of cardiac
hypertrophy in a TAC mouse model. Furthermore, our data
established the therapeutic potential of NR, an NAD+

booster which can be administered orally through the diet.
The underlying mechanism was revealed to involve the
Sirtuin3-MnSOD signaling pathway and its inhibition of
the NLRP3 inflammasome.

Individuals with cardiac hypertrophy are vulnerable to
heart failure and arrhythmia as a result of pathological
cardiac remodeling [12]. Hence, there is an urgent need to
investigate the mechanistic causes of hypertrophic progres-
sion. Previous studies have implicated inflammatory
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Figure 2: NR significantly alleviates the cardiac dysfunction caused by TAC. (a) The M-mode echocardiograms of the midventricle at the
level of the papillary muscles. (b) There was no significant difference in mouse heart rate (HR) among groups (P > 0:05). (c, d) NR treatment
significantly improved the left ventricular systolic function of TAC mice (EF: 64:3 ± 2:1 vs. 59:2 ± 4:2; FS: 43:2 ± 2:3 vs. 32:3 ± 2:2, P < 0:05).
(e–g) NR treatment significantly improved TAC-induced changes in cardiac structure (LV EDD: 3:644 ± 0:154 vs. 4:096 ± 0:122; LV ESD:
1:676 ± 0:087 vs. 2:071 ± 0:096; LV wall thickness: 1:288 ± 0:023 ± 1:428 ± 0:040, P < 0:05). HR: heart rate; EF: ejection fraction; FS:
fractional shortening; LV EDD: left ventricular end-diastolic dimension; LV ESD: left ventricular end-systolic dimension. ∗P < 0:05 vs.
sham group; #P < 0:05 vs. TAC group.
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processes in the pathophysiology of cardiac hypertrophy,
and the identification of such mechanisms exposes potential
targets for pharmacological modulation [13, 14]. NLRP3 is a
pattern recognition receptor (PRR) which allows the cell to
respond to danger signals. Activated NLRP3 interacts with
adapter apoptosis-associated speck-like protein containing
a C-terminal caspase recruitment domain (ASC) to form
the NLRP3 inflammasome which activates Caspase-1 and
results in the production of proinflammatory cytokines
[15]. The current study establishes the presence of excessive
NLRP3 inflammasome activation in TAC-induced cardiac
hypertrophy and dysfunction. Inhibition of the NLRP3
inflammatory response had a beneficial impact on the
hypertrophic heart. The findings of previous work have also
suggested that selective NLRP3 inflammasome inhibition

has a cardioprotective effect, reducing the risk of heart fail-
ure or other cardiovascular diseases [16, 17]. However, there
is a certain degree of controversy surrounding these conclu-
sions. Li et al. reported opposing findings that NLRP3
expression was downregulated during the hypertrophic
process and the deficiency of NLRP3 exacerbated pressure
overload-induced cardiac remodeling [18]. However, the
apparent discrepancy between these results and the conclu-
sions of the current study may be explained by the effect of
NLRP3 protein on downregulating Toll-like receptor (TLR)
4 and does not take into account the more wide-ranging role
of the complete NLRP3 inflammasome. The balance of opin-
ion is predominantly in favor of the detrimental effect that
the NLRP3 inflammasome contributes to the pathological
process of cardiovascular disease and acknowledges that
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Figure 3: NR inhibits NLRP3 inflammasome activation induced by TAC. (a, b) NR significantly reduced the levels of high inflammatory
factors caused by myocardial hypertrophy (IL-1β: 233:17 ± 7:12 vs. 267:58 ± 10:23; TNF-α: 366:9 ± 13:40 vs. 472:9 ± 17:30, P < 0:05). (c)
Western blot results showed that NR treatment significantly reduced the Caspase-1/Caspase-1 pro and cleaved GSDMD expression in
TAC mice (P < 0:05). Furthermore, NR markedly reduced the NLRP3 expression in the TAC+NR group (P < 0:05). There was no
significant difference in ASC expression (P > 0:05). NR: nicotinamide riboside. ∗P < 0:05 vs. sham group; #P < 0:05 vs. TAC group.
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the NLRP3 inflammasome is a promising therapeutic
target [19, 20].

NAD+ is an abundant molecule which is ubiquitous in
its participation in biological processes [21]. In the last
decade, there has been renewed interest in NAD+ as a result
of its association with the Sirtuins (Sirtuin1–7), a family of
NAD-dependent protein deacylases [22]. Levels of NAD+

are considered to decrease with age, and pathological condi-
tion and NAD+ supplementation have been suggested as a
therapy for cardiovascular diseases [23]. The findings of the
current study indicate that levels of NAD+ were reduced in
the TAC mouse model. Supplementation with NR, a pharma-
cological NAD+ precursor, contributed to the restoration of
heart function and remodeling. A previous clinical study has
reported that a single oral dose of 1000mgNR raised the blood
NAD+ level by 2.7-fold, demonstrating the feasibility of NAD+

supplementation for the human patient [23]. More recently,
Zhou et al. have reported attenuated proinflammatory activa-
tion of heart failure in patients given oral NR to augmentNAD
levels [24]. Collectively, these studies indicate great potential

for clinical NAD+ repletion in the treatment of cardiovascular
disorders. Further research is necessary to clarify the therapeu-
tic potential of NAD+ booster treatment to ameliorate cardiac
hypertrophy in patients.

The current study also explored the relationship between
NAD+ supplementation and NLRP3 inflammasome activa-
tion in hypertrophic hearts. Generation of mitochondrial
ROS is considered a key to NLRP3 inflammasome activation
[25, 26]. Thus, we considered the possibility that regulation
of oxidative stress might favorably orchestrate NLRP3
inflammatory responses. We found that NR supplementa-
tion attenuated TAC-induced myocardial oxidative stress,
and this showed a consistent relationship with NLRP3
inflammasome activation. These findings strongly suggest
that the inhibitory effect of NR on the NLRP3 inflamma-
some could be attributed to mitochondrial ROS production.

Previous studies have revealed reduced Sirtuin3 expres-
sion and elevated lysine acetylation of mitochondrial pro-
teins in models of hypertensive heart failure, indicating an
association of impaired Sirtuin3 activity with pathological
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Figure 4: NR alleviates TAC-induced oxidative stress. (a) Myocardial DHE staining images. Scale bar: 100 μm. (b) DHE fluorescence
intensity revealed that NR treatment markedly reduced the augmentation of superoxide generation in the TAC+NR group (P < 0:05). (c)
NR treatment markedly attenuated the increased MDA content level in TAC mice (P < 0:05). (d) NR restored the impaired SOD activity
in TAC mice (P < 0:05). ∗P < 0:05 vs. sham group; #P < 0:05 vs. TAC group.
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cardiac remodeling [27]. Our findings demonstrated that
boosting NAD+ levels through NR supplementation caused
elevated Sirtuin3 activity and deacetylation of MnSOD and
alleviated TAC-induced myocardial oxidative stress. These
findings from the current study are in agreement with
preclinical data reported by Lee et al. who found that
normalization of the NADH/NAD+ imbalance attenuated
mitochondrial protein hyperacetylation in heart failure
models [9]. The current study identified that the beneficial
effect of Sirtuin3 was mediated by Mn superoxide dismutase
(MnSOD), a superoxide scavenger, with reduced superoxide
production resulting in attenuation of oxidative stress. How-
ever, a previous study by Diguet et al. observed that dietary
NR supplementation attenuates the development of HF in
mice without an impact on global cardiac protein deacetyla-
tion, and they observed robustly increased acetylation levels
of FOXO1 and p53 transcription factors. By contrast, we
have presented evidence that NR causes elevated myocardial
Sirtuin3 activity and decreased acetylation level of MnSOD
[28]. There are a number of acetylases and deacetylases,
some of which are NAD+-dependent while others are
NAD+-independent. Further preclinical and clinical investi-
gations of the impact of augmented NAD+ on protein acet-
ylation are warranted.

The present study confined the analysis to the activity of
Sirtuin3, a member of the larger family of Sirtuin proteins.
Sirtuins1-7 are major downstream mediators of the NAD+

regulation of biological processes [22]. There have been
several studies which have reported the NAD+-dependent
activation of Sirtuin1 and Sirtuin6 following supplementa-
tion with NR [29–31]. It is conceivable that other members
of the Sirtuin family are also targets for NR supplementation
in the context of the TAC model. Further investigations are
required to better understand the effects and underlying
mechanisms involved in NAD+ booster treatment.

5. Conclusions

Taken all together, the findings of the present study demon-
strate the utility of NR as a booster for NAD+ levels in atten-
uating cardiac hypertrophy induced by pressure overload.
We have revealed a mechanism associated with reduced
oxidative stress and inhibition of NLRP3 inflammasome
activation via the Sirtuin3-MnSOD signaling pathway. We
conclude that NR, an NAD+ booster that can be given
through the diet, has great promise as a novel therapeutic
intervention for cardiac hypertrophy.
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Figure 5: NR regulates the NAD+-Sirtuin-MnSOD axis. (a) The NAD+ content was reduced in TAC grouped myocardium, while NR
significantly elevated the NAD+ content in the TAC+NR group (P < 0:05). (b) NR treatment can significantly increase the activity of
Sirtuin3 protein in the TAC+NR group (P < 0:05). (c) Western blot results show decreased Sirtuin3 expression in the TAC and TAC
+NR groups (P < 0:05). The acMOD protein level in the myocardial tissue of mice was significantly increased in the TAC group, while
NR treatment can significantly reduce the acMOD protein level (P < 0:05). ∗P < 0:05 vs. sham group; #P < 0:05 vs. TAC group; &P < 0:05
vs. sham+NR group.
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Atherosclerosis is a chronic lipid-driven inflammatory disease that results in the formation of lipid-rich and immune cell-rich
plaques in the arterial wall, which has high morbidity and mortality in the world. The mechanism of atherosclerosis is still
unclear now. Potential hypotheses involved in atherosclerosis are chronic inflammation theory, lipid percolation theory,
mononuclear-macrophage theory, endothelial cell (EC) injury theory, and smooth muscle cell (SMC) mutation theory. Changes
of phospholipids, glucose, critical proteins, etc. on mitochondria-associated endoplasmic reticulum membrane (MAM) can
cause the progress of atherosclerosis. This review describes the structural and functional interaction between mitochondria and
endoplasmic reticulum (ER) and explains the role of critical molecules in the structure of MAM during atherosclerosis.

1. Introduction

Atherosclerosis remains a leading cause of cardiovascular
disease worldwide [1]. In the early stage of atherosclerosis,
a large number of foam cells derived from macrophages
and SMCs gather in the arterial intima lesions, forming dots
or stripes of yellow fatty streaks [2]. As the disease progresses,
fatty streaks will develop into fibrous plaques containing a
large number of collagen fibers, foam cells, SMCs, extracellu-
lar matrix, and inflammatory cells [3]. In the end-stage of
atherosclerosis, the deep cells of the fibrous plaque become
necrotic and develop into atheromatous plaque (also named
atheroma), with granulation tissue, a small number of
lymphocytes, and foam cells [4]. Secondary changes such as
plaque hemorrhage, rupture, thrombosis, calcification, aneu-
rysm, and vascular lumen stenosis will occur during athero-
sclerosis [5]. The exact cause of atherosclerosis remains
unclear. Hyperlipidemia, hypertension, smoking, diabetes,
hyperinsulinemia, hypothyroidism, genetic factors, age, gen-
der, obesity, and other factors are all considered risk factors
for atherosclerosis [1]. The mechanism of atherosclerosis
has not been well clarified. Cumulative low-density lipopro-
tein (LDL) arterial burden is a central determinant for the
initiation and progression of atherosclerosis [6]. In the arte-

rial intima, where plaque is easy to form, it is easy to retain
and accumulate cholesterol-rich apolipoprotein B- (apoB-)
containing lipoproteins (including LDL, their remnants,
intermediate-density lipoprotein (IDL), and lipoprotein (a))
[1]. LDL could penetrate into the arterial intima exhibiting
a strong atherosclerotic effect. With a weak antioxidant effect,
LDL could further aggravate atherosclerosis after entering
the lipid-rich atheromatous plaque. Various cardiovascular
risk factors such as hyperlipidemia, diabetes, and vascular
inflammation can induce endothelial cells damage and apo-
ptosis during atherosclerosis [7]. Chronic inflammation
driven by lipid is intimately involved in all stages of athero-
sclerosis progression. The infiltration and modification of
the inner membrane of plasma-derived lipoproteins and
their uptake are mainly from macrophages, which then form
lipid-filled foam cells, triggering the formation of atheroscle-
rotic lesions, while apoptotic cells and foam cells lack effec-
tive removal leading to the progression of the disease [8]. B
cells, T cells, and some inflammatory factors also play a
critical role in atherosclerosis [9–11]. Pan et al. combined
SMC fate mapping and single-cell RNA sequencing of both
mouse and human atherosclerotic plaques a novel cell state
during SMC phenotypic switching and potential therapeutic
targets for atherosclerosis [12]. Researches based on proteomics
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proves atherosclerotic samples had significant reductions in
mitochondrial protein abundance [13]. Prolonged ER stress
is an important cause of macrophage and possibly EC apopto-
sis in advanced lesions [14]. Additional ER stress–mediated
proinflammatory effects in these cells may also affect early
atherogenesis [14].

As the site of oxidative phosphorylation, the double-
membrane organelle, mitochondria provide a highly efficient
route for eukaryotic cells to generate ATP from energy-rich
molecules [15]. Mitochondria are not only the hub of biosyn-
thesis, they can also balance redox equivalents and can also
manage wastes such as ammonia, reactive oxygen species
(ROS), and hydrogen sulfide [16]. The ER is a central intra-
cellular organelle responsible for various key functions,
including protein synthesis, folding, posttranslational modi-
fication and transportation; lipid and steroid synthesis; mem-
brane synthesis and transportation; the metabolism of drugs
and xenobiotics; the storage and release of intracellular Ca2+;
the regulation of gene expression and energy metabolism;
and the signaling to the nucleus, cytoplasm, mitochondria,
and plasma membrane [17]. ER has a broad localization
throughout the cell and forms direct physical contact with
all other classes of membranous organelles, including the
mitochondrial membrane [18]. ER and the mitochondrial
membrane are closely connected in structure (called MAM,
which has the properties of a lipid raft) and are highly related
in function, regulating lipid metabolism, signaling transduc-
tion, the regulation of Ca2+ signaling, and the control of
mitochondrial and ER biogenesis and intracellular transport
[19]. The communication imbalance between ER and mito-
chondria will affect the function of MAM (Figure 1), which
will lead to the occurrence of diseases.

Atherosclerosis has been associated with mitochondria
dysfunction and damage, as well as ER stress [13, 20–22].
Studies have shown that the occurrence and development
of atherosclerosis are closely related to the molecular changes
on MAM [23]. This review is aimed at discussing the role of
MAM structure and function in the pathophysiological pro-
cess of atherosclerosis; it also clarifies how atherosclerosis-
related proteins affect the structure and function of MAM.

2. Structural and Functional Proteins of MAMs
Involved in Atherosclerosis

2.1. Calcium Signaling

2.1.1. IP3R-Grp75-VDAC1. The voltage-dependent anion
channel 1 (VDAC1) located in the outer mitochondrial
membrane interacts with the inositol 1,4,5-triphosphate
receptor (IP3R) on the ER through the glucose regulatory
protein 75 (Grp75) (molecular chaperone), allowing Ca2+

from the ER is transferred to the mitochondria [24]. During
the development of atherosclerosis, apoE may open the mito-
chondrial permeability transition pore (MPTP) through the
interaction of apoE and VDAC1, thereby playing an impor-
tant role in mitochondrial dysfunction induced by negatively
charged LDL [25]. The secretion of apoE by macrophages
occurs through protein kinase A (PKA) and Ca2+-dependent

pathways along the microtubule network, and its specific
expression can prevent atherosclerosis [26].

2.1.2. SERCA-Ca2+. Sarco ER Ca2+-ATPase (SERCA),
located in ER, is recognized as the main pump system that
controls the cytoplasmic Ca2+ of muscle cells. This system
could induce relaxation of Ca2+ from the cytosol. For each
ATP hydrolyzed, SERCA pumps in two Ca2+ and releases less
than four H+ into the cytoplasm, which indicates that the
transport reaction is partially electrically induced [27]. Mito-
chondria can store large amounts of Ca2+ in its matrix. This
feature only has a temporary effect, because if the mitochon-
dria are forced to continuously accumulate Ca2+, they will
not synthesize ATP, and ultimately deprive the Ca2+ pump
of the energy necessary to remove Ca2+ from the cytosol,
thus, triggering a vicious circle and aggravating Ca2+ produc-
tion [27, 28]. Adenosine 5′-monophosphate- (AMP-) acti-
vated protein kinase (AMPK) acts as a physiological
inhibitor of ER stress by maintaining SERCA activity and
intracellular Ca2+ homeostasis, thereby alleviating the pro-
gression of atherosclerosis [29].

2.2. Mitochondria and ER Dynamics

2.2.1. MFNs. Mitofusin (MFN), a membrane-bound
dynamin-like protein named after its mitochondrial fusion
activity, locating on the outer mitochondrial membrane
(OMM) and mediates the merging of opposing OMMs in a
GTP-dependent manner [30]. There are two types of MFNs
in mammals, namely, MFN1 and MFN2, which have differ-
ent roles in mediating OMM fusion. Both localize to OMM,
while a small proportion of MFN2 is located at ER mem-
branes. They form a complex in vitro in terms of structure
and function, which has a greater fusion effect on isolated
mitochondria [31]. MFN-mediated anchoring of mitochon-
dria to transport proteins may contribute to mitochondrial
motility [32]. MFN2 is a major (but not the only) protein
tether linking mitochondria to ER/sarcoplasmic reticulum
(SR) is substantial, perhaps incontrovertible [33, 34].
Mitochondrial-localized AIBP is related to MFN1 and
MFN2 through its N-terminal domain and regulates their
ubiquitination, thereby enhancing mitochondrial autophagy
and participating in mitochondrial quality control, protect-
ing macrophages from cell death in atherosclerosis [35].
Flavonoid binding protein 4 (FBP4) inhibits the expression
of MFN1 in human aortic endothelial cells, but enhances
the expression of dynamin-related protein1 (Drp1) and
mitochondrial fission protein 1 (Fis1), suggesting mitochon-
drial fusion and fission dynamics are impaired, which
induces oxidative damage of blood vessels and promotes
the development of atherosclerosis [36].

2.2.2. BAP31-Fis1-Drp1. There is an interaction between the
resident ER protein B cell receptor-associated protein 31
(BAP31), which is involved in the initiation of mitochondrial
fission process and the OMM mitochondrial fission 1(Fis1)
protein [37]. In the fission cycle, Drp1 first binds to the mito-
chondrial fission factor (Mff) on the mitochondrial surface
and then enters the complex containing Fis1 and BAP31 at
the ER-mitochondrial interface, thereby inducing
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mitochondrial fission and downstream degradation [38].
Studies have confirmed that in the receptor for advanced gly-
cation end products (RAGE) mice, increased mitochondrial
fragmentation and increased expression of mitochondrial
fission proteins Drp1 and Fis1 may promote the clearance of
damaged mitochondria, thereby attenuating vascular oxida-
tive stress and atherosclerosis caused by high-fat diet [39]. In
human aortic endothelial cells induced by high glucose, mito-
chondrial fragmentation increased, Fis1 and Drp1 expression
increased, indicating that increased mitochondrial fission
may impair endothelial function by increasing reactive oxygen
species, causing the process of atherosclerosis [40].

2.3. Lipid Metabolism. ER is the main site of lipid biosynthe-
sis, but the synthesis and transportation of many kinds of
lipids need to be completed at this specific site–MAM. For
example, the unique pathway of intracellular phospholipid
transmembrane transport occurs on MAM; MAMmay serve
as a site for the synthesis of cholesterol and neutral lipids;
steroid production basically depends on the shuttle between
sterols and mitochondria; MAM can also be used as a trans-
port route for ceramide from ER into mitochondria [41].
MAM strictly regulates lipid transport between the ER and
mitochondria. Long-chain acyl-CoA synthase (ACSL4 or

FACL4) is a commonly used MAMmarker. ACSL4 is located
in MAM and plays an essential role in the regulation of mito-
chondrial fusion during cell steroid production [42]. Several
enzymes related to cholesterol metabolism and transport have
been found in MAM, including acetyl coenzyme A acetyl-
transferase 1 (ACAT1 or SOAT1) and acute regulatory pro-
teins for steroid production (StAR) [43]. Caveolin-1 (Cav1)
is an important regulator of cholesterol intracellular transport
and membrane organization and is also identified as a key
component of MAM. Loss of Cav1 gene in mice reduces the
stability of ER mitochondrial contact sites and the accumula-
tion of free cholesterol in MAM [44]. Macrophage cholesterol
efflux capacity is dramatically reduced by inhibition of mito-
chondrial ATP synthase [45]. But how macrophage-derived
foam cells control their energy metabolism is still unknown.
The overexpression of StAR affects the lipid and inflammatory
phenotypes of macrophages through cytochrome P450 27A1
(CYP27A1), liver X receptor β (LXRβ) activation pathway
and ATP-binding cassette transporter A1 (ABCA1/ABCG1)
mRNA and protein induction pathway and promotes the
efflux of cholesterol to apoA-I and/or high-density lipoprotein
(HDL) [46, 47]. In addition, the injection of a viral vector
expressing StAR into the tail vein of apoE (–/–) mice can
reduce aortic lipids and atherosclerosis [48].
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G
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Figure 1: Convergence of signal transduction and metabolism at the MAM. The signal pathways that play the main biological functions on
MAM including (1) calcium signaling (IP3R-Grp75-VDAC1 and SERCA-Ca2+) maintain the homeostasis of intracellular Ca2+and regulate
the mitochondria and ER functions; (2) mitochondria and ER dynamics (MFNs and BAP31-Fis1-Drp1) regulate the fission and fusion of
mitochondria thus regulating their functions; (3) MAM is the main place for the synthesis and transport of a variety of lipids; (4)
molecular chaperones (VAPB-PTPIP51 and Sig1R-GRP78) participate in the secretion, folding, transport, and activation of proteins; (5)
signal pathways such as PACS2-PSS1 can play other roles such as sorting and translocation.
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2.4. Molecular Chaperones

2.4.1. VAPB-PTPIP51. Vesicle-associated membrane
protein-associated protein B (VAPB) is an ER protein
enriched in MAM, and protein tyrosine phosphatase inter-
acting protein 51 (PTPIP51) is known as an OMM protein
[49, 50]. VAPB was shown to bind to PTPIP51 to form at
least some of the MAM tethers [51]. Regulating the expres-
sion of VAPB or PTPIP51 affects the Ca2+ exchange between
the ER and mitochondria [50, 51]. Knockdown of VAPB or
PTPIP51 by small interfering RNA (siRNA) decreases, while
overexpression significantly increases ER-mitochondrial
contact [51, 52]. A study showed that loosening ER-
mitochondria contacts via loss of VAPB or PTPIP51 induces
whereas tightening contacts by overexpression of VAPB or
PTPIP51 impairs basal autophagy [53]. Existing studies have
not found that VAPB or PTPIP51 are directly related to the
progression of atherosclerosis. Oxidative stress, ER stress,
and autophagy in macrophages are important causes of
macrophage apoptosis in late atherosclerotic lesions, which
can promote plaque necrosis, thereby exacerbating acute
atherosclerotic cardiovascular events [54, 55]. It can be
expected that future studies may find that autophagy caused
by VAPB or PTPIP51 may be related to atherosclerosis
caused by macrophage autophagy.

2.4.2. Sig1R-Grp78. Sigma-1 receptor (Sig1R) is an ER molec-
ular chaperone protein composed of 223 amino acids, which
is highly expressed on MAM [56]. When the cell is stimu-
lated by the outside, Sig1R can transfer from the ER to other
parts of the cell. Sig1R is known to play an important role in
many cellular activities such as ion channel activation,
protein kinase A activation, neurotransmitter release, and
inositol triphosphate receptor-mediated calcium transport
from the ER to mitochondria [57]. The ER lumen and glu-
cose regulatory protein 78/binding protein (Grp78 or BiP)
is a member of the heat shock protein 70 family, a molecular
chaperone and an ER stress sensor in MAM that aids in pro-
tein folding and secretion [58]. It folds the StAR transporting
cholesterol for delivery to the OMM [59]. Under physiologi-
cal conditions, Sig-1R forms a complex with Grp78 in MAM
[60]. During ER stress, unfolded or misfolded proteins aggre-
gate to dissociate and activate protein kinase R-like endoplas-
mic reticulum kinase (PERK), inositol-requiring enzyme
1(IRE1), activating Transcription Factor 6(ATF 6) and
GRP78, which in turn triggers downstream signal transduc-
tion pathways [61, 62]. Unfold protein response (UPR) pro-
duces adaptive or proapoptotic responses based on the
duration and/or intensity of stress [63]. The initial study
showed that ER stress caused by increased Grp78 is related
to the development of atherosclerotic lesions in apoE-/- mice
[64]. Anti-GRP78 autoantibodies induce endothelial cell acti-
vation and accelerate the development of atherosclerotic
lesions by activating the NF-κB pathway, thereby inducing
the expression of intercellular cell adhesion molecule-1
(ICAM-1) and vascular cell adhesion molecule-1 (VCAM-
1) [65]. Recently, ER stress has been introduced into clinical
applications: circulating GRP78/BiP is used as a sign of
metabolic diseases and atherosclerosis [66].

2.5. Other Functions

2.5.1. PACS2-PSS1. Phosphofurin acid cluster classification
protein 2 (PACS2) is a multifunctional sorting protein which
can interact with several cargo proteins and regulate their
position in MAM [67]. PACS2 can transport Bim (Bcl-2-like
protein 11) to lysosomes, participate in Ca2+ transfer from
ER to mitochondria through IP3R positioning, and can also
transport Bid (BH3 interaction domain) to mitochondria to
control the induction of apoptosis [68, 69]. In mammalian
cells, two different enzymes, phosphatidylserine synthase 1
(PSS1) and -2 (PSS2) in the MAM and the ER, perform de
novo synthesis of phosphatidylserine (PS) [70]. Overexpres-
sion of PACS2 increased the level of PSS1 in MAM, indicat-
ing that PACS2 and PSS1 are functionally related [69]. A
study found an increase in ER and mitochondria contacts
as in PACS-2-associated MAMs upon stimulation with
atherogenic lipids, while the disruption of MAM contacts
by PACS-2 knockdown impaired mitophagosome formation
and mitophagy, thus, potentiating VSMC apoptosis [23].

3. The MAM Hypothesis in the
Pathophysiological
Process of Atherosclerosis

3.1. The Role of MAM in the Development of Atherosclerosis
Caused by Lipid Infiltration. On the one hand, LDL can pen-
etrate the arterial intima and exhibit a strong atherosclerotic
effect. On the other hand, LDL has a weak antioxidant effect.
After entering the lipid-rich atherosclerotic plaque, it may
further aggravate atherosclerosis. Researchers found that
EC apoptosis induced by oxidized LDL (ox-LDL) is the initial
step of atherosclerosis and is related to calcium overload [71].
The accumulation of Ox-LDL can increase cell apoptosis,
accompanied by the increase of mitochondrial Ca2+, the loss
of mitochondrial membrane potential (MMP), the produc-
tion of ROS, and the release of cytochrome c [71]. PACS2
plays an important role in ox-LDL-induced EC apoptosis
by regulating the formation of MAM and the increase of
mitochondrial Ca2+, suggesting that PACS2 may be a prom-
ising target for atherosclerosis [71]. Recently, oxidized-LDL-
mediated foamy macrophages were shown to exhibit an
alternative mitochondrial metabolic switch from oxidative
phosphorylation (OxPHOS) to superoxide production [72].
The content of MAM increases in atherosclerosis [23].
PACS2 has also been shown to be upregulated after athero-
sclerotic lipid load in VSMC [23].

3.2. The Role of MAM in the Development of Atherosclerosis
Caused by Changes in VSMCs. The proliferation and migra-
tion of vascular SMCs (VSMCs) are one of the causes of
atherosclerosis. VSMCs are the main cell type in all stages
of atherosclerotic plaque. According to the “response to
injury” and “vulnerable plaque” hypotheses, contractile
VSMCs recruited from the media undergo phenotypic con-
version to proliferative synthetic cells that generate extracel-
lular matrix to form the fibrous cap and hence stabilize
plaques [73]. The first important components that contribute
to arterial stiffening are VSMCs, which not only regulate
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actomyosin interactions for contraction but mediate also
mechanotransduction in cell-extracellular matrix (ECM)
homeostasis [74]. Excessive saturated fatty acids have a dam-
aging effect on VSMCs. A study proved that saturated fatty
acids synthesized by the reaction of glycerol-3-phosphate
acyltransferase 4 (GPAT4) at the contact site of ω and
MAM can significantly inhibit the autophagic flux in
VSMCs, thereby contributing to vascular calcification and
apoptosis [75]. VSMC apoptosis accelerates atherogenesis
and the progression of advanced lesions, leading to athero-
sclerotic plaque vulnerability and medial degeneration,
suggesting MAM may be a new target to modulate VSMC
fate and favor atherosclerotic plaque stability [23]. In addi-
tion, knocking out NgBR can cause MAM destruction and
increase the phosphorylation of IPR3 through pAkt, is
accompanied by mitochondrial dysfunction, including
decreased Ca2+ respiration and mitochondrial superoxide,
and increased mitochondrial membrane potential and HIF-
1α nuclear localization, indicating that the dysregulation of
NgBR promotes VSMC proliferation through the destruction
of MAM and the increase of IPR3 phosphorylation, thereby
contributing to reduce Ca2+ and mitochondrial damage [76].

3.3. The Role of MAM in the Development of Atherosclerosis
Caused by Inflammation. Atherosclerosis is a chronic inflam-
mation of the blood vessel wall. Inflammation is not only
involved in the process of atherosclerosis but also causes
complications such as thrombus and plaque rupture. Con-
stituents of ox-LDL particles may induce inflammation and
furnish neo-epitopes that stimulate humoral and adaptive
immunity [77]. Many risk factors for atherosclerosis are
involved in the activation of inflammatory pathways. In turn,
inflammation can also change the function of arterial wall
cells by driving atherosclerosis. These extravascular sites of
inflammation can affect distant artery walls, as they release
soluble inflammatory mediators such as cytokines that can
activate cells in the intima [78, 79]. In macrophages from
patients with atherosclerosis, mitochondria consumed more
oxygen, generated more ATP, and built tight interorganelle
connections with the ER, forming MAM [80]. The transfer
of calcium through the MAM site continues to cause mito-
chondria to be overactive and depends on the inactivation
of glycogen synthase kinase 3b (GSK3b), which controls the
inflow of mitochondrial fuel, and therefore, represents a
potential therapeutic target for anti-inflammatory therapy
[80]. MAMs play a critical role in initiating inflammation
by acting as an inflammatory platform [81]. The destruction
of MAM in ECs attenuates mitochondrial damage, apoptosis,
and inflammation and increases the release of NO [82].
Endothelial Drp1 silencing can prevent leukocyte adhesion
and proinflammatory proteome induction, indicating that
there may be cross-communication between typical inflam-
matory pathways and mitochondrial fission [83].

3.4. The Role of MAM in the Development of Atherosclerosis
Caused by EC Injury. In a healthy state, when the lining of
vascular endothelial cells is intact, SMCs can protect arteries
from atherosclerosis and reduce endothelial inflammation;
but when the lining of endothelial cells is damaged, changes

in shear stress may directly affect the function of SMCs
[84]. Under multiple overstimulations such as vascular shear
stress, blood pressure, and cell mechanics, vascular endothe-
lial cells induce endothelial cell proliferation or death by
generating the degree of cytoskeleton deformation and reor-
ganization allowed by the geometric shape of its environment
[85, 86]. The injured endothelial cells secrete growth factors
such as monocyte chemoattractant protein 1 (MCP1),
platelet-derived growth factor (PDGF), and transforming
growth factor β (TGF-β) and continuously ingest the lipids
that enter the inner membrane and undergo oxidation to
form foam cells. Downregulation of adipocyte PPARγ can
activate ER stress through the TLR4 pathway to upregulate
the expression and secretion of the MCP1 gene, leading to
enhanced chemotaxis of macrophages [87]. In atherosclero-
sis, pretreatment with tunicamycin (Tm), an ER stress
inducer, significantly inhibited platelet-derived growth
factor- (PDGF-) BB-induced VSMC proliferation and migra-
tion in a dose-dependent manner without causing significant
apoptosis [88].

4. Conclusions

A large number of existing studies have described the struc-
ture and function of MAMs. MAM dysfunction has also
received increasing attention from researchers on the occur-
rence and development of atherosclerosis. Any disturbance
of calcium signaling, mitochondrial and ER dynamics, lipid
metabolism, and molecular chaperones are all involved in
the process of atherosclerosis. Atherosclerosis causes many
morbidities and deaths worldwide, including most myocar-
dial infarctions and many strokes, as well as disabling periph-
eral artery disease. This review describes the structural and
functional interaction between mitochondria and ER and
explains the role of critical molecules in the structure of
MAM during atherosclerosis. It is expected that researchers
can use MAM as one of the effective targets for the treatment
of atherosclerosis in the future.
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Background. Mitochondrial NADH dehydrogenase subunit 2 (MT-ND2) m. 5178C>A gene mutation has protective effects against
various diseases, but the molecular mechanism is still unclear. In previous study, we found a heteroplasmy level of MT-ND2 m.
5178C>A mutation in normotensive controls. Peripheral blood samples were obtained from essential hypertension individuals
carrying the mutation and healthy controls without gene mutation to establish immortalized lymphocyte lines. To investigate the
effect of the MT-ND2 m. 5178C>A gene mutation, comparative analyses of the two group cell lines were performed, including
measurements of cell proliferation, viability, ATP synthesis, mitochondrial oxidative stress, and oxidative phosphorylation. Results.
The cell proliferation rate and viability of the MT-ND2 m. 5178C>A mutant lymphocyte line were higher than those of the control
group. Mitochondrial functions of the MT-ND2 m. 5178C>A mutant lymphocyte were increased, including increased ATP
synthesis, decreased ROS production, increased mitochondrial membrane potential and Bcl-2 gene transcription and protein
translation, decreased Caspase 3/7 activity, and decreased early apoptosis and late apoptosis. The oxygen consumption rate (OCR)
of the mutant lymphocyte line was higher than that of the control group, including basal OCR, ATP-linked OCR, maximal OCR,
proton leak OCR, and reserve OCR, and there was no significant difference in nonmitochondrial OCR. The activity of
Mitochondrial Complex I of the mutant group was increased than that of the control group. Conclusions. The MT-ND2 m.
5178C>Amutation is a protectivemutation thatmay be related to improvement ofmitochondrial functions and decrease in apoptosis.

1. Background

Mitochondrial DNA (mtDNA) mutations have been reported
in many diseases such as Leber hereditary optic neuropathy
[1], maternally inherited deafness, aminoglycoside-induced
Deafness [2], mitochondrial encephalomyopathy, lactic acido-
sis, and stroke-like episodes [3]. Mitochondria are the main
site of oxidative phosphorylation (OXPHOS) in eukaryotic
cells. Each cell contains 100 to 1000 mitochondria, each con-
taining an independently encoded double-stranded circular

DNA. Human (mammalian) mtDNA has 16 569 base pairs
with 37 coding genes, including 22 mitochondrial transport
RNA (tRNA) genes, two ribosomal RNA (12r RNA and 16r
RNA) genes, and 13 peptides associated with the OXPHOS
respiratory chain complex [4]. Mitochondrial dysfunction
has been proved to be associated with many common human
diseases, including diabetes, coronary heart disease, and can-
cer; neurodegenerative changes; and aging [5] OXPHOS con-
tains approximately 90 proteins, and there is a close
association between genes that transcribe and translate
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OXPHOS-related proteins, including nuclear and mitochon-
drial genes, to maintain and regulate the metabolic processes
[6]. Further research found that the gene defect encoding
OXPHOS protein directly leads to impairedOXPHOS function,
further leading to a series of problems such as metabolic disor-
ders, and is one of the important causes of various diseases [7].
In our previous study, we found that there is a heteroplasmy
level of m. 5178C>A mutation between essential hypertension
(EH) and normotensive controls. The heteroplasmy level of
MT-ND2 m. 5178C>A in EH patients is much lower than that
in control subjects. The MT-ND2 m. 5178C>A polymorphism
of NADH dehydrogenase subunit 2 (ND2) 237Leu/Met was
first reported to be associated with longevity [8]. Recently, the
MT-ND2 m. 5178C>A mutation has been found to have pro-
tective effects in a variety of diseases such as myocardial infarc-
tion [9], cerebrovascular disease [10], type 2 diabetes [11], and
atherosclerosis [12]. However, the mechanism of how MT-
ND2 m. 5178C>A mutation associated with lots of diseases
has not been elucidated. Therefore, we enrolled five cases from
the EH group without MT-ND2 m. 5178C>A gene mutation
and control groups with m. 5178C>A gene mutation. The gen-
der, age, bodymass index, and laboratory indexes werematched
in two groups. Lymphoblastoid cell lines were immortalized by
transformation with Epstein-Barr virus from the peripheral
whole blood of each participant. Then, we investigated the
mechanisms of the MT-ND2 m. 5178C>A gene mutation in
cell and mitochondrial functions of lymphocyte lines to explain
the protective effect of MT-ND2m. 5178C>A genemutation in
the mechanism against EH.

2. Results

2.1. Clinical Characteristics. Basic clinical characteristics were
compared between mutant and control groups. Triglyceride,
SBP, and DBP were lower in the mutant group than in the
control group (Table 1).

2.2. Lymphocyte Line Viability and Proliferation. Mitochon-
drial gene sequence analyses revealed that the mutation
group carried the MT-ND2 m. 5178C>A gene mutation
(Figure 1(a)). A previous study showed that this site muta-
tion leads to amino acid substitution in the ND2-encoding
gene from leucine (Leu) to methionine (Met) [8].

To further investigate whether ND2 gene mutations
affect cell proliferation, we used the Epstein-Barr virus to
infect lymphocytes. Figure 1(b) shows the proliferation of
the two groups after infection. The nucleuses of the mutant
lymphocytes were more obvious under high magnification,
and the cell membrane boundaries were blurry (Figure 1(b)).
Proliferation of the mutant group was significantly higher
than that of the control group (34:67 ± 4:16 vs. 20:67 ± 3:06,
P = 0:009, Figure 1(c)).

2.3. Lymphocyte Line Proliferation. CCK-8 was used to com-
pare the cell viability of mutant and nonmutated lymphocyte
lines. Luciferin, the nonluminescent peptide, was transferred
to luminescent luciferase and ATP under the action of Cas-
pase 3/7, and the value of Caspase 3/7 is recorded by a Centro
LB90 microplate luminometer. The activities of the mutant

cells and control group were linearly related to the number
of cells. At the same cell number, the activity of the mutant
group was higher than that of the control group (P < 0:05,
Figure 1(d)).

2.4. Lymphocyte Line ATP Synthesis.Mitochondria are a cell’s
powerpacks. To determine whether mitochondrial gene
mutation affects the ability of oxidative phosphorylation
(OXPHOS) to synthesize ATP, we measured ATP produc-
tion by a luciferin/luciferase luminescence assay. There was
a linear correlation between ATP production and the cell
number in both mutant and control cell lines. ATP produc-
tion of the mutant cells was significantly higher than that of
the control group (P < 0:05, Figure 2(a)).

2.5. Lymphocyte Line ROS Synthesis.Mitochondrial oxidative
stress damage is the most important mechanisms of which
mitochondria regulate cell apoptosis. In our study, we mea-
sure the intracellular ROS production through fluorescent
probe DCFH-DA. The ROS production in the mutant cell
line was significantly lower than that in the control cell line
(39 ± 13:79 vs. 112:66 ± 23:13, P = 0:001, Figure 2(b)).

2.6. Mitochondrial Membrane Potential. Mitochondrial
membrane potential (ΔΨm) means the proton electrochemi-
cal gradient of mitochondrial membrane, which is reflective
of the functional metabolic status of mitochondria [13]. This
assay uses the ratio of red/green fluorescence of JC-10 Ex/
Em = 540/590 and 490/525 nm (FL590/FL525) to reflect
ΔΨm. The ΔΨm value of the mutant cell line was significantly
higher than that of the control group (0:0587 ± 0:0187 vs.
0:0469 ± 0:0165, P = 0:001, Figure 2(c)).

2.7. Apoptosis Protein Caspase 3/7 Activity. Another impor-
tant function of mitochondria is to regulate cell apoptosis

Table 1: The clinical characteristics compared between the mutant
and control groups.

Variables
mt5178C
(n = 5)

mt5178A
(n = 5) P value

Age (years) 55:3 ± 3:2 54:6 ± 3:1 0.734

Male, n (%) 4 (80.0) 4 (80.0) 1

BMI (kg/m2) 26:2 ± 3:5 24:1 ± 2:5 0.306

Smoking, n (%) 3 (60.0) 3 (60.0) 1

Drinking, n (%) 2 (40.0) 3 (60.0) 0.655

TC (mmol/L) 4:73 ± 0:63 4:27 ± 0:42 0.214

Triglyceride (mmol/L) 1:79 ± 0:14 1:18 ± 0:43 0.016∗

LDL (mmol/L) 2:75 ± 0:36 2:51 ± 0:17 0.214

HDL (mmol/L) 1:17 ± 0:36 1:28 ± 0:23 0.581

Creatinine (μmol/L) 82:91 ± 8:92 76:19 ± 9:42 0.280

BUN (μmol/L) 5:29 ± 0:14 4:42 ± 0:16 0.051

SBP (mmHg) 148:00 ± 14:00 115:00 ± 7:00 0.015∗

DBP (mmHg) 87:00 ± 7:00 76:00 ± 4:00 0.015∗

BMI: body mass index; TC: total cholesterol; LDL: low-density lipoprotein;
HDL: high-density lipoprotein; BUN: blood urea nitrogen; SBP: systolic
blood pressure; DBP: diastolic blood pressure. ∗ indicates P < 0:05.
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[14]. Caspase 3/7 is a specific molecular marker of apoptosis
[15]. There was a linear correlation between Caspase 3/7
expression and the cell number in both mutant and control
cells. At the same cell number, the expression level of Caspase
3/7 in the mutant group was significantly lower than that in
the control group (P < 0:05, Figure 3(a)).

2.8. The Expression of Proliferation and Apoptosis Genes and
Proteins. To evaluate the mechanism implicated in the MT-
ND2 m. 5178C>A gene mutation decreased apoptosis, we
measured the genes of apoptotic signal pathway through
transcription and the protein expression. The mutant group
showed increased Bcl-2 gene transcription compared with
control group (1:58 ± 0:063 vs. 1:00 ± 0:036%, P = 0:0014)
(Figure 3(b)). And mutant cells also showed increased Bcl-2
protein level than the control group (Figure 3(c)).

2.9. Apoptosis Assay. The apoptosis rate was detected by the
FITC Annexin V Apoptosis Detection Kit. Cells that are in
early apoptosis are FITC Annexin V positive and PI negative,
and cells that are in late apoptosis are both Annexin V and PI

positive. The living cell ratio of the mutant group was higher
than that of the control group (94:9 ± 4:9% vs. 74 ± 3:20%,
P = 0:0229, Figure 3(d)) when the total cell number was
almost the same. The early apoptosis and late apoptosis in
the mutant group are significant decreased than those in
the control group (3:6 ± 0:75% vs. 22:9 ± 3:00%, P = 0:0229;
0:76 ± 0:27% vs. 2:89 ± 0:42%, P = 0:0125, Figure 3(d)).

2.10. Mitochondrial OCR Assay. To assess whether the MT-
ND2 m. 5178C>A gene mutation affects mitochondrial
respiratory functions, we calculated OCR curves of mutants
and control cell lines after administration of various inhibi-
tors. Basal OCR refers to the difference in OCR after treat-
ment with rotenone and antimycin A before oligomycin
treatment, reflecting the basic OCR of mitochondria. The
basal OCR of the mutant group was increased by 42.3%
compared with that of the control group (104:39 ± 8:7 vs.
60:6 ± 8:14, P < 0:01, Figure 4).

ATP-linked OCR refers to the difference in OCR
between oligomycin treatment and posttreatment, reflect-
ing the OCR of mitochondrial OXPHOS coupling. The
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Figure 1: Cell activity and proliferation. (a) Partial sequence chromatograms with mutation at the ND2 5718 site. (b) The proliferation of the
two groups of immortalized lymphocyte lines. (c) Comparison of cell proliferation inmutant and control cell lines. Proliferation of the mutant
group was significantly higher than that of the control group. (d) Comparison of cell activity in mutant and control cell lines. CCK-8 was used
to compare the cell viability of mutant and nonmutated lymphocyte lines. At the same cell number, the activity of the mutant group was
higher than that of the control group. (∗P < 0:05).
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ATP-linked OCR of the mutant group was increased by
37.7% compared with the control group (50:1 ± 5:65 vs.
35:6 ± 5:03, P < 0:01, Figure 4).

The maximum OCR value refers to the difference
between the OCR when treated with FCCP and the nonmito-

chondrial OCR when treated with rotenone and antimycin A,
reflecting the buffering capacity of mitochondrial oxygen uti-
lization. The maximal OCR of the mutation group was
increased by 50.38% compared with the control group
(233:68 ± 35:5 vs. 115:94 ± 16:18, P < 0:01, Figure 4).
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Figure 2: Mitochondrial functions of mutant and control cell lines. (a) ATP synthesis: ATP production was measured by a luciferin/luciferase
luminescence assay. The ATP production of the mutant cells was significantly higher than the control group. (b) ROS synthesis: ROS
production was detected through fluorescent probe DCFH-DA by flow cytometry. ROS produced by the mutant cell line was significantly
lower than that in the control group. (c) Mitochondrial membrane potential: mitochondrial membrane potential reflects the functional
metabolic status of mitochondria which is calculated by the ratio of red/green fluorescence. The value of the mutant cell line was
significantly higher than control group. (∗P < 0:05).
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Figure 3: Proliferation and apoptosis of mutant and control cell lines. (a) Caspase 3/7 activity: Caspase 3/7 is a specific molecular marker of
apoptosis. The expression level of Caspase 3/7 in the mutant group was significantly lower than that in the control group. (b) The
transcription of proliferation and apoptosis genes: the mutant group showed increased Bcl-2 gene transcription compared with the control
group. But there was no significant difference between Bax and Cyclin D1 gene transcription. (c) The protein expression of proliferation
and apoptosis genes: the mutant cells showed increased Bcl-2 protein level. (d) Apoptosis assay: the apoptosis rate was detected by the
FITC Annexin V Apoptosis Detection Kit. The living cell ratio of the mutant group was higher than that of the control group. The early
apoptosis and late apoptosis in the mutant group are significantly decreased than those in the control group. (∗P < 0:05).
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Proton leak OCR refers to the remaining OCR after treat-
ment with rotenone and antimycin A, reflecting the rate of
oxygen consumption not used by mitochondria. The proton
leak OCR of the mutant group was increased by 78% com-
pared with that of the control group (45:16 ± 5:65 vs. 9:9 ±
6:27, P < 0:01, Figure 4).

Reserve OCR is the difference betweenmaximum and base
OCRs, reflecting the buffering capacity of mitochondrial oxy-
gen utilization. The reserve capacity of the mutation group
was increased by 57.2% compared with that of the control
group (129:41 ± 32:33 vs. 55:33 ± 16:47, P < 0:01, Figure 4).

Nonmitochondrial OCR refers to the remaining OCR
after treatment with rotenone and antimycin A, reflecting
the consumption rate of oxygen that is not used by mito-
chondria. The nonmitochondrial OCR of the mutant group
was increased by 28.2% compared with that of the control
group (17:17 ± 7:65 vs. 12:33 ± 4:68, P = 0:149, Figure 4).

2.11. Mitochondrial Complex I Activity. To investigate
whether C5178A gene mutation influences Mitochondrial
Complex I function, we calculate the activity of Mitochon-
drial Complex I through measuring the oxidation rate of

NADH. The activity of Mitochondrial Complex I of the
mutant group was increased than that of the control group
(2:312e − 005 ± 1:775e − 006 vs. 1:361e − 005 ± 6:19e − 007,
P = 0:0369, Figure 5).

3. Discussion

Mitochondria are important organelles of eukaryotic cells,
which provide more than 90% energy to cells through the
electron transport chain, the main source of energy [16].
The OXPHOS complex consists of five multisubunit com-
plexes (I–V) located on the inner mitochondrial membrane.
Complex I contains seven mtDNA-encoded polypeptides,
and complexes III–V contain 1, 3, and 2 mtDNA-encoded
polypeptides, respectively. In the previous study, we found
aMT-ND2m. 5178C>A gene mutation in the genetic screen-
ing of 817 EH cases and 821 controls in a Chinese general
population [17]. ND2 is a subunit of complex I [18]. The
MT-ND2 m. 5178C>Amutation leads to replacement of leu-
cine (Leu) with methionine (Met). In 1998, Tanaka et al. [8]
first reported that MT-ND2 m. 5178C>A gene mutation was
more frequent in healthy controls and centenarians,
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Figure 4: Detection of mitochondrial OCR in mutant and control cell lines. (a) OCR curves of mutant and control cell lines after treatment
with various inhibitors. The compounds (oligomycin, FCCP, and a mix of rotenone and antimycin A) are serially injected to measure ATP
production, maximal respiration, and nonmitochondrial respiration, respectively. Proton leak and spare respiratory capacity are then
calculated using these parameters and basal respiration. (b) Statistical analysis of the basic OCR, ATP-coupled OCR, maximum OCR,
proton leak OCR, buffered OCR, and nonmitochondrial OCR of mutant and control cell lines (∗P < 0:05).
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suggesting that MT-ND2 m. 5178C>A gene mutation was
associated with longevity. And this conclusion was further
verified in a larger sample population. Later, Raule et al.
[19] carried out whole mitochondrial sequencing analysis
on 2200 ultranonagenarians and controls and proved that
the mutations of mtDNA can lead to the synthesis obsta-
cle of OXPHOS complex. They found that mutations in
subunits of the OXPHOS complex I had a beneficial effect
on longevity. A study has shown that the substitution of
methionine plays an endogenous antioxidant role in pro-
tecting mitochondria [20]. However, the specific effect of
MT-ND2 m. 5178C>A mutation on OXPHOS and apo-
ptosis is not clear.

MT-ND2 m. 5178C>A has also been reported to be associ-
ated with protective effects against various diseases. In alloxan-
resistant mice, the MT-ND2m. 4738C>Amutation is a homol-
ogous site with the human MT-ND2 m. 5178C>A mutation,
which also results in replacement of Leu byMet [21], indicating
that the MT-ND2 m. 5178C>A mutation is a protective factor
for type 1 diabetes. In our previous study, the mutation rate of
MT-ND2 m. 5178C>A in hypertensive patients was signifi-
cantly lower than that in the normal control group. This study
showed that ATP production of the MT-ND2 m. 5178C>A
mutant group was significantly higher than that of the control
group. It has been speculated that this mutation contributes to
the stability of complexes of the electron transport system, less
susceptibility to attack by internal and external factors, and
improvement of OXPHOS and ATP synthesis. ROS produced
by the mutant cell line was significantly lower than that in the
control group. The improvement of mitochondrial complex I
activity may be associated with prevention of the damage
induced by ROS in mitochondria and other organelles. ND2
is a subunit of mitochondrial respiratory chain complex I. The
complex I is the initiation of the mitochondrial respiratory
chain. The action of the respiratory chain complex forms a cer-
tain proton electron gradient (mitochondrial membrane poten-

tial) between the mitochondrial inner and outer membranes. It
is this gradient that drives the F0F1 ATP synthase, which pro-
motes the synthesis of ATP [22]. This increase of ATP synthesis
can further promote cell activity.

OCR is another basic indicator for mitochondrial function
[23]. In this study, the mitochondrial pressure test was per-
formed using the Seahorse XF Energy Analyzer to measure
the mitochondrial OCR. Increased basal OCR, ATP-linked
OCR, maximal OCR, and reserve capacity OCR reflect that
the mitochondrial OCR of the mutant cells is higher than that
of the control group, which was associated with improved
OXPHOS. Mitochondrial membrane potential plays an
important role in the maintenance of mitochondrial function
and structure and participates in various diseases [24, 25].
Mitochondrial dysfunction often first shows a decrease in
mitochondrial membrane potential [26]. Our previous studies
have found that, in the absence of ATP or calcium overload,
mitochondrial swelling leads to mitochondrial permeability
transition pore (mPTP) opening, causing cytochrome C and
apoptotic factor to be released from mitochondria into the
cytoplasm, which activates apoptosis cascade reactions such
as activation of Caspase 3/7 [27, 28]. This study showed that
Caspase 3/7 produced by mutant cell lines was significantly
lower than that in the control group. The early apoptosis
and late apoptosis in the mutant group are significant
decreased than those in the control group. The mitochondrial
membrane potential is a guarantee for ATP synthesis by com-
plex V [22, 29]. This study showed that the MT-ND2 m.
5178C>A gene mutation maintained cell stability by main-
taining stability of the intracellular mitochondrial membrane
potential, reducing apoptosis, and synthesizing more ATP.

4. Conclusions

In conclusion, MT-ND2 m. 5178C>A gene mutation
improves the function of mitochondrial respiratory chain
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complex I, reduces ROS production, inhibits the damage
induced by ROS in mitochondria and other organelles, and
maintains the intracellular steady state of the mitochondrial
membrane potential. It also increases OCR during OXPHOS,
produces more ATP, increases the cell proliferation rate, and
reduces apoptosis (Figure 6). These reveal that a possible
mechanism of MT-ND2 m. 5178C>A gene mutation
decreased the incidence of EH and provide a new target to
explore the pathogenesis of EH.

5. Materials and Methods

5.1. Study Population and Cell Lines. This study clarified the
effect of MT-ND2 m. 5178C>A gene mutation on cell and
mitochondrial functions. In the Chinese mitochondrial
genetic screening research program [30], informed consent,
blood samples, and clinical evaluations were obtained from
all participating family members under protocols approved
by the Ethics Committee of the Chinese PLA General Hospi-
tal Institutional Review Board. Written informed consent
and consent for publication were obtained from all partici-
pants. According to the sequencing results, five individuals
with the MT-ND2 m. 5178C>A gene mutation and controls
were selected to establish immortalized lymphocyte lines (for
more details, see reference [4]).

5.2. Cell Proliferation and Activity Measurements. Cell sus-
pensions (100μL/well) were seeded in a 96-well plate at
2000, 4000, 6000, and 8000 cells/well. CCK-8 solution
(CCK8 test kit, Japan) was added to each well according to
the manufacturer’s instructions. Plates were incubated in a
cell culture incubator for 4 h and then analyzed at 450 nm
using a microplate reader (BioTek, U.S.).

5.3. The Expression of Proliferation and Apoptosis Genes and
Proteins. Cells were seeded at 2000, 4000, 6000, and 8000
cells/well, and then, 100μL Caspase-Glo ® 3/7 Reagent (Cas-
pase-Glo ® 3/7 Assays, Promega corporation, U.S.) was
added to each well. The samples were mixed gently and incu-
bated for 3 h at room temperature. The amount of lumines-
cence was measured in a Centro LB960 XS3 luminometer
(Berthold, Germany).

Total RNA was collected by TRIzol reagent (TaKaRa,
Japan) following the manufacturer’s instruction. Then,
RNA was reverse transcribed to cDNA by using reverse tran-

scriptase (Promega GoTaq qPCR Master Mix, China). The
sequences of Cyclin D1 primers were forward: 5′- CCCA
CTCCTACGATACGC-3′; reverse: 5′-AGCCTC CCAAAC
ACCC-3′. The sequences of BCL-2 primers were forward:
5′-GATTGT GGCCTTCTTTGAGTT-3′; reverse: 5′-
AGTTCCACAAAGGCATCCCA-3′. The sequences of
BAX primers were forward: 5′-GGGTTGTCGCCCTTTTC
TACTT-3′; reverse: 5′-TGTCCAGCCCATGATGGTTCT-
3′. qRT-PCR analysis was actualized by Bio-Rad CFX96
Real-Time PCR Detection System (Bio-Rad, U.S.).

Cells were resuspended in lysis buffer (20mM Tris
pH7.5, 2mM EDTA, 3mM EGTA, 2mM dithiothreitol,
250mM sucrose, 0.1mM phenylmethylsulfonyl fluoride,
and 1% Triton X-100) with a protease inhibitor cocktail at
4°C for 1 h. Then, the cells were centrifuged at 13,000 rpm
at 4°C for 30min. Supernatants were boiled and separated
on SDS-polyacrylamide gel, then transferred to nitrocellulose
membranes. The membranes were coincubated with anti Bcl-
2 antibody (Santa Cruz Biotechnology, U.S.) at 4°C over-
night. After washing 4 times, the membranes were incubated
with secondary antibodies conjugated with horseradish per-
oxidase (HRP). Antigen–antibody complexes were visualized
by enhanced chemiluminescence. The densitometric mea-
surements were analyzed by using ImageJ software.

5.4. Apoptosis Rate Assay. The apoptosis rate was calculated
through the FITC Annexin V Apoptosis Detection Kit I
(BD Pharmingen, U.S.) according to the instruction from
the manufacturer. The numbers of 5 ∗ 105 cells were col-
lected and washed with PBS and resuspended with 100ul
1∗ Annexin V Binding Buffer. Then, 5μL FITC Annexin V
and 5μL propidium iodide were added and incubated for
15 minutes in the dark environment. Then, another 400μL
1∗ Annexin V Binding Buffer was added before being ana-
lyzed by flow cytometry (Becton Dickinson, U.S.).

5.5. ATP Synthesis Detection. Cells were seeded at 2000, 4000,
6000, and 8000 cells/well and incubated for 30min at room
temperature. The same amount of reagents (CellTiter-Glo
Cell ATP Detection Kit, Promega Corporation, U.S.) was
added to the medium per well. Cells were shaken on a shaker
for 2min to induce lysis. The cells were incubated for 10min
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Figure 6: The mechanism of mitochondrial ND2 5178C>A on mitochondrial effect.
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at room temperature to stabilize the fluorescence signals, and
luminescence was recorded.

5.6. ROS Synthesis Assay. Fluorescent probe DCFH-DA was
diluted at 1 : 1000 in RPMI 1640 medium to 10μM. Logarith-
mically growing cells were collected and adjusted to 1 × 106
/mL. The cell lines were incubated for 30min at 37°C with
5% CO2 and then mixed for 3min. The cells were washed
three times with serum-free medium to remove DCFH-DA.
The cell lines were harvested and analyzed for ROS by flow
cytometry (Becton Dickinson, U.S.) at 488nm excitation
and 525 nm emission.

5.7. Mitochondrial Membrane Potential (ΔΨm) Detection. To
prepare the JC-10 dye loading solution, 50μL of 100× JC-10
was added to 5mL Assay Buffer A. The negative control
group was medium only, and the positive control group
was 2mM FCCP or CCCP. The cell lines were resuspended
in 50μL/well JC-10 dye loading solution and incubated at
37°C with 5% CO2 while protected from light for 30min.
The fluorescence intensity was then detected in cell lines.

5.8. Mitochondrial OCR Assay. Cell suspensions (80μL) were
added to a Cell-Tak well plate. Then, 25μL of different reagents
was added to A–Dwhile facing the sensor cartridge: A well: oli-
gomycin (2μM); B well: FCCP (1μM); and C well: roteno-
ne/antimycin A (0.5μM) at a final concentration of 1μM.
Cellular oxygen consumption was detected by an XF96 cell
energy metabolism real-time analyzer (Seahorse, U.S.) [31].

5.9. Mitochondrial Complex I Activity. Mitochondrial Com-
plex I also known as NADH dehydrogenase is the largest pro-
tein complex in the inner mitochondrial membrane.
Complex I can catalyze the dehydrogenation of NADH to
generate NAD+. The oxidation rate of NADH is measured
at 340nm using a microplate reader (BioTek, U.S.) to calcu-
late the size of the enzyme activity. Mitochondrial Complex I
activity detection kit (mitochondrial respiratory chain com-
plex I activity detection kit, Abcam, U.S.) was added to each
well according to the manufacturer’s instructions.

5.10. Statistical Analysis. Continuous variables are expressed
as mean ± standard deviation. Nonparametric test was used
for the comparison between the two groups. Statistical anal-
yses were performed using the Statistical Package for Social
Sciences software (SPSS, version 18.0). The test criteria were
statistically significant at P < 0:05.
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OCR: Oxygen consumption rate
mtDNA: Mitochondrial DNA
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BAX: Bcl-2-associated X protein
Bcl-2: B cell lymphoma 2 protein.

Data Availability

The data material used and analyzed during this study is avail-
able from the corresponding author on reasonable request.

Ethical Approval

This study has been approved by the Ethics Committee of the
Chinese PLA General Hospital Institutional Review Board.

Consent

Written informed consent and written consent for publica-
tion were obtained from all participants.

Conflicts of Interest

The authors declare that they have no conflicts of interests.

Authors’ Contributions

Tian L carried out the analyses of the mitochondrial geno-
mics, ROS, and ATP synthesis. Zhu C carried out the data
collection. Yang H did the statistical analysis. Li Y partici-
pated in the study design. Liu Y participated in the design
of the study, the interpretation of the results, and the draft
of the manuscript. All authors read and approved the final
manuscript. Liuyang Tian and Yang Li contributed equally
to this work. Liuyang Tian and Yang Li are co-first authors.

Acknowledgments

This work was supported by National Science Foundation of
China Grants 82070434/H0214 and 81470542/H0214 and
Beijing Nova Program of science and technology cross coop-
eration project Z191100001119020 (to Y. Q. Liu).

References

[1] A. Majander, K. Huoponen, M. L. Savontaus,
E. Nikoskelainen, and M. Wikström, “Electron transfer prop-
erties of NADH:ubiquinone reductase in the ND1/3460 and
the ND4/11778 mutations of the Leber hereditary optic neu-
roretinopathy (LHON),” FEBS Letters, vol. 292, no. 1-2,
pp. 289–292, 1991.

[2] M. Nakagawa, Y. Kaminishi, Y. Isashiki et al., “Familial mito-
chondrial encephalomyopathy with deaf-mutism, ophthalmo-
plegia and leukodystrophy,” Acta Neurologica Scandinavica,
vol. 92, no. 1, pp. 102–108, 1995.

[3] M. Kuriyama and A. Igata, “Mitochondrial encephalopathy,
lactic acidosis, and strokelike syndrome (MELAS),” Annals of
Neurology, vol. 18, no. 5, pp. 625-626, 1985.

[4] T. Suzuki, A. Nagao, and T. Suzuki, “Human mitochondrial
tRNAs: biogenesis, function, structural aspects, and diseases,”
Annual Review of Genetics, vol. 45, no. 1, pp. 299–329, 2011.

[5] D. C. Wallace, “A mitochondrial paradigm of metabolic and
degenerative diseases, aging, and cancer: a dawn for evolution-
ary medicine,” Annual Review of Genetics, vol. 39, no. 1,
pp. 359–407, 2005.

9Oxidative Medicine and Cellular Longevity



[6] B. Wagner, T. Kitami, T. J. Gilbert et al., “Large-scale chemical
dissection of mitochondrial function,” Nature Biotechnology,
vol. 26, no. 3, pp. 343–351, 2008.

[7] J. Smeitink, M. Zeviani, D. M. Turnbull, and H. T. Jacobs,
“Mitochondrial medicine: a metabolic perspective on the
pathology of oxidative phosphorylation disorders,” Cell
Metabolism, vol. 3, no. 1, pp. 9–13, 2006.

[8] M. Tanaka, J. S. Gong, J. Zhang, M. Yoneda, and K. Yagi,
“Mitochondrial genotype associated with longevity,” The Lan-
cet, vol. 351, no. 9097, pp. 185-186, 1998.

[9] K. Takagi, Y. Yamada, J. S. Gong, T. Sone, M. Yokota, and
M. Tanaka, “Association of a 5178C->A (Leu237Met) poly-
morphism in the mitochondrial DNA with a low prevalence
of myocardial infarction in Japanese individuals,” Atheroscle-
rosis, vol. 175, no. 2, pp. 281–286, 2004.

[10] R. Ohkubo, M. Nakagawa, K. I. Ikeda et al., “Cerebrovascular
disorders and genetic polymorphisms: mitochondrial
DNA5178C is predominant in cerebrovascular disorders,”
Journal of the Neurological Sciences, vol. 198, no. 1-2, pp. 31–
35, 2002.

[11] W. Liao, Y. Pang, C. A. Yu, J. Y. Wen, Y. G. Zhang, and X. H. Li,
“Novel mutations of mitochondrial DNA associated with type 2
diabetes in Chinese Han population,” The Tohoku Journal of
Experimental Medicine, vol. 215, no. 4, pp. 377–384, 2008.

[12] T. Ito, A. Kokaze, M. Ishikawa et al., “Joint effects of mitochon-
drial DNA 5178 C/a polymorphism and coffee consumption or
alcohol consumption on clustering of cardiovascular risk factors
in middle-aged Japanese men: a cross-sectional study,” Journal
of Diabetes and Metabolic Disorders, vol. 13, no. 1, 2014.

[13] J. S. Teodoro, C. M. Palmeira, and A. P. Rolo, “Mitochondrial
membrane potential (ΔΨ) fluctuations associated with the
metabolic states of mitochondria,”Methods in Molecular Biol-
ogy, vol. 1782, pp. 109–119, 2018.

[14] F. J. Bock and S. W. G. Tait, “Mitochondria as multifaceted
regulators of cell death,” Nature Reviews. Molecular Cell Biol-
ogy, vol. 21, no. 2, pp. 85–100, 2020.

[15] M. K. Shim, H. Y. Yoon, S. Lee et al., “Caspase-3/-7-specific
metabolic precursor for bioorthogonal tracking of tumor apo-
ptosis,” Scientific Reports, vol. 7, no. 1, p. 16635, 2017.

[16] M. Paz, D. H. González Maglio, F. S. Weill, J. Bustamante, and
J. Leoni, “Mitochondrial dysfunction and cellular stress progres-
sion after ultraviolet B irradiation in human keratinocytes,”
Photodermatology, Photoimmunology & Photomedicine,
vol. 24, no. 3, pp. 115–122, 2008.

[17] X. Chen, X. Y. He, C. Zhu et al., “Interaction between mito-
chondrial NADH dehydrogenase subunit-2 5178 C > A and
clinical risk factors on the susceptibility of essential hyperten-
sion in Chinese population,” BMC Medical Genetics, vol. 20,
no. 1, p. 121, 2019.

[18] J. Leonard and A. Schapira, “Mitochondrial respiratory chain
disorders I: mitochondrial DNA defects,” The Lancet,
vol. 355, no. 9200, pp. 299–304, 2000.

[19] N. Raule, F. Sevini, S. Li et al., “The co-occurrence of mtDNA
mutations on different oxidative phosphorylation subunits,
not detected by haplogroup analysis, affects human longevity
and is population specific,” Aging Cell, vol. 13, no. 3,
pp. 401–407, 2014.

[20] R. Levine, L. Mosoni, B. S. Berlett, and E. R. Stadtman, “Methi-
onine residues as endogenous antioxidants in proteins,” Pro-
ceedings of the National Academy of Sciences of the United
States of America, vol. 93, no. 26, pp. 15036–15040, 1996.

[21] C. Mathews, E. H. Leiter, O. Spirina et al., “mt-Nd2 allele of the
ALR/Lt mouse confers resistance against both chemically
induced and autoimmune diabetes,” Diabetologia, vol. 48,
no. 2, pp. 261–267, 2005.

[22] G. Lenaz, C. Bovina, M. D'aurelio et al., “Role of mitochondria
in oxidative stress and aging,” Annals of the New York Acad-
emy of Sciences, vol. 959, no. 1, pp. 199–213, 2002.

[23] J. Hu, N. C. de Souza-Pinto, K. Haraguchi et al., “Repair of for-
mamidopyrimidines in DNA involves different glycosylases:,”
The Journal of Biological Chemistry, vol. 280, no. 49,
pp. 40544–40551, 2005.

[24] L. Skárka and B. Ostádal, “Mitochondrial membrane potential
in cardiac myocytes,” Physiological Research, vol. 51, no. 5,
pp. 425–434, 2002.

[25] B. Kadenbach, R. Ramzan, R. Moosdorf, and S. Vogt, “The role
of mitochondrial membrane potential in ischemic heart fail-
ure,” Mitochondrion, vol. 11, no. 5, pp. 700–706, 2011.

[26] B. Zhang, D. G. Wang, F. F. Guo, and C. Xuan, “Mitochondrial
membrane potential and reactive oxygen species in cancer
stem cells,” Familial Cancer, vol. 14, no. 1, pp. 19–23, 2015.

[27] L. Yuqi, G. Lei, L. Yang et al., “Voltage-dependent anion chan-
nel (VDAC) is involved in apoptosis of cell lines carrying the
mitochondrial DNA mutation,” BMC Medical Genetics,
vol. 10, no. 1, 2009.

[28] D. Green and G. Kroemer, “The pathophysiology of mito-
chondrial cell death,” Science, vol. 305, no. 5684, pp. 626–
629, 2004.

[29] A. Tulah and M. Birch-Machin, “Stressed out mitochondria:
the role of mitochondria in ageing and cancer focussing on
strategies and opportunities in human skin,” Mitochondrion,
vol. 13, no. 5, pp. 444–453, 2013.

[30] S. Wang, R. Li, A. Fettermann et al., “Maternally inherited
essential hypertension is associated with the novel 4263A>G
mutation in the mitochondrial tRNAIle gene in a large Han
Chinese family,” Circulation Research, vol. 108, no. 7,
pp. 862–870, 2011.

[31] P. Mullen, A. Zahno, P. Lindinger et al., “Susceptibility to
simvastatin-induced toxicity is partly determined by mito-
chondrial respiration and phosphorylation state of Akt,” Bio-
chimica et Biophysica Acta, vol. 1813, no. 12, pp. 2079–2087,
2011.

10 Oxidative Medicine and Cellular Longevity



Review Article
Structure and Function of Mitochondria-Associated Endoplasmic
Reticulum Membranes (MAMs) and Their Role in
Cardiovascular Diseases

Yi Luan,1 Ying Luan,2 Rui-Xia Yuan,1 Qi Feng,3 Xing Chen,1 and Yang Yang 1

1Department of Translational Medicine Center, The First Affiliated Hospital of Zhengzhou University, Zhengzhou 450052, China
2Department of Physiology and Neurobiology, School of Basic Medical Sciences, Zhengzhou University, Zhengzhou 450001, China
3Research Institute of Nephrology, Zhengzhou University, Zhengzhou 450052, China

Correspondence should be addressed to Yang Yang; yangyangbio@163.com

Received 16 April 2021; Accepted 30 June 2021; Published 12 July 2021

Academic Editor: Sang-Bing Ong

Copyright © 2021 Yi Luan et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Abnormal function of suborganelles such as mitochondria and endoplasmic reticulum often leads to abnormal function of
cardiomyocytes or vascular endothelial cells and cardiovascular disease (CVD). Mitochondria-associated membrane (MAM) is
involved in several important cellular functions. Increasing evidence shows that MAM is involved in the pathogenesis of CVD.
MAM mediates multiple cellular processes, including calcium homeostasis regulation, lipid metabolism, unfolded protein
response, ROS, mitochondrial dynamics, autophagy, apoptosis, and inflammation, which are key risk factors for CVD. In this
review, we discuss the structure of MAM and MAM-associated proteins, their role in CVD progression, and the potential use of
MAM as the therapeutic targets for CVD treatment.

1. Introduction

Cardiovascular disease (CVD) is the leading cause of mortal-
ity in humans. Globally, there were nearly 523.2 million new
cases and 18.6 million deaths from CVD in 2019. Its inci-
dence has increased by 17.1% over the past decade [1, 2]. In
China, CVD is the leading cause of overall death (40% of all
disease mortality) [3].

CVD is caused by multiple risk factors and pathological
mechanisms [4, 5]. At the cellular level, various aberrations,
including metabolic abnormalities, energy deficit, autophagy
defect, endoplasmic reticulum (ER) stress, reactive oxygen
species (ROS) production, and apoptosis activation, may lead
to CVD [6]. A substantial amount of energy, which is mainly
produced by mitochondria, is essential for normal physiolog-
ical function of the heart. Thus, the abnormality (dysfunction
or malfunction) of mitochondria is the main cause of these
cellular perturbations [7]. Being extremely sensitive to oxida-
tive stress, vascular endothelial cells are easily adapted to
changing environments, such as altered oxygen levels, patho-
gens, and endogenous damaging stimuli [8]. In addition, the

circulating immune cells might also affect adjacent vascular
endothelial cells (ECs) by the initiation of immune reactions,
leading to the earliest stages of atherosclerosis and preceding
atherosclerotic plaque formation. Mitochondria are closely
involved in these processes, which makes them attractive
candidates for therapeutic intervention [9]. Meanwhile, a
failing heart is accompanied by defected oxidative phosphor-
ylation (OXPHOS) and decreased ATP levels, contributing to
defective cardiac performance [10].

The endoplasmic reticulum (ER), as a multifunctional
organelle, provides a distinct subcellular compartment with
multiple functions, including lipid biosynthesis, calcium
storage, and protein folding and processing [11]. Disturbance
in proper ER function may cause ER stress, which in turn
causes severe impairment in protein folding and therefore
poses the risk of proteotoxicity. ER stress has been
highlighted as an important regulator of cardiovascular dis-
eases [12]. For example, CHOP is the most widely studied
ER stress biomarker involved in ER stress-associated apopto-
tic signaling in cardiovascular disease [13]. In atherosclerosis,
CHOP is elevated by the unfolded protein response (UPR) in

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2021, Article ID 4578809, 19 pages
https://doi.org/10.1155/2021/4578809

https://orcid.org/0000-0001-7432-4735
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/4578809


the ER, accompanied with a progression of atherosclerosis in
the aorta [14]. Another important protein is the PAK2, a
stress-responsive kinase localized in close proximity to the
ER membrane. Its depletion in cardiomyocyte leads to defect
in ER response, cardiac function, and cardiac cell death after
being induced with tunicamycin, thus indicating a protective
ER stress response against heart failure through modulation
of PAK2 levels [15].

Mitochondria and ER have different living cells’ roles.
Accumulating evidence suggested an interaction between
the two [16]. Mitochondria-associated membranes (MAM),
also known as mitochondria-ER contact sites (MERCs), are
specialized regions, in which this interaction occurs [17].
Growing evidence shows that MAM has a variety of cellular
functions that are vital in the regulation of cardiovascular
diseases and can also be potential targets for CVD therapy.
In this review, we discussed the structure of MAM and
MAM-associated proteins, their role in CVD progression,
and the potential use of MAM as the therapeutic targets for
CVD treatment.

2. The Structural Composition of the
Mitochondria-Associated
Membranes (MAMs)

The existence of MAMs was first reported in the late 1950s.
MAM was then isolated, and its biochemical functions were
examined in the 1990s [18]. The first identification related
to the composition of MAMs was performed by Gao et al.,
using limited proteolysis [19], while the first comprehensive
analysis of MAM proteome was performed by Zhang et al.
[19, 20]. Approximately 991 proteins in the MAM fraction
were identified. Later on, Poston et al. identified 1212 candi-
dates, including weak soluble proteins at the MAM [21]. Until
now, various proteins (approximately 1000) localized within
the MAMs were identified in the brain and liver with the aid
of in-depth mass spectrometry analysis [22]. Above all, the
components withinMAMswere highly conserved among spe-
cies and tissues. The above proteomic analyses were also con-
ducted under pathological conditions, such as diabetes [23].

Perrone et al. have suggested that MAM is mainly
involved in calcium homeostasis, lipid metabolism, and pro-
tein transfer between mitochondria and ER [24]. Further-
more, Gao et al. found that MAM is also involved in
inflammasome formation, autophagy, ER stress, and mito-
chondria morphology [25]. The proteins located on MAMs
either take part in MAM physical interaction or modulation
of the tethering complex in MAMs [26]. Tethering proteins,
ranging from Ca2+ channels to apoptotic proteins, constitute
the molecular bridges combining the ER and mitochondrial
membrane together [27]. From a physical point of view, the
distance between membranes in MAMs ranges from 10 to
25 nm for smooth ER, and 50 to 80 nm for rough ER. Besides,
the coverage of MAMs takes about 4 to 20% of the total mito-
chondrial surface, depending on its cellular stress and meta-
bolic state [20].

The well-established MAM proteins include (1) the pro-
tethering complexes: (i) mitofusin 2 (MFN2), (ii) the com-

plex formed by vesicle-associated membrane protein-
associated protein B (VAPB) and protein tyrosine phospha-
tase interacting protein 51 (PTPIP51), (iii) PTPIP51 and
motile sperm domain-containing protein 2 (MOSPD2), (iv)
glucose-regulated protein 75 (GRP75) bridging inositol tri-
phosphate receptor (IP3R) to voltage-dependent anion chan-
nel 1 (VDAC1), (v) the mitochondrial fission 1 protein-
(Fis1-) B cell receptor-associated protein 31 (BAP31) com-
plex, (vi) the FUN14 domain-containing 1- (FUNDC1-)
IP3R2 complex, (vii) the phosphor acidic cluster sorting pro-
tein 2 (PACS2), (viii) PDZD8, (ix) Beclin1 (BECN1), and (x)
MITOL, Parkin, and AMPKα, which regulate MAM forma-
tion by directly interacting with MFN2 on the outer mito-
chondrial membrane (OMM) side; (2) proteins that
regulate IP3R/GRP75/VDAC complexes: mitochondrial
translocase of the outer membrane 70 (TOM70), Sigma-1
receptor (Sig-1R), cyclophilin D (CypD), pyruvate dehydro-
genase kinases 4 (PDK4), thymocyte-expressed, positive
selection-associated gene 1 (Tespa1), reticulon 1C (RTN-
1C), glycogen synthase kinase-3β (GSK3β), disrupted-in-
schizophrenia 1 (DISC1), transglutaminase type 2 (TGM2),
Wolfram syndrome 1 (WFS1), and etoposide-induced pro-
tein 2.4 (EI24); (3) antitethering factors: (i) trichoplein/mi-
tostatin (TpMs) that negatively regulates MAMs tethering
via MFN2, (ii) FATE1 uncoupling MAMs by interacting with
ER chaperones and emerin (EMD) and the mitofilin, (iii)
Caveolin-1; and (4) upstream regulators of MAM formation:
(i) glycogen synthase kinase-3β (GSK3β), (ii) p38 MAPK,
(iii) cGMP-dependent protein kinase (PKG), (iv) FOXO1,
(v) cAMP-dependent protein kinase (PKA), and (vi) AMPKα
(Figure 1) [28].

According to the localization of these MAMs, these pro-
teins can be classified into the following three groups: (1)
MAM-localized proteins that are only located at the MAM,
(2) MAM-enriched proteins that can also be detected in
other regions of the cell, and (3) MAM-associated proteins
that are transiently found in MAM in a condition-
dependent manner [29]. Because of the high dynamics of
MAM, the detailed feature of its components has remained
elusive.

The IP3R1-GRP75-VDAC1 complex was the first identi-
fied tethering complex. It consists of ER-residing IP3R1s and
VDAC1 at the OMM [30]. The OMM-localized FUNDC1
directly binds to IP3R2 to form a bridge between the ER
and the mitochondria, favoring Ca2+ flux to the mitochon-
dria by enhancing the mitochondria-ER connection in cardi-
omyocytes [31]. The loss of FUNDC1 promotes IP3R2
ubiquitination and degradation and decreases the levels of
the MAM-maintenance protein PACS2 [32]. Additionally,
the interaction between IP3Rs and VDAC1 is monitored by
GRP75, which maintains the conformational stability of
IP3Rs that participate in Ca2+ transport from the ER to the
mitochondria [30]. The increased IP3R expression level has
been found in cardiac hypertrophy, failing myocardium,
atrial fibrillation, ischemic dilated cardiomyopathy, and
hypertension (Table 1) [33]. Through the IP3R-VDAC com-
plex, Sig-1R participates in cardiac function regulation by
interacting with other endoplasmic reticulum chaperones,
as the Binding Ig Protein (BiP) forming Ca2+-sensitive
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complexes that extend ionic signaling from ER to mitochon-
dria [34]. The interaction of Sig-1R with lipids is important
for their localization and enrichment in MAMs. In skeletal
muscle, PDK4 induces the formation of MAMs by interact-
ing with the GRP75-IP3R-VDAC complex at MAMs [35].

MFN2 is known for its role in mitochondrial fusion. It is
localized at ER and mitochondrial membranes and forms a
hetero- or homodimer with mitofusin-1 (MFN1) or another
MFN2 in the outer mitochondrial membrane (OMM) [36,
37]. MFN2 knockdown increases MAM and Ca2+ transfer,
implying the notion that MFN2 is not a physical tether
[38]. Recently, researchers found that loss of MFN2 causes
a decrease in the distance between ER and mitochondria
membranes, impairing Ca2+ uptake into the mitochondria
(Figure 2(a)) [39]. Overall, MFN2 is recognized as a key com-
ponent of MAMs and is crucial for the proper functioning of
MAMs. Downregulation of MFN2 has been observed in rat
models of cardiac hypertrophy, including spontaneously
hypertensive rats, transverse aortic banding, and myocardial
infarction, which contribute to cardiomyocyte remodeling.
Contrary, its upregulation ameliorates the cardiac hyper-
trophy induced by angiotensin II [40]. Furthermore,
MFN2 is crucial for cardiac differentiation in embryonic
stem cells [41].

The BAP31-Fis1 complex consists of ER-localized BAP31
and OMM-localized Fis1 [42]. The BAP31-Fis1 complex is
responsible for the recruitment and activation of procaspase
8 and transmission of proapoptotic signals from the mito-
chondria to the ER. BAP31 is cleaved to form proapoptotic
p20BAP31, which transmits calcium from ER to mitochon-
dria and the apoptotic signal via the IP3 receptor complex
at ER-mitochondria juxtapositions [43]. Besides, through
interaction with TOM40, mitochondrial respiratory chain

complexes, and NADH ubiquinone oxidoreductase (mito-
chondrial complex 1) core subunit 4 (NDUFS4) located on
MAMs, BAP31 modulates mitochondrial oxygen consump-
tion and autophagy and maintains mitochondrial homoeos-
tasis [43]. These data imply that BAP31 is a required
platform for the transmittance of apoptotic signals between
ER and mitochondria. BAP31 is also involved in the attenu-
ated sepsis-mediated myocardial depression by melatonin
[42]. Recent data have suggested that synaptojanin-2-
binding protein (SYNJ2BP) localized on the OMM interacts
with ribosome-binding protein 1 (RRBP1), and once
SYNJ2BP is overexpressed, the mitochondria-ER contacts
dramatically increase [44].

The VAPB-PTPIP51 complex is composed of ER-
residing protein VAPB, which is responsible for vesicle traf-
ficking and the unfolded protein response, and PTPIP51, a
protein in OMM modulating cellular development and
tumorigenesis [45]. The aberrant interactions between VAPB
and PTPIP51 may directly result in a decrease in MAMs and
disturbance of Ca2+ handling, further leading to a delay in
mitochondria Ca2+ uptake [46]. PTPIP51 or VAPB alter-
ations are also concomitant with the coverage changes of
MAMs on mitochondrial surface. Furthermore, the mutant
VAPB also leads to the accumulation of the mitochondria
and decreases Ca2+ handling [46]. Other proteins can modu-
late the interaction between PTPIP51 and VAPB complex. A
mutation in α-synuclein disrupts the VAPB-PTPIP51 com-
plex, contributing to the uncoupling of ER-mitochondria
contacts, aberrant Ca2+ transfer, and reduced mitochondrial
ATP production in the process of Parkinson’s disease [45].
TAR DNA-binding domain protein 43 (TDP-43), as a highly
conserved and widely expressed nuclear protein, is also
responsible for the regulation of the VAPB-PTPIP51

MFN2 MFN2

MFN2 MFN1

PTPIP51

MOSPD2

VAPB

VDAC

DJ-1 GRP75

IP3R
BAP-31 BAP-31

TOM40Fis-1

IP3R2

FUNDC1
PTPIP51

GRP78

WASF3 TOM40

ATG2A

ATG9

Mitochondria

Endoplasmic reticulum

Cytoplasm

PTPIP51
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Figure 1: Major mitochondria-ER tethering complexes. Mitochondria are connected to the ER by several protein complexes. The ER protein
ORP5/8, VAPB, or MOSPD2 interacts with the mitochondrial PTPIP51. ER-resident IP3R is anchored to OMM-localized protein VDAC via
GRP75. The ER-localized BAP31 interacts with the mitochondrial Fis1 and TOM40. The IP3R2 located on the ER partners with the
mitochondrial protein FUNDC1. The ER chaperone GRP78 interacts with WASF3. Mitochondrial TOM40 directs ATG2A to MAMs. The
ER-localized MFN2 interacts with either MFN1 or MFN2 in the mitochondria.
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complex [47]. TDP-43 accumulation reduces binding in the
VAPB-PTPIP51 complex and disrupts Ca2+ homeostasis by
promoting the phosphorylation and activation of glycogen
synthase kinase-3β (GSK3β) [47, 48]. Besides, OMM-
residing PTPIP51 connection with oxysterol-binding

protein-related protein 5/8 (ORP5/8) at the ER membrane
facing the cytosol promotes the transportation of the phos-
phatidylserine (PS) to the mitochondria. Thus, we suppose
that MAMs greatly influence the normal physiological func-
tion of mitochondria, which can be modulated by the VAPB-

Table 1: Components of MAMs involved in cardiovascular disease.

Proteins Relevant function(s) in MAMs Functions in CVD
Expression in
cardiovascular

system

Protethering proteins

GRP75
Increased MAM formation and mitochondria

Ca2+ uptake

Mitochondrial calcium overload and
hypoxia/reoxygenation injury in

cardiomyocytes
High

IP3Rs
Interacts with GRP75 and VDACs, modulates

calcium in MAMs

Upregulation in cardiac hypertrophy.
Modulates excitation-contraction coupling in

ventricular and atrial cardiomyocytes
Low

VDACs
Interacts with GRP75 and IP3Rs, regulates

intracellular Ca2+ level

Marked elevation of VDAC1 in myocardial
infarction. VDAC1 inhibition alleviates

excessive fibrosis in the atrial myocardium
Medium

MFN2
Modulator of ER-mitochondria tethering and

mitochondrial fusion

Downregulation in cardiac hypertrophy.
MFN2 upregulation ameliorated the cardiac

hypertrophy.
Medium

MFN1
Tethering mitochondria to MAMs via interaction

with ER-resident MFN2
Represses cardiac hypertrophy and

ischemia/reperfusion injury
Not detected

Fis1
Modulates ER-mitochondria tethering and
induces apoptosis. Induces mitophagy

Inhibition of the CREB/Fis1 pathway leads to
heart disease

High

BECN1 Enhances MAM formation and autophagosomes
Deregulation leads to heart diseases, through
altered myocardial autophagy and apoptosis

Low

FUNDC1
Promotes mitochondrial fission and mitophagy.

Increases Ca2+
Required for cardiac ischemia/reperfusion

injury-activated mitophagy
Medium

Parkin
Mediates mitophagy. Increases the ER-

mitochondria contacts and induces Ca2+ transfer
and ATP synthesis

Upregulated during I/R injury Low

IP3Rs/GRP75/VDAC
complex-modulated
proteins

Sig-1R
Prolongs Ca2+ signaling; Sig-1R increase represses

ER stress response, whereas Sig-1R decrease
induces apoptosis

Sig-1R activation represses hypertrophy and
cardiomyocyte injury. Sig-1R KO displays

cardiac remodeling
High

CypD
Regulates Ca2+ transfer from the ER to

mitochondria through IP3R1

The CypD/GRP75/IP3R/VDAC complex
inhibition improved hypoxia/reoxygenation

injury in cardiomyocytes
NA

GSK3β
Inhibition of GSK3β results in decreased ER Ca2+

release as well as sensitivity to apoptosis
GSK3β inhibition reduced infarct size in

reperfused hearts
Not detected

Antitethering proteins

CAV1
Negatively regulates the formation of MAMs and

impairs Ca2+ transfer
CAV1 ablation aggravates cardiac dysfunction
and decreases survival in myocardial ischemia

Medium

Upstream regulators
of the formation of
MAMs

p38 MAPK
Phosphorylation of Gp78 at S538 by p38 MAPK
inhibits MAM formation and mitochondrial
fusion by promoting degradation of MFN1/2

p38 MAPK has been implicated in
cardiomyocyte dysfunction and apoptosis

Medium

FOXO1
Augments MAM formation by inducing PDK4
and promotes mitochondrial Ca2+ accumulation,

mitochondrial dysfunction, and ER stress

FOXO1 protein is associated with ischemic
heart disease (IHD)

Not detected
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PTPIP51 tethering complex [46]. More recently, the ER-
anchored MOSPD2 has been proposed as a tethering protein
that interacts with PTPIP51 and functions in both intracellu-
lar exchange and communication [49].

The GRP78-WASF-ATAD3A complex consists of
cytoplasm-localized protein WASF3, the inner mitochon-
drial membrane (IMM) protein ATPase family AAA
domain-containing 3A (ATAD3A), and the ER protein
GRP78, by penetrating the OMM and binding to ATAD3A
at its N-terminal region [50]. This newly constituted
mitochondria-ER tethering complex induces cell invasion
in breast and colon cancer [50, 51]. ATAD3A also interacts
with OMM and ER-resident proteins, including MFN2,
dynamin-related protein 1 (Drp1), and BiP via the cytosolic
protein WASF3 [52]. Instead of the above-discussed protein
tethers, MAMs harbor a wide variety of regulatory proteins.
TG2 modulates Ca2+ flux and protein composition through
interaction with GRP75 [53].

For obtaining a more comprehensive knowledge of pro-
teins in maintaining ER-mitochondria contacts, identifica-
tion of additional tethers or spacers is essential. Further
studies related to single-protein ablation should evaluate
whether the activity or the localization of MAMs is the
proper method for identification of cooperating protein
complexes.

3. The MAM-Mediated Regulation of Cellular
Homeostasis in the Cardiovascular System

MAMs participate in various cellular processes, such as cal-
cium homeostasis, lipid metabolism, mitochondrial physiol-
ogy, mitophagy, ER stress, and inflammation [54]. The
proteins enriched in the cardiomyocyte MAMs and their role
in MAM-regulated processes are shown in Figure 3. The
BAP31-Fis1 complex, PTPIP51-VAPB complex, MFN1/2
complex, IP3R-GRP75-VDAC1 complex, and SERCA-
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Figure 2: Key cellular functions handled at mitochondria-ER contact sites. Key proteins are involved in related cellular processes and their
regulatory mechanisms. (a) Calcium homeostasis regulation. (b) Lipid metabolism. (c) Unfolded protein response. (d) ROS regulation. (e)
Mitochondrial dynamics. (f) Autophagy.
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TMX1 were involved in the cardiovascular system. The
detailed functions of these complexes were discussed in the
following sections.

4. Calcium Transfer

Ca2+ transfer between organelles seems to affect both the
heart and the vascular system [25, 55]. During ischemia
and reperfusion, mitochondria calcium increases accompa-
nied with mitochondrial permeability transition pore
(mPTP) activation. Sarcoplasmic reticulum (SR), formed by
ER, is a membrane-bound structure existing in muscle cells
(myocardium and skeletal muscle), similar to ER in other
cells [28]. The main function of SR is to store Ca2+. SR
releases Ca2+ in response to electrical stimulation or pharma-
cological activation of RyR and increases mitochondrial Ca2+

level [56]. Ca2+ is free to enter the outer mitochondrial mem-
brane with the aid of VDAC1. However, the inner mitochon-
drial membrane is not permeable, and calcium can enter the
inner mitochondrial membrane only through a mitochon-
drial calcium uniporter (MCU) channel [30]. Therefore,
MCUmay have a marked impact on cardiac myocyte metab-
olism and function.

Ca2+ transmission from the ER to mitochondria is
involved in mitochondrial apoptosis and energy generation
with the aid of MAMs (Figure 2(a)). IP3R3-GRP75-VDAC1
complex is the main channel responsible for Ca2+ release
from the ER to mitochondria [30]. IP3R1 forms a high con-
centration of Ca2+ in the vicinity of ER. The VDAC1 func-
tions as a Ca2+ uptake channel in the OMM. GRP75
connects two channels through their cytosolic domains to
form VDAC1/GRP75/IP3R1 channel complex [25]. The
IP3R3-GRP75-VDAC1 complex also acts as a molecular
scaffold for other calcium-handling players (Sig-1R, BiP,
Bcl-2, and IRBIT), which are essential for the precise regula-
tion of the calcium signaling through the IP3R3-GRP75-
VDAC1 axis at the MAM (Figure 2(a)) [57, 58]. The
increased level of IP3R expression has been observed in car-
diac hypertrophy, failing myocardium, atrial fibrillation,
ischemic dilated cardiomyopathy, and hypertension, suggest-
ing its contribution to the development of cardiac hypertro-
phy [31, 32]. Additionally, IP3Rs could modulate
excitation-contraction coupling both in ventricular and atrial
cardiomyocytes [33]. Sig-1R maintains the stability of IP3R
to ensure appropriate Ca2+ signaling between the ER and
mitochondria [34]. Interaction of VAPB with PTPIP51 facil-
itates ER-mitochondria Ca2+ exchange (Figure 2(a)).

RNA-dependent protein kinase- (PKR-) like ER kinase
(PERK) as a key ER stress protein is involved in calcium reg-
ulation, the maintenance of ER morphology, and MAM con-
struction [59]. In addition, calnexin (CNX), which is
involved in protein folding, interacts with ER calcium
pumps. Deficiencies in these proteins cause obvious reduced
mitochondrial Ca2+ import and impairment in Ca2+ dynam-
ics [60]. The homeostasis of mitochondria Ca2+ is closely
related with mitochondrial ATP production [61]. Excess
transfer of calcium from ER to mitochondria induces mito-
chondrial Ca2+ overload and oxidative stress [62]. On the
contrary, when the ER-mitochondria interaction is weak-

ened, excess calcium will release to the cytosol, leading to
cytosolic Ca2+ wave. Recently, transient receptor potential
cation channel (TRPM8) was identified as a compartment
in the maintenance of cellular and mitochondrial Ca2+ in
the vascular smooth muscle (VSMC) cells [63]. Activation
of TRPM8 relieved mitochondrial respiratory dysfunction
and excess ROS generation induced by angiotensin II by pre-
serving mitochondrial Ca2+-dependent PDH activity, thus
lowering blood pressure in cold or in angiotensin II-
induced hypertensive mice [63]. However, the exploration
of other TRP channels in MAM responsible for calcium
transportation from ER to mitochondria remains to be fur-
ther illustrated.

5. Lipid Synthesis and Exchange

Lipid molecules are involved in multiple cellular processes,
such as cell membrane formation, cell signaling transduction,
and synaptic transmission [64, 65]. While ER has a para-
mount role in lipid synthesis, other organelles’ assistance is
essential since several of the key enzymes are located on the
membrane of organelles, such as mitochondria [66]. MAMs
tethering proteins involved in phospholipid synthesis and
transport include diacylglycerol O-acyltransferase 2
(DGAT2), fatty acid CoA ligase 4 (FACL4), phosphatidyleth-
anolamine N-methyltransferase 2 (PEMT2), cholesterol acyl-
transferase/sterol O-acyltransferase 1 (ACAT1/SOAT1), and
PSS1 and PSS2 with an ascribed function as a platform for
lipid biosynthesis and exchange (Figure 2(b)) [65]. FACL4
is considered one of the most reliable MAM markers and is
responsible for synthesizing triacylglycerol [67]. ACAT1, as
another mitochondrial enzyme related to lipid metabolism,
catalyzes the cholesteryl ester formation from free choles-
terol, maintaining the dynamic balance between
membrane-bound and cytoplasmic lipid droplet stored cho-
lesterol [68]. MAMs are identified as cholesterol-rich mem-
branes characterized by the sterol-interacting protein
caveolin. MAM-associated caveolin-1 (CAV1) is involved
in cholesterol efflux through its interaction with VDAC2,
and silencing CAV1 in liver MAM leads to aberrant intracel-
lular free cholesterol accumulation, as well as the reduced
physical extension and integrity of MAM (Figure 2(b))
[69]. Ablation of the CAV1 gene aggravates cardiac dysfunc-
tion and decreases survival in mice exposed to myocardial
ischemia [70]. Moreover, inhibition of CAV1 and ApoE in
mice increased protection against atherosclerotic lesions
compared to ApoE-/- mice [71].

Additionally, MAM-enriched proteins induce the forma-
tion of the main structural component of biological mem-
branes, phosphatidylcholine, PE, and phosphatidylserine.
Phosphatidylserine is first synthesized by PSS1 and PSS2 in
the MAM, after which it is transferred to the tightly con-
nected mitochondria via the MAMs’ lipid transfer tethering
ORP5/8-PTPIP51 [72]. It is converted into phosphatidyleth-
anolamine (PE) in the inner mitochondrial membrane by a
decarboxylase. The newly generated PE is then transferred
from the mitochondria, where it is methylated by the
MAM-enriched PEMT2 to generate phosphatidylcholine
(PC), a major component of the cell membrane. PC must
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be transferred back to mitochondria once again since it is a
component of the mitochondrial membrane. The phospho-
lipid acids are synthesized in ER and transferred to mito-
chondria to modify cardioprotective mitochondrial
cardiolipin, which is necessary for stability and activity of
mitochondrial Ca2+ uniporter (Figure 2(b)) [73]. The level
of cholesterol esters, PEs, and triacylglycerols are closely
related to cardiovascular diseases. MAMs are also involved
in the production of ceramide, a bioactive sphingolipid that
is important for regulating cell growth arrest, differentiation,
apoptosis, and inflammation.

The changes in MAM-maintaining proteins affect lipid
anabolism. The HDL cholesterol and phospholipids have
shown to be significantly elevated in ORP8-depleted mice
[74]. Additionally, primary hepatocytes with ORP8 defi-
ciency produce nascent HDL particles, suggesting changed
HDL biosynthesis [74]. ATAD3 gene cluster deletions in
human fibroblasts perturbed cholesterol and lipid metabo-
lism [53]. Human MFN2 exerts antiatherogenic properties
in a rabbit model of atherosclerosis, while MFN2 overpro-
duction leads to reduced VSMC proliferation/hyperplasia
and diminished plaque progression [75]. PACS2 depletion
diminishes the levels of the fatty acid metabolism enzymes
PSS1 and FACL4 in human skin melanoma cells [76]. Thus,
PACS2 might be a promising therapeutic target for athero-
sclerosis by having an important role in oxidized low-
density lipoprotein- (OxLDL-) induced EC apoptosis, per-
turbing MAM formation and mitochondrial Ca2+ elevation.

6. MAM Modulates ER Stress

ER stress occurs when the misfolded proteins aggregate in the
lumen and the homeostasis of ER is disrupted [77]. ER stress
is mediated by the ER-localized sensor protein kinase PERK,
ATF6, and IRE1α, which are maintained in an inactive form
by GRP78 [78]. GRP78 is upregulated in the heart under
multiple cardiac pathological conditions, such as dilated or
ischemic cardiomyopathy. The activation of these proteins
triggers an ER-specific UPRl, which is strongly induced by

myocardial ischemia. ER stress signaling is modulated by
MAM-tethering proteins since the activity of PERK is
repressed by MFN2 by binding (Figure 2(c)) [79]. PERK is
involved in the maintenance of the mitochondria-ER con-
tacts and enhancement of the ROS-induced mitochondrial
apoptosis. Once MFN2 is depleted, PERK is activated, and
the PERK-EiF2α-ATF4-CHOP pathway is enhanced
(Figure 2(c)) [80]. Studies have suggested that ATF6 interacts
with the tethering protein VAPB to suppress the UPR
directly. ATF6 transcription is attenuated by VAPB overex-
pression in HEK293 and NSC34 cells [78]. IRE1α accumula-
tion in MAMs either leads to cell survival by splicing the
Xbp1 mRNA or cell death induction by promoting mito-
chondrial Ca2+ overload (Figure 2(c)) [78]. Ubiquitylation
of IRE1α at MAM could hinder ER stress-induced apoptosis
[81]. Cardiac-specific Xbp1 knockout mice (cKO) exhibited a
significant increase in myocyte death and more profound
pathological remodeling in cKO mice, thus suggesting that
induction of Xbp1 is necessary to protect the heart from
ischemia/reperfusion (I/R) injury in vivo. In addition, deple-
tion of other MAMs, such as PACS2, Sig-1R, MFN2, or
CypD triggers ER stress by disrupting the ER-mitochondria
communication. In contrast, mitochondria-ER contacts
could also be modulated by the ER stress proteins. The ER-
mitochondria contacts mediated by an initial ER stress
enhance mitochondrial ATP production and Ca2+ uptake,
thus leading to cellular adaptation to ER stress.

6.1. Regulation of Oxidative Stress. Under normal conditions,
ROS is produced at physical levels, which is necessary for the
maintenance of cellular homeostasis [82]. The production of
excessive ROS, especially mitochondrial ROS (mtROS), can
lead to oxidative damage to proteins, lipids, and DNA, which
eventually leads to CVD [83]. MAM-mediated excessive
Ca2+ transfer is reported to promote mtROS generation.
For instance, diabetes promotes the formation of MAMs in
podocytes, resulting in elevation of Ca2+ transfer from the
ER to mitochondria, finally leading to mtROS overgenera-
tion. However, MAM formation suppression induced by
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Figure 3: Components of MAMs in the cardiovascular system. Graphic representation of the proteins that are part of the MAMs in the
cardiovascular system.
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FUNDC1 depletion alleviated mtROS production. These
studies confirmed the relationship between MAM alterations
and mtROS excess (Figure 2(d)) [31]. Also, several Ca2+

channel regulators in MAMs were found to regulate Ca2+

and MAM-dependent mtROS generation. For instance,
MAMs highly enriched ER representative oxidoreductases,
oxidoreductin-1α (Ero1α), and endoplasmic reticulum resi-
dent protein 44 (ERp44) can trigger the excess production
of mtROS [84]. Mechanically, Ero1α induces IP3R1 oxida-
tion, leading to the dissociation of ERp44 from IP3R1,
thereby enhancing the transfer of Ca2+ from the ER to mito-
chondria, contributing to excess mtROS production [85].
Selenoprotein N (SEPN1), a type II transmembrane protein
of the ER, is enriched in MAMs and senses luminal calcium
with its EF-hand domain [86]. When ER calcium is con-
sumed, SEPN1 regulates ER calcium supplements mediated
by the SERCA, protecting cells from ER stress. SEPN1 also
resists oxidation elicited by Ero1α, leading to the inactivation
of SERCA. SEPN1 depletion triggers decreased ER-
mitochondria contacts, reduced organelle Ca2+ content, and
damaged OXPHOS [86].

Glutathione peroxidase 8 (GPX8), another type II trans-
membrane protein, also localized at MAMs, has a role in
the modulation of Ca2+ dynamics [87]. In particular, GPX8
overexpression causes a decreased ER calcium coupled with
a reduction of the ER-mitochondria calcium flux [88]. ER
chaperones and folding assistants modulate cell metabolism
and survival by controlling ER-mitochondria calcium flux.
MAMs could also regulate the production of mtROS via
DsbA-L and p66Shc [89]. DsbA-L, a multifunctional protein,
is localized in the mitochondrial matrix, ER, and the MAM
fraction, which is also closely related to the production of
mtROS. The positive regulation of p66Shc in mtROS produc-
tion and mitochondrial fission was well established and
largely dependent on Ser36 phosphorylation. Notably,
p66Shc phosphorylation also initially translocates p66Shc to
the MAM fraction, therefore participating in mtROS produc-
tion [90]. Further analysis revealed that the transfer of
p66Shc to the MAMs correlates well with the production of
mtROS (Figure 2(d)).

In summary, these findings imply that MAMs have a key
role in the maintenance of the mitochondrial redox state and,
consequently, in the homeostasis of cellular redox. However,
the detailed function of MAMs in ROS excess production
and its function in the occurrence and progression of CVD
are not fully understood and need to be further investigated.

7. MAM Regulates Mitochondrial Physiology

In addition to the modulation of mitochondrial Ca2+ trans-
port, MAM also affects mitochondrial physiology, including
mitochondrial bioenergetics, dynamics, and mitophagy
(Figure 2(e)). Since the heart is an energy-hungry organ
and heart muscle cells are rich in mitochondria, the intact
mitochondrial homeostasis is essential for the heart functions
such as contractile function and cardiomyocyte metabolism,
and the dysfunction of mitochondrial dynamics ultimately
results in various CVDs. Mitochondrial dynamics include
mitochondrial fission, fusion, and motility.

7.1. Mitochondrial Fission.During fission, Drp1 forms a helix
around mitochondria that constricts and divides the mito-
chondrion into two parts after it is recruited to the OMM.
The recruitment of Drp1 is dependent on its receptors, such
as Fis1, mitochondrial fission factor (Mff), and mitochon-
drial dynamics proteins of 49 and 51 kDa (MiD49/MiD51),
which are localized at the ER-mitochondria interface before
mitochondrial fission (Figure 2(e)) [91]. The binding of
Drp1 to F-actin in vitro stimulates the oligomerization and
GTPase activity of Drp1, subsequently enabling Drp1 to spi-
ral around the preconstricted mitochondria, thus mediating
their fission [92]. As a new mitochondrial receptor for
Drp1, FUNDC1 promotes mitochondrial fission by interact-
ing with the ER-resident protein calnexin in response to hyp-
oxia [32]. However, even in the absence of Drp1,
mitochondrial constriction can also form in the vicinity of
mitochondria-ER contacts, implying that ER tubules may
precede mitochondrial fission and define the position of
mitochondrial division sites. Mice with a Drp1 mutation
develop cardiomyopathy along with spotty calcifications in
heart tissue [93]. Other proteins involved in mitochondrial
fission regulation, such as inverted formin 2 (INF2), syntaxin
17 (STX17), and Rab32, were also detected at the MAM. For
instance, INF2 launches mitochondrial constriction and divi-
sion through binding, actin-nucleating protein Spire,
Spire1C (Figure 2(e)) [94]. STX17 l induces mitochondrial
fission by determining Drp1 localization and activity. [93].
Mechanistically, decreasing MAM formation reduces the
Ca2+ concentrations in both mitochondria and cytosol.
Decreasing intracellular Ca2+ levels can repress the binding
activity of cAMP response element-binding protein (CREB)
to the Fis1 promoter, thus inhibiting Fis1 expression and
mitochondrial fission. Upregulation of dynamin-related pro-
tein 1 (Dnp1), a fission protein, leads to fragmentation of
mitochondria and heart ischemia. The formation of proa-
poptotic complex with MFN2 and Bax on the OMM is
accompanied by the mPTP opening, cytochrome c (Cyto C)
release, mitochondrial fragmentation, and cardiomyocyte
apoptosis induction [95]. Inhibition of Dnp1 may protect
cardiac mitochondria from fragmentation and prevent
apoptosis.

7.2. Mitochondrial Fusion. Mitochondrial fusion is mainly
modulated by outer mitochondrial membrane protein MFN
and the IMM protein optic atrophy 1 (OPA1). MFN2 pro-
motes mitochondrial tethering and mitochondrial fusion
[96]. MFN2 null hearts in adult mice showed better recovery
from ischemia/reperfusion injury compared toMFN2-floxed
controls [97]. Besides, MFN2 tethering with the mitochon-
drial ubiquitin ligase MITOL regulates mitochondrial
dynamics (Figure 2(e)) [98]. Mitochondrial fusion facilitates
the content exchange between mitochondria and restores
impaired mitochondria. A recent study proposed that the fis-
sion and fusion processes initiate at the same ER-
mitochondria contact site for the maintenance of mitochon-
drial morphology in response to external insults and meta-
bolic cues, such as the nutrient availability, while MFNs
also accumulate at the MAMs where fusion occurs [99].
However, it remains unclear how the positions of
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mitochondrial fusion sites are determined. Both membrane
fission and fusion are considered to be promoted by the spe-
cialized lipid environment of the MAM [100]. In addition,
the high Ca2+ condition favors the initiation of fission and
fusion. Moreover, it is still unclear whether interrupted ER-
mitochondria contacts cause mitochondrial elongation or
mitochondrial fragmentation. A previous study mentioned
reduced mitochondrial and cytosolic Ca2+ levels in response
to decreased MAM formation; decreased intracellular Ca2+

concentration repressed Fis1 expression and mitochondrial
fission, leading to mitochondrial elongation [101]. In con-
trast, Tian et al. observed increased cytosolic Ca2+ levels in
response to defective ER-mitochondria contact, indirectly
activating Drp1 by means of activating calcineurin phospha-
tase and subsequently leading to mitochondrial fragmenta-
tion [93]. Although the mechanism for this contradiction
remains unclear, we suppose the integrity degree of MAMs
may be a relevant factor. Consequently, further investigations
should focus on the distance between the ER and mitochon-
dria for a better understanding of the relationship between
alterations in mitochondrial morphology and ER-
mitochondria contact.

7.3. Mitochondrial Motility. The mitochondria are trans-
ferred to satisfy local energy demands and Ca2+ buffering
demands. The transportation along microtubules is associ-
ated with mitochondrial Rho GTPase 1 (MIRO1) and
MIRO2 [102]. The relation of MIRO1/2 in the involvement
of mitochondria motility is supported by previous studies
[103]. However, due to the low calcium affinity of MIRO1/2,
the binding requires a high Ca2+ concentration, making
MAMs an ideal site for mitochondria redistribution [104].
Also, excess ER-mitochondria contact and Ca2+ transfer
may result in defects in axonal mitochondrial transport.
Microproteins, Ca2+-sensitive GTPases localized on the
OMM, interact with the TRAK adaptors and dynein/kinesin
motors for the regulation of microtubule-dependent trans-
port of the mitochondria [105]. The motor protein KIF5B
was found to actively deliver mitochondrial DNA (mtDNA)
nucleoids promoted by ER-mitochondria contacts via mito-
chondrial dynamic tubulation [106]. Mic60 on the mito-
chondrial inner membrane seems to link mitochondrial
nucleoids to the mitochondrial outer membrane protein
Miro1 and KIF5B at MAMs [107]. Such active transportation
is an essential mechanism for the proper distribution of
nucleoids in the cell’s peripheral zone.

8. MAMs and Autophagy

MAMs are a crucial compartment for the induction and exe-
cution of autophagy. Many autophagy-related gene (ATG)
proteins are enriched at MAMs, including ATG14 (autopha-
gosome marker), ATG2/5 (autophagosome-formation
marker), double FYVE domain-containing protein 1
(DFCP1, a platform for autophagosome formation), Beclin1,
and VPS15/34. Moreover, TOM40/70 directs ATG2A to
MAMs to mediate phagophore expansion (Figure 2(f))
[108]. On the MAMs, ATG2A directs the delivery of
ATG9-vesicle to stimulate phagophore expansion and effi-

cient autophagic flux (Figure 2(f)) [109]. Impaired ER-
mitochondria connection induced by PACS2 and MFN2
knockdown efficiently inhibits the formation of ATG14
puncta. Also, the formation of autophagosomes could be
modulated by promyelocytic leukemia protein (PML), a
tumor suppressor, localized at the MAMs by regulating the
activity of the AMPK/mTOR/ULK1 pathway via affecting
the transport of calcium ions from the ER to mitochondria
[110]. Mitophagy removes impaired and dysfunctional mito-
chondria. Mitophagy occurs at the MAM site among species
[111]. The mitophagy process is composed of the following
six steps: autophagy induction, the isolation membrane
nucleation (also known as the phagophore), the isolation
membrane expansion, the autophagosome formation, the
autophagosome fusion with a lysosome to form an autolyso-
some. Two major pathways were reported to be involved in
mitophagy induction: (1) Parkin-dependent pathways, com-
posed of Parkin and PTEN-induced putative kinase1
(PINK1) (Figure 2(f)), and (2) adaptor-dependent mito-
phagy, mediated directly by Bcl2 interacting protein 3
(BNIP3), Bcl2 interacting protein 3 like (BNIP3L/NIX), and
FUNDC1, which possess an LC3 interacting region (LIR)
and interact with light chain 3 (LC3) to mediate mitophagy
(Figure 2(f)) [112–114]. Both mitophagy pathways were
accordant with MAMs. Mitophagy protects myocardial cells
from I/R injury. I/R reduces mitophagy and stimulates apo-
ptosis in cardiomyocytes. An appropriate increase in mito-
phagy potentially alleviates I/R-induced cardiomyocyte
apoptosis. Simultaneously, mitophagy may also have a nega-
tive role in I/R injury [114]. Inhibition of mitophagy poten-
tially protects the myocardium against I/R injury, reduces
cardiomyocyte apoptosis, improves cardiac function, and
protects mitochondrial integrity.

8.1. PINK/Parkin-Mediated Mitophagy. The PINK1 and Par-
kin pathway, one of the best known and most well-studied
pathways of mitophagy, is implicated in the progression of
Parkinson’s disease [113]. Under physiological conditions,
PINK is continuously delivered to the mitochondria and
degraded by matrix processing peptidases (MPPs). The
degraded product is then incised by presenilin-associated
rhomboid-like (PARL). Then, cleaved PINK is transferred
to the cytoplasm for eventual degradation in lysosomes
[115]. Under pathological conditions, the cleavage of PINK
is blocked due to defective mitochondrial function. The non-
cleaved PINK accumulates on the mitochondria’s outer
membrane through a process of translocation of the OMM
protein to the outer membrane (TOM). In addition, the
aggregation of PINK on the OMM can also be affected by
the level of mitochondrial pyruvate by facilitating the direct
interaction between PINK1 and TOM [114]. The accumula-
tion of PINK on the OMM leads to the phosphorylation of
ubiquitin, thereby recruiting Parkin. Subsequently, PINK
phosphorylates and activates Parkin on the OMM and then
activates Parkin polyubiquitinate proteins, such as VDAC1
and p62/SQSTM1. The binding of ubiquitinated substrates
and autophagic membrane proteins, LC3 via LIR motif, pro-
motes recruitment of the autophagosomal membrane around
the mitochondria. The normal signaling pathway of
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PINK/Parkin-mediated mitophagy is a fundamental process
for the homeostasis of intracellular mitochondria, and defects
in this process may lead to many diseases, such as CVD [116].
A previous study reported that PINK1 and Parkin were upreg-
ulated and enhanced Parkin transfer and activation during I/R
injury accompanied with BNIP3 upregulation and FUNDC1
downregulation [112]. PINK1 knockout mice were more sus-
ceptible to overload-induced heart stress and consequent heart
failure compared to wildtype mice.

BECN1, a key component of the class III phos-
phatidylinositol 3-kinase (PtdIns3K) complex, is present in
MAMs, where it enhances the ER and mitochondria contacts
and initiates the formation of autophagosome precursors
[113]. Thus, PINK/Parkin-dependent mitophagy initiates at
the site of MAMs. Loss of PINK inhibits the accumulation
of BECN1 at MAMs, which is PARK independent, thus sug-
gesting a novel function of PINK in regulating mitophagy.
BECN1 is aberrantly expressed or posttranslationally modi-
fied in many heart diseases, including ischemia/reperfusion,
myocardial infarction, cardiac hypertrophy, and heart failure
[117]. BECN1 deregulation leads to heart disease develop-
ment through altered myocardial autophagy and apoptosis
[110]. Furthermore, Glycoprotein 78 (Gp78), a MAM-
located ubiquitin ligase (E3), has been reported to be
involved in mitophagy. The existing evidence implies that
the core proteins related to PINK/Parkin-mediated mito-
phagy are enriched in MAMs and are responsible for the reg-
ulation of MAMs’ integrity and function. As a driver of
Parkin-mediated mitophagy, AMPK has a protective role in
cardiac functions [110]. The hypoxic injury and myocardial
infarction (MI) are associated with increased RIPK3 expres-
sion, leading to inactivation of AMPK.

8.2. FUNDC1-Mediated Mitophagy. In mammalian cells,
FUNDC1, a highly conserved protein, is involved in the
receptor-mediated mitophagy pathway [118]. During hyp-
oxia, the LC3-binding regions (LIR) domain of FUNDC1
located in the mitochondrial outer membrane recruits LC3
to induce mitophagy. FUNDC1-related mitophagy is modu-
lated by a variety of stress factors and cellular proteins [119].
Under normoxic conditions, FUNDC1 can be phosphory-
lated by Src and casein kinase 2 (CK2), respectively, inhibit-
ing the binding with LC3 to initiate autophagy [120].
During hypoxic conditions, FUNDC1 is dephosphorylated
by the mitochondrial protein phosphatase PGAM5, resulting
in the binding of FUNDC1 to LC3 to induce the formation of
autophagosomes [121]. ULK1, a Ser/Thr kinase, mediates the
formation of early autophagosomes and is closely associated
with FUNDC1-dependent mitophagy [122]. ULK1 expres-
sion level is increased and recruited to the fragmented mito-
chondria under hypoxia or treatment with FCCP. In
addition, transferred ULK1 interacts with FUNDC1 to pro-
mote the phosphorylation FUNDC1, thereby initiating
autophagy [123]. MARCH5, a mitochondrial E3 ligase, is
involved in the regulation of mitophagy; MARCH5 can
directly interact and degrade FUNDC1 by inducing its ubi-
quitination [124].

FUNDC1-mediated mitophagy is confirmed as directly
related to MAMs via binding to IP3R2 to mediate IP3R-

dependent Ca2+ signaling from ER to mitochondria and
cytoplasm [125]. When FUNDC1 expression level is
decreased, the intracellular Ca2+ decreases, and Fis1 expres-
sion level is inhibited through Ca2+-sensitive CREB, leading
to mitochondrial dysfunction [126]. In addition, the reduced
expression level of FUNDC1 impaired the interaction
between the ER and mitochondria and reduced the protein
abundance in MAMs. Under normoxic conditions, the accu-
mulation of FUNDC1 in MAMs remains low in content,
while under hypoxia conditions, FUNDC1 substantially
aggregates in MAMs.

CNX may be indispensable during this process. The N
terminus of CNX directly binds to the hydrophilic domain
of FUNDC1. However, due to the localization of the N termi-
nus of CNX in the lumen of the ER, there must exist an
unknown protein that mediates the interaction between
CNX and FUNDC1 [127]. Under hypoxic conditions, CNX
depletion represses FUNDC1 translocation to the MAMs,
further confirming the vital importance of CNX in the trans-
location of FUNDC1. Despite the requirement of further
study on the function of MAMs in FUNDC1-mediated mito-
phagy, existing evidence suggests that MAM offers a platform
for FUNDC1 to exert its biological functions. FUNDC1 is
required for cardiac ischemia/reperfusion injury-activated
mitophagy. Hypoxic pretreatment induces FUNDC1-
dependent mitophagy in platelets and reduces I/R-induced
heart injury [128]. Another research also mentioned that
MAM-localized STX17 could bind to ATG14, an autophago-
some marker, and transfer it to the MAM until the comple-
tion of autophagosome formation. This supports the idea
that the autophagosome forms at MAMs.

9. Other Functions of MAMs

9.1. Apoptosis. Apoptosis is a tightly regulated, cellular dele-
tion process found in various cardiovascular diseases, such
as myocardial infarction, reperfusion injury, and heart failure
[42]. Excess transfer of calcium leading to calcium overload
can induce cell apoptosis. Specifically, mitochondrial calcium
overload induces mPTP opening, IMM permeabilization,
mitochondrial depolarization, and finally cell apoptosis.
The binding between Fis1 to BAP31 contributes to ER-
mitochondria tethering in the process of apoptosis [129].
Also, the formation of the Fis1–BAP31-tethering complex
can be induced by exogenous inducers of apoptosis [43].
Consistent with the previous data, cell apoptosis-related to
Fis1 overexpression is associated with the excessive ER-
mitochondria Ca2+ transfer [130].

The relationship between cell apoptosis and mitochon-
drial dynamics is not fully understood. After the induction
of the cell apoptosis process, massive Drp1 is recruited to
the OMM, leading to an increase of mitochondrial network
fragmentation [93]. In line with this data, a dominant-
negative mutation in Drp1 inhibits cell apoptosis. Contrary,
Drp1 overexpression protects against Ca2+-mediated apopto-
sis. Therefore, the function of Drp1 in Ca2+-induced apopto-
sis is still controversial. In addition, Drp1 induces cell
apoptosis by facilitating oligomerization of Bax under apo-
ptotic conditions [101]. The mechanism of Bax in apoptosis
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is similar to Drp1 [92]. The speculation that MAMs are
involved in this programmed cell death is confirmed by the
fact that Bax oligomerization on the OMM is conducted by
key lipid effectors of Bax between ER and mitochondria [131].

Knowing that Bax and MFN2 are colocalized in foci dur-
ing apoptosis, it is speculated that MFN2 functions in OMM
permeabilization and in response to apoptotic stimuli [52]. A
recent study suggested an induction of Drp1 SUMOylation in
response to the activation of apoptosis, during which cyto-
chrome c release is a requisite for the process [91]. The
MAM contact sites stabilized by SUMOylated Drp1 act as a
place for mitochondrial constriction, calcium flux, cristae
remodeling, and cytochrome c release. SUMOylated Drp1
can lead to mitochondrial dysfunction contributing to car-
diac hypertrophy. Taken together, these data suggested a
complicated network for apoptosis, mitochondrial dynamics,
and MAMs, which deserves further studies.

9.2. Inflammation. Inflammation has been implicated to be
involved in one of the MAM-related pathways [132]. As a
cytosolic multiprotein complex, the inflammasome is
responsible for the activation of inflammatory responses.
The NLRP3 complex is currently the only known MAM-
related inflammasome complex [133]. A wide variety of stim-
uli can be used to activate NLRP3. However, the exact activa-
tion mechanism remains unclear.

NLRP3 activation is implicated in mitochondrial dys-
function, the release of mtROS and mtDNA into the cytosol.
In addition, enhanced NLRP3 activation is accompanied by
increased damaged and dysfunctional mitochondria induced
by the inhibitors of mitophagy [134]. NLRP3 activation is
consistent with the shift of thioredoxin-interacting protein
(TXNIP) from cytosolic thioredoxin 1 to the NLRP3 inflam-
masome on the MAM. Interestingly, MAM-enriched VDAC
is indispensable for inflammation since the elimination of
VDAC1/2 abrogates the formation of the inflammatory
body. Rats with myocardial infarction exhibited a marked
increase of VDAC1 in both ventricular and atrial tissues.
VDAC1 inhibition can alleviate excessive fibrosis in the atrial
myocardium, which may have important therapeutic impli-
cations [112].

Besides the functions in NLRP3 activation, mitochondria
may also participate in inflammasome assembly, because of
the contact of activated inflammasome with both mitochon-
dria and MAMs. Furthermore, the contact between NLRP3
and mitochondria is mediated by at least three mitochondrial
factors: mitochondrial antiviral-signaling protein (MAVS),
MFN2, and cardiolipin. The physical interaction between
MAVS and NLRP3 is required for NLRP3 inflammasome
activation during viral infection [135]. Also, MFN2 directly
binds to NLRP3 during viral infection. Cardiolipin is a mito-
chondrial inner membrane lipid, and has been shown to
externalize and directly bind NLRP3; disruption of its expres-
sion is harmful for NLRP3 activation [136]. Overall, MAMs
are closely associated with inflammation, and further studies
are required to understand the mechanisms.

9.3. Antiviral Response. The relationship between MAMs and
immune response has also been identified during RNA virus

infection. Viral infection induces host innate immune
responses by activating transcription factors NF-κB and
IRF3 that modulate type-I interferons’ expression level to
inhibit viral replication. RIG-I is one of the retinoic acid-
inducible gene- (RIG-) like receptors (RLRs) that detect virus
intracellular dsRNA. Once the virus dsRNA is recognized,
the cytoplasmic RIG-I translocates to MAMs and interacts
with MAVS, activating NF-κB and IRF3 pathways [137]. In
addition, MAVS from the MAM can be targeted and cleaved
by the viral NS3/4A protease to ablate innate immune signal-
ing during HCV infection, implying that the RIG-I pathway
function against HCV is likely coordinated by MAM-
resident MAVS [138].

The stimulator of interferon genes (STING) was identi-
fied as a positive regulator of RIG-I-associated IFN-β signal-
ing [137]. The complex of STING and RIG-I recruits MAVS-
induced IRF3 phosphorylation and IFN production in
response to RNA and DNA viruses. In addition, STING is a
target for HCV-NS4B to block RIG-I-mediated activation
of IFN-β production by blocking its interaction with MAVS.
NS4B and STING are localized on ER and MAM [139].
MAM-resident factor Gp78 was also found to be involved
in innate antiviral signaling by targeting MAVS during vesic-
ular stomatitis virus (VSV) infection [140]. Still, the associa-
tion between MAMs and antiviral response should be further
studied to advance the understanding of the potential thera-
peutics in viral infections.

10. MAM IsWidely Involved in the Homeostasis
Regulation of the Cardiovascular System

Once the mitochondrial membrane potential is inhibited or
partially inhibited, the calcium kinetics during contraction
is altered, accompanied by the enhanced reduction of short-
ening degree of cardiomyocytes. This result suggested the
involvement of calcium transportation from SR to mitochon-
dria in cardiac contraction. The dysregulation between the
ER and mitochondria in the pathogenesis of CVD is gradu-
ally recognized. The effect of MAMs’ dysfunction on CVD
is probably due to the involvement of multiple pathways,
including lipid metabolism disorders, aberrant calcium
levels, activation of ROS and ER stress, mitochondria dys-
function and mitophagy, activation of inflammation
response, apoptosis, and autophagy disorders (Figure 4).

Several key MAM-associated proteins affect the progres-
sion of CVD. Cardiac-specific MFN2 knockout mice dis-
played cardiac hypertrophy and moderate diastolic
dysfunction [141]. Under β-adrenergic stress conditions,
the same mice showed obvious systolic dysfunction. More-
over, MFN2 knockout mice displayed abnormal large and
elongated mitochondria morphology and reduced SR and
mitochondria contacts. In addition, deficiency in MFN2 in
cardiomyocytes resulted in the abnormal spatial distribution
of mitochondria, low mitochondrial membrane potential,
and reduced Ca2+ uptake [142].

The FUNDC1 deficiency reduces the contact in ER and
mitochondria [143]. FUNDC1 knockout mice displayed dia-
stolic and systolic dysfunction. Besides, these mice exhibited
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obviously lower early and late ventricular filling velocity ratio
and decreased ejection fraction [126, 144].

The mitochondrial dynamics in myocardial tissue are an
important aspect of cardiac function. Drp1 knockout mice
exhibited a lower beating rate in isolated cardiomyocytes
[145]. The potential mechanism may be mitochondrial respi-
ration defects, suppressed autophagy, and increased mito-
chondrial ROS production [143, 146]. Above all, the normal
mitochondrial fission for a myocardial cell can be vital for
energy supply. Therefore, cardiac-specific Drp1 ablation mice
led to decreased life span, diminished survival, cardiac hyper-
trophy, fibrosis, and reduced systolic function [93].

Mitochondrial damage, mPTP, and ER stress are consid-
ered as the main factors related to the reperfusion damage in
I/R. Since MAMs modulate the calcium dynamics, it has a
vital role in mediating the opening of mPTP and the damage
in I/R. The CypD-GRP75-IP3R-VDAC complex inhibition
improved hypoxia/reoxygenation injury in cardiomyocytes
[147]. The hypoxia/reoxygenation process induced the
increased interaction of CypD-GRP75-IP3R-VDAC complex
and GSK3β, leading to cell death. Moreover, GSK3β inhibi-
tion induces cytosolic and mitochondrial calcium overload,

accompanied by reduced cell death and infarct size in reper-
fused hearts [148]. Due to the negative involvement of
SERCA activity in cytosolic Ca2+, mitochondrial ROS over-
production, and activation of mitochondrial fission pathway
in the myocardium, proteins that could modulate SERCA
activity are associated with the susceptibility of the heart to
I/R, such as TMX-1 and FUNDC1 [57]. Inhibition of SER-
CA2b activity in normal conditions by TMX1, a redox-
sensitive oxidoreductase localized at MAMs, triggers
enhanced ER-mitochondria contacts, thus preventing cal-
nexin during homeostatic conditions.

Diabetic cardiomyopathy (DCM) is characterized by
lipid accumulation in the cardiomyocytes and hypertrophy
in the left ventricle. DCM is triggered by apoptosis and exces-
sive ROS production, accompanied by the compensatory sig-
naling pathway activation. Cardiac-specific PERK ablation
prevents apoptosis in response to high glucose concentra-
tions, which indicates the potential beneficial role of MAM
in the prevention of DCM [59]. FUNDC1 contributes to
mitochondrial dysfunction after Ca2+ increase in diabetes
[32]. Additionally, AMPK aberration results in DCM, along
with a deregulated number of FUNDC1-related MAMs in

MAM

Normal cardiovascular Cardiovascular diseases 

Normal lipid metabolism Lipid metabolism disorders

Disordered calcium levels

Low levels of oxidative stress Activation of ROS and ER stress

Normal mitochondria dynamics Mitochondria dysfunction and mitophagy

Inflammation homeostasis Activation of inflammation response

Background level apoptosis
and autophagy

Apoptosis and autophagy
disorders

Ca2+ homeostasis

Figure 4: The alteration of MAM-mediated cellular functions in cardiovascular diseases. Major MAM-mediated abnormalities leading to
CVD include lipid metabolism disorders, abnormal calcium levels, the activation of ROS and ER stress, the dysfunction of mitochondria
and mitophagy, the activation of inflammation response, and the disorders of apoptosis and autophagy.
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diabetic hearts due to the interaction between AMPK and
MAMs in cardiomyocytes. Therefore, FUNDC1-related
MAM modulation provides new insights into the treatment
of DCM.

Heart failure (HF) is a progressive disorder of myocardial
remodeling. The increased distance between the SR and
mitochondria and diminished mitochondrial Ca2+ reuptake
are the main characteristics of prohypertrophy induced by
norepinephrine in cardiomyocytes [149]. The reduction of
Ero1 activity sensitizes hearts to adrenalin, and prevents HF
progression in response to hemodynamic overload in vivo
[149]. Patients diagnosed with HF exhibit a reduced expres-
sion of FUNDC1 accompanied by a lower number of SR-
mitochondria contacts [127]. FUNDC1 reduction in MAMs
induces heart disease. Sig-1R is one of the fundamental pro-
teins of MAMs in HF. Sig-1R inhibition promotes autophagy
in cardiomyocytes under oxidative stress conditions [34].
Highly specific agonists of Sig-1R could modulate cardio-
myocytes’ contractility. In addition, Sig-1R activation
represses hypertrophy and cardiomyocyte injury induced
by angiotensin II. Sig-1R KO mouse displayed dysfunction
and abnormal morphology of mitochondrial as well as car-
diac remodeling, resulting in contractile dysfunction.
Recently, the interaction of desmin, VDAC,Mic-60 (a central
component in mitochondrial contact sites of the cristae orga-
nizing system, MICOS), and ATP synthase were identified in

heart failure mice, implying the potential beneficial function
of such complex in cardiac function.

11. Conclusion

In this study, we discussed the molecular structure of MAM
and summarized its cellular functions. As a bridge between
the endoplasmic reticulum and mitochondria, MAM is
mainly involved in calcium homeostasis, lipid metabolism,
mitochondrial dynamics, autophagy, apoptosis, and inflam-
mation. Dysregulation of this process has been associated
with the pathogenesis of CVD. These data further confirmed
the potential use of MAM and related proteins as targets for
CVD treatment.

It is important to understand the regulatory mechanisms
and targeting proteins involved in the maintenance of
MAMs’ integrity to explore novel therapeutic targets for the
prevention or treatment of heart-associated pathologies. For
instance, as fluvoxamine has a high affinity towards Sig-1R,
it has been used and tested for the treatment of heart failure
and cardiac dysfunction in transverse aortic constriction
models in both mice and rats [150]. Additionally, as an anti-
oxidant, N-acetylcysteine was used to treat mitochondrial
damage and muscle dysfunction, suggesting the involvement
of ROS [151]. Chemical chaperones like 4-phenylbutyrate
(PBA) and tauroursodeoxycholic acid can prevent and

MAM

Lipid metabolism ROS and ER stress Calcium Apoptosis and autophagy Mitochondria
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Figure 5: MAM-enriched proteins as potential new therapeutic targets for treatment of CVD-associated pathologies. MAM regulates some
major cellular processes, including lipid metabolism, ROS, endoplasmic reticulum pressure, calcium homeostasis, apoptosis and autophagy,
and mitochondrial function. The abnormality of these processes often leads to CVD. Notably, the key regulatory proteins of these processes
can serve as potential therapeutic targets for CVD.
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reverse the established pulmonary arterial hypertension in
two rodent disease models by inhibiting the disruption of
the ER-mitochondria unit and reducing SR stress [151].

New and more effective therapies are urgently needed for
CVD.MAM-related proteins and their inhibitors can directly
affect the pathogenesis of CVD, which is of great significance
for improving the survival of patients. Future studies should
focus on screening new MAM-related protein inhibitors and
exploring the possibility and potential of these inhibitors in
the treatment of CVD from the molecular mechanism.
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Background. miR-205 is important for oxidative stress, mitochondrial dysfunction, and apoptosis. The roles of miR-205 in cardiac
ischemia/reperfusion (I/R) injury remain unknown. The aim of this research is to reveal whether miR-205 could regulate cardiac
I/R injury by focusing upon the oxidative stress, mitochondrial function, and apoptosis. Methods. Levels of miR-205 and Rnd3
were examined in the hearts with I/R injury. Myocardial infarct size, cardiac function, oxidative stress, mitochondria function,
and cardiomyocyte apoptosis were detected in mice with myocardial ischemia/reperfusion (MI/R) injury. The primary neonatal
cardiomyocytes underwent hypoxia/reoxygenation (H/R) to simulate MI/R injury. Results. miR-205 levels were significantly
elevated in cardiac tissues from I/R in comparison with those from Sham. In comparison with controls, levels of Rnd3 were
significantly decreased in the hearts from mice with MI/R injury. Furthermore, inhibiting miR-205 alleviated MI/R-induced
apoptosis, reduced infarct size, prevented oxidative stress increase and mitochondrial fragmentation, and improved
mitochondrial functional capacity and cardiac function. Consistently, overexpression of miR-205 increased infarct size and
promoted apoptosis, oxidative stress, and mitochondrial dysfunction in mice with MI/R injury. In cultured mouse neonatal
cardiomyocytes, downregulation of miR-205 reduced oxidative stress in H/R-treated cardiomyocytes. Finally, inhibiting Rnd3
ablated the cardioprotective effects of miR-205 inhibitor in MI/R injury. Conclusions. We conclude that inhibiting miR-205
reduces infarct size, improves cardiac function, and suppresses oxidative stress, mitochondrial dysfunction, and apoptosis by
promoting Rnd3 in MI/R injury. miR-205 inhibitor-induced Rnd3 activation is a valid target to treat MI/R injury.

1. Introduction

Despite remarkable progress in disease prevention, diagnosis,
and better control of risk factors, heart disease remains the
most major contributor to mortality and morbidity world-
wide [1, 2]. The myocardium that suffered from acute myo-
cardial infarction (AMI) becomes ischemic and is
consequently replaced by fibrosis [3]. Although ischemic
myocardium can be treated by drugs or surgery, reperfusion
causes damage to the heart, known as reperfusion injury [4].
Though coronary heart disease (CHD) mortality declined
about 1%-1.8% annually in the past 20 years, thanks to percu-

taneous coronary intervention, estimated years of life lost
because of MI are still very high [5]. Such circumstance indi-
cates that great effort is still needed in research into alleviat-
ing cardiac I/R injury.

MicroRNAs (miRs) are small noncoding RNAs with sizes
around 18–24 nucleotides, which could promote the transla-
tion or degradation of mRNAs and then regulate gene
expression [6]. Based on this character, miRs involve in var-
ious biological process such as development, cancer, meta-
bolic diseases, inflammation, and cardiovascular diseases
[7–10]. Moreover, miRs also have the potential to be novel
biomarkers and therapeutic agents [11, 12]. Specific to
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cardiac I/R injury, miRs often play its role through regulating
genes expression in key signaling pathways. For example,
miR-19a suppresses myocardial apoptosis in I/R injury
[13]. Besides, miR-20b-5p could downregulate Smad7, acti-
vate TGF-β/Smad pathway, and thus accelerate ventricular
remodeling in I/R injury [14]. Therefore, our research
decides to put emphasis on the miRs. miR-205-5p is one of
the highly conserved miRNAs, located in the region of chro-
mosome 1q32.2 of human genome. However, the role of
miR-205-5p in MI/R injury still remains unclear.

Mitochondria suffer a deficiency to supply the cardio-
myocyte with energy in MI/R injury [15]. Mitochondria dys-
function induced byMI/R injury leads to systolic dysfunction
of heart because of insufficient energy [16]. The primary
function of mitochondria is to produce abundant ATP,
which is of critical importance for the normal work of heart.
While in diseases, abnormalities of mitochondria are often
discovered in form of mitochondrial enlargement, matrix
derangement, and cristae loss, which all indicates abnormal-
ity of mitochondrial quality control [17]. Besides, oxidative
stress is also an indicator of mitochondrial abnormality.
Mitochondrial quality control includes mitochondrial bio-
genesis, mitochondrial dynamics, and mitophagy [18]. Kubli
et al. generated parkin-deficient mice, which displayed
impaired mitophagy and were more sensitive to myocardial
infarction [19]. Mitochondrial quality surveillance may be a
therapeutic target in myocardial infraction [20]. Taken
together, this evidence demonstrate that cardiac restoration
post injury is greatly related to mitochondrial function.

Oxidative stress originated from the overwhelmed ROS
and the insufficient antioxidant defense systems [21]. The
generation of ROS is promoted during I/R injury [22]. Oxi-
dative stress resulted in alterations in protein function and
oxidation of mitochondrial DNA. At the same time, mito-
chondrial damage induced the generation of ROS [23]. Ulti-
mately, oxidative stress activates caspases and promotes cell
apoptosis [24].

Small guanosine triphosphatases (GTPases) are enzymes
which can hydrolyze guanosine triphosphate (GTP), and the
most well-known GTPase family is Ras GTPases [25]. RND3,
also called as RhoE, belongs to Ras homologous (Rho) family
31. Different from other GTPases, RND3 is lack of GTPase
activity, but it is actively involved in actin cytoskeletal
dynamics, apoptosis, differentiation, and other physiological
process [26, 27]. Based on the discovered downregulation of
RND3 in human falling heart, Yue et al. generated Rnd3+/−

haploinsufficient mice. Compared to wild-type ones,
Rnd3+/− mice displayed apoptotic cardiomyopathy when
exposed to pressure overload. Researchers also found that
total deletion of RND3 would result in embryonic death
because of fetal arrhythmias [28, 29]. While mice with
RND3 knockdown could survive to adulthood, knockdown
of RND3 would disturb the ubiquitination of β2-adrenergic
receptor and finally lead to irregular spontaneous Ca2+

release [30]. In addition to above, under stress, RND3 could
stabilize HIF1α and promote VEGF expression [31]. This
cardioprotective effect of RND3 is evidenced by reserved car-
diac function of Rnd3 transgenic mice exposed to pressure
overload. All these data illustrate that RND3 exert multiple

effects in various cardiovascular diseases. Based on TargetS-
can, the RND3 is the target of miR-205-5p. However, no
efforts have been made to explore the effects of miR-
205/Rnd3 in MI/R injury.

2. Research Design and Methods

2.1. Ethics and Subjects. The experiments were performed in
adherence with the National Institutes of Health Guidelines
on the Use of Laboratory Animals and were approved by
the Fourth Military Medical University Ethic Committee on
Animal Care.

2.2. Experiment Protocols. Male C57BL/6 mice of 6-8 weeks
were randomly divided into the following groups with n = 6
each: (1) Sham; (2) MI/R+NC; (3) MI/R+miR-205 inhibitor;
(4) MI/R+Control mimic; and (5) MI/R+miR-205 mimic. To
illustrate whether miR-205 regulates cardiac I/R injury
through Rnd3, mice were randomized to receive one of the
following treatments with n = 6 each: (1) MI/R; (2) MI/R
+AAV9-sh-Rnd3; (3) MI/R+miR-205 inhibitor; and (4)
MI/R+miR-205 inhibitor+AAV9-sh-Rnd3. MI/R model con-
struction was performed as previously described [32]. A 6–0
silk suture slipknot was placed at the proximal one-third of
the left anterior descending artery. After 30 minutes of ische-
mia, the slipknot was released, and the myocardium was
reperfused for 3 h.

2.3. Intracardiac Injection of miRNA Mimics and AAV9-sh-
Rnd3. Mice were randomly subjected to intracardiac injec-
tion of miR-205 mimics or inhibitors (10μg per mouse
heart), respectively, before MI/R. miR-205 mimics or inhibi-
tors (10μg per heart) in a total volume of 50μl were injected
immediately before the ligation of LAD coronary artery. The
miRNA mimics, miRNA inhibitors, and AAV9-sh-Rnd3
(2 × 1011 viral genome particles per mouse heart) were evenly
injected into three sites around the infarcted area (anterior
wall, lateral wall, and apex area).

2.4. Primary Cardiomyocytes Culture and In Vitro Simulated
Ischemia/Reperfusion Model Construction. Primary cardio-
myocytes were isolated and cultured as previously described.
The hearts of 1- to 3-day-old mice were isolated. The ventric-
ular tissue was cut into pieces and digested with 5ml collage-
nase type II at a concentration of 1mg/ml for 7min. The
supernatant was fed into a 15ml centrifuge tube, and the
digestion was terminated with the same amount of DMEM
and 10% fetal bovine serum (FBS). The above steps were
repeated until the heart tissue is completely digested. The iso-
lated cells were cultured in a 37°C culture flask for 2 hours to
enrich the culture with cardiomyocytes. The nonadherent
cardiomyocytes were collected and then plated onto
gelatin-coated plated. For induction of simulated I/R injury,
cells were cultured in D-Hanks solution in a modular incuba-
tor chamber (Biospherix) with 1% O2, 5% CO2, and 94% N2
for 4 h (simulated ischemia for 4 h), then exposed to atmo-
sphere of 21% O2, 5% CO2, and 74% N2, and cultured for 4
h (simulate reperfusion for 4 h). Primary cardiomyocytes
were randomly divided into the following groups: (1) Con;
(2) H/R+NC; (3) H/R+miR-205 inhibitor; (4) H/R+Control
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mimic; and (5) H/R+miR-205 mimic. To illustrate whether
miR-205 regulates H/R injury in cardiomyocytes through
Rnd3, cardiomyocytes were randomized to receive one of
the following treatments: (1) H/R; (2) H/R+Ad-sh-Rnd3;
(3) H/R+miR-205 inhibitor; and (4) H/R+miR-205 inhibi-
tor+Ad-sh-Rnd3.

2.5. Measurement of Myocardial Infarct Size. Myocardial
Infarct Size was evaluated by Evans Blue/TTC staining as
previously described [32].

2.6. Determination of Myocardial Apoptosis.Myocardial apo-
ptosis was determined by terminal deoxynucleotidyl
transferase-mediated dUTP-biotin nick end labeling
(TUNEL) staining as previously described [32].

2.7. Determination of Cardiac Function. Echocardiography
was performed at 24h after reperfusion as previously
described [32].

2.8. Calcium Retention Capacity (mCRC). The mitochondrial
calcium retention capacity (mCRC) was detected as previ-
ously described [29].

2.9. ROS Production and MnSOD Activity. The production of
ROS was measured as previously described [33]. MnSOD
was assayed as previously described [33].

2.10. Western Blot Evaluation. Total proteins from cardio-
myocytes were separated by SDS-PAGE, blotted and probed
with anti-β-actin antibody (Santa Cruz, CA, USA), anti-
Rnd3 (Cell Signaling, Danvers, MA, USA), anti-Cleaved Cas-
pase-3, and anti-Cleaved Caspase-9 (Sigma, St. Louis, MO,
USA). The signals were quantified by densitometry and nor-
malized to β-actin.

2.11. Citrate Synthase (CS), ATP Content, Mitochondria
Isolation, Immunostaining Assay, and Transmission
Electron Microscopy (TEM). Citrate synthase and the ATP
content of the myocardium were measured as previously
described [29]. Mitochondria isolation, immunostaining
assay, and transmission electron microscopy (TEM) were
performed as previously described [30].

2.12. Mitochondrial Membrane Potential (ΔΨ) Detection.
The ΔΨ of cardiomyocytes was assessed by the JC-1 assay
kit (Beyotime, CHINA) [34].

2.13. Statistical Analysis. Continuous variables that approxi-
mated the normal distribution were expressed as means ±
SD. Comparison between groups was subjected to ANOVA
followed by the Bonferroni correction for post hoc t-test.
Data expressed as proportions were assessed with a Chi-
square test. Two-sided tests have been used throughout,
and p values < 0:05 were considered statistically significant.
The SP4SS software package version 17.0 (SPSS, Chicago,
IL) was used for data analysis.

3. Results

3.1. miR-205 Inhibitor Alleviates, while miR-205 Mimic
Administration Aggravates Cardiac MI/R Injury in Mice.
miR-205 was significantly increased in the MI/R group
(Figure 1(a)). Compared with the MI/R group, LDH and
CK-MB were significantly decreased in the miRNA-205
inhibitor group, while increased in the miRNA-205 mimic
group (Figures 1(b) and 1(c)). Echocardiography showed
that the significant increase of cardiac function markers
LVEF and LVFS and the significant decrease of LVESD and
LVEDD were observed in the MI/R+miR-205 inhibitor
group (Figures 1(d)–1(g)). Furthermore, miR-205 mimic sig-
nificantly decreased LVEF and LVFS and increased LVESD
and LVEDD compared with the MI/R group (Figures 1(d)–
1(g)). Representative images of infarct size are shown in
Figure 1(h). miR-205 inhibitor significantly decreased infarct
size after MI/R injury compared with the MI/R group
(Figure 1(i)). Meanwhile, miR-205 mimic administration sig-
nificantly increased infarct size after MI/R injury compared
with the MI/R group (Figure 1(i)). Figure 1(j) reveals that
there was no significant difference in the ratio of area at risk
(AAR) to left ventricle (LV) area among groups.

3.2. miR-205 Inhibitor Improves, while miR-205 Mimic
Administration Aggravates Mitochondrial Dysfunction and
Oxidative Stress in Mice that Underwent MI/R Injury. TEM
revealed that miRNA-205 inhibitor treatment alleviated
mitochondrial structural damage after MI/R injury
(Figure 2(a)). Compared to the MI/R group, mitochondrial
ATP content (Figure 2(b)) and CS activity (Figure 2(c)) were
significantly elevated in the MI/R+miRNA-205 inhibitor
group and decreased in the MI/R+miRNA-205 mimic group.
Compared to the MI/R group, the mCRC in the MI/R
+miRNA-205 inhibitor group was significantly enhanced
(Figure 2(d)). ROS levels (Figure 2(e)) and mitochondrial
MnSOD activity (Figure 2(f)) were significantly decreased
in the miR-205 inhibitor-injected hearts, while increased in
the miRNA-205 mimic-injected hearts. Moreover, miRNA-
205 inhibitor increased, while miRNA-205 overexpression
administration decreased the expression of Rnd3
(Figures 2(g) and 2(h)).

3.3. Inhibiting miR-205 Improves, while miR-205
Overexpression Administration Aggravates Apoptosis in
Mice that Underwent Cardiac MI/R Injury. TUNEL-positive
cardiomyocytes in the MI/R+miRNA-205 inhibitor group
were less frequently observed compared with the MI/R group
(Figures 3(a) and 3(b)). miRNA-205 mimic increased the
apoptosis rate after MI/R injury (Figures 3(a) and 3(b)). Con-
comitantly, miRNA-205 inhibitor administration decreased
cleaved caspase-3 and cleaved caspase-9 after MI/R injury
(Figures 3(c)–3(e)). miRNA-205 mimic administration
increased cleaved caspase-3 and cleaved caspase-9 after
MI/R injury (Figures 3(c)–3(e)).

3.4. Inhibiting RND3 Ablated the Cardioprotective Effects of
miRNA-205 Inhibitor. To elucidate the mechanism of miR-
205 on MI/R injury in mice, we checked the TargetScan
and find Rnd3. AAV9-sh-Rnd3 was injected to the mice with
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Figure 1: Continued.
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MI/R injury. As is shown in Figures 4(a) and 4(b), a signifi-
cant increase of cardiac injury markers LDH and CK-MB
was observed in AAV9-sh-Rnd3-injected mice after MI/R
injury. The infarct size was significantly larger in the
AAV9-sh-Rnd3-injected mice compared with the MI/R mice
(Figures 4(g)–4(i)). Additionally, we observed injured car-
diac function, as indicated by decreased LVEF and LVFS
and increased LVESD and LVEDD in MI/R+AAV9-sh-
Rnd3 mice (Figures 4(c)–4(f)). Interestingly, miR-205 inhib-
itor did not exhibit protective effects in AAV9-sh-Rnd3-
injected mice with MI/R injury, as evidenced by infract size
and cardiac function (Figure 4). The result of mitochondrial
function, oxidative stress, and apoptosis was consistent with
the above results (Figures 5 and 6). miR-205 inhibitor allevi-
ated the mitochondria ultrastructure disorder in MI/R hearts
but not in MI/R+miR-205 inhibitor+AAV9-sh-Rnd3 hearts
(Figure 5(a)). AAV9-sh-Rnd3 significantly further decreased

ATP content and CS activity in the MI/R+AAV9-sh-Rnd3
group, while miR-205 inhibitor insignificantly increased
ATP content and CS activity in the MI/R+miR-205 inhibi-
tor+AAV9-sh-Rnd3 group (Figures 5(b) and 5(c)). The
result of mCRC, ROS levels, and mitochondrial MnSOD
activity was consistent with above results. Consistently,
AAV9-sh-Rnd3 treatment decreased mCRC and increased
ROS levels, and mitochondrial MnSOD activity underwent
MI/R injury. AAV9-sh-Rnd3 treatment decreased the
expression of Rnd3 in the MI/R+miR-205 inhibitor+AAV9-
sh-Rnd3 hearts (Figures 5(g) and 5(h)). Coincidentally,
AAV9-sh-Rnd3 injection increased the TUNEL-positive car-
diomyocytes and the expression of cleaved caspase-3 and
cleaved caspase-9 (Figures 6(a)–6(e)). However, the miR-
205 inhibitor did not decrease cardiomyocyte apoptosis in
the presence of AAV9-sh-Rnd3 after MI/R injury. The
miR-205 inhibitor had no effect on the cleaved caspase-3
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Figure 1: miR-205 inhibitor alleviates, while miR-205 mimic administration aggravates cardiac MI/R injury in mice. (a) Relative expression
of miRNA-205. (b, c) Lactate dehydrogenase (LDH) and creatine kinase-MB (CK-MB) release after myocardial I/R injury in mice. (d–g) Left
ventricular ejection fraction (LVEF), left ventricular fraction shortening (LVFS), left ventricular end systolic diameter (LVESD), and left
ventricular end diastolic diameter (LVEDD) measured by echocardiography. (h) Representative images of infarct size as stained by Evans
Blue and TTC. (i, j) Quantitative analysis of infarct size and AAR/LV at 3 h after I/R injury in mice. n = 6 in each group. The columns and
errors bars represent means and SD. ∗p < 0:05 vs. Sham, †p < 0:05 vs. MI/R+NC, ‡p < 0:05 vs. MI/R+miR-205 inhibitor, &p < 0:05 vs.
MI/R+Control mimic.
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Figure 2: Continued.
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and cleaved caspase-9 in the MI/R mice subjected to AAV9-
sh-Rnd3 injection (Figures 6(a)–6(e)). All these results indi-
cate that miR-205 inhibitor alleviates MI/R injury by pro-
moting Rnd3 expression.

3.5. Inhibiting miR-205 Improves H/R-Induced Oxidative
Stress, while Inhibiting Rnd3 Ablated the Cardioprotective
Effects of miR-205 Inhibitor in Primary Cardiomyocytes. Con-
sistent with these observations, miR-205 inhibitor signifi-
cantly decreased, while miR-205 mimic increased the level
of mitochondrial ROS, which was measured by a MitoSOX
kit, in cardiomyocytes compared with the H/R group
(Figures 7(a) and 7(b)). JC-1 fluorescence images revealed
that miR-205 inhibitor increased the ΔΨ, while miR-205
mimic reduced the ΔΨ in cardiomyocytes that underwent
H/R injury (Figures 7(c) and 7(d)). Moreover, Ad-sh-Rnd3
increased the level of mitochondrial ROS in cardiomyocytes
that underwent H/R injury. However, miR-205 inhibitor

reduced oxidative stress in cardiomyocyte after H/R, which
almost disappeared after downregulation of Rnd3
(Figures 7(e) and 7(f)). JC-1 fluorescence images reveal that
Ad-sh-Rnd3 reduced the ΔΨ in cardiomyocytes that under-
went H/R injury, and it could block the effect of miR-205
inhibitor on the increase of ΔΨ that underwent H/R injury
(Figures 7(g) and 7(h)).

4. Discussion

The morbidity and mortality of patients with AMI are high
worldwide [35]. In patients with MI, the myocardial reperfu-
sion treatment for salvaging viable myocardium, limiting MI
size, and decreasing mortality is timely and effective [36].
However, reperfusion itself induces cardiac injury, named
as reperfusion injury, and there is still lack of effective ther-
apy for MI/R injury. It has always been a great threat to
human’s health and life. Numerous studies and clinical

M
nS

O
D

 (U
/m

g)

2

10

8

6

4

0

Sh
am

MI/R
+NC

MI/R
+miR-20

5 i
nhibito

r

MI/R
+contro

l m
im

ic

MI/R
+miR-20

5 m
im

ic

⁎ †
‡ &

⁎ ⁎‡

⁎†

(f)

β-Actin

Rnd3

Sh
am

MI/R
+NC

MI/R
+miR-20

5 i
nhibito

r

MI/R
+contro

l m
im

ic

MI/R
+mir-

20
5 m

im
ic

(g)

0.5

1.0

0

Sh
am

MI/R
+NC

MI/R
+miR-20

5 i
nhibito

r

MI/R
+contro

l m
im

ic

MI/R
+miR-20

5 m
im

ic

1.5

Rn
d3 ⁎ †

‡ &
⁎ ⁎‡

⁎†

(h)

Figure 2: miR-205 inhibitor improves, while miR-205 mimic administration aggravates mitochondrial dysfunction and oxidative stress in
mice that underwent MI/R injury. (a) Mitochondria morphological defects (magnification: upper panel ×9900; middle panel ×20500;
lower panel ×43000). (b, c) ATP content and citrate synthase (CS) activity in the ischemic myocardium in mice subjected to MI/R injury.
(d) Sensitivity of the mitochondrial permeability transition pore (mPTP) opening to calcium as evidenced by mCRC measurement. (e)
ROS levels assessed by EPR spectroscopy. (f) Mitochondrial MnSOD activity. (g, h) Western blot analysis of Rnd3 expression. n = 6 in
each group. ∗p < 0:05 vs. Sham, †p < 0:05 vs. MI/R+NC, ‡p < 0:05 vs. MI/R+miR-205 inhibitor, &p < 0:05 vs. MI/R+Control mimic.
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Figure 3: Inhibiting miR-205 improves, while miR-205 overexpression administration aggravates apoptosis in mice that underwent cardiac
MI/R injury. (a, b) Representative images of TUNEL staining and percentage of TUNEL-positive nuclei, scale bars = 50 μm. (c–e) Western
blot analysis of cleaved caspase-3 and cleaved caspase-9 expression. n = 6 in each group. ∗p < 0:05 vs. Sham, †p < 0:05 vs. MI/R+NC, ‡p <
0:05 vs. MI/R+miR-205 inhibitor, &p < 0:05 vs. MI/R+Control mimic.

8 Oxidative Medicine and Cellular Longevity



W
t

AAV9-s
h-R

nd3

miR-20
5 i

nhibito
r

miR-20
5 i

nhibito
r+

AAV9-s
h-R

nd3

0

50

100

150

200

250

MI/R

LD
H

 (U
/L

) †‡

⁎

⁎†

(a)

W
t

AAV9-s
h-R

nd3

miR-20
5 i

nhibito
r

miR-20
5 i

nhibito
r+

AAV9-s
h-R

nd3

0

10

20

30

40

MI/R

CK
-M

B 
(U

/L
)

†‡

⁎

⁎†

(b)

20

40

60

80

100

MI/R

LV
EF

 (%
)

W
t

AAV9-s
h-R

nd3

miR-20
5 i

nhibito
r

miR-20
5 i

nhibito
r+

AAV9-s
h-R

nd3

†‡

⁎

⁎†

(c)

0

10

20

30

40

50

MI/R

LV
FS

 (%
)

W
t

AAV9-s
h-R

nd3

miR-20
5 i

nhibito
r

miR-20
5 i

nhibito
r+

AAV9-s
h-R

nd3

†‡

⁎

⁎†

(d)

2.0

2.5

3.0

3.5

4.0

MI/R

LV
ES

D
 (m

m
)

W
t

AAV9-s
h-R

nd3

miR-20
5 i

nhibito
r

miR-20
5 i

nhibito
r+

AAV9-s
h-R

nd3

†‡

⁎

⁎†

(e)

3.0

3.5

4.0

4.5

5.5

5.0

MI/R

⁎

LV
ED

D
 (m

m
)

W
t

AAV9-s
h-R

nd3

miR-20
5 i

nhibito
r

miR-20
5 i

nhibito
r+

AAV9-s
h-R

nd3

†‡

⁎†

(f)

Figure 4: Continued.
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evidence support the notion that miRNAs play essential roles
in cardiovascular diseases, such as myocardial infarction, car-
diac hypertrophy, cardiomyopathy, and arrhythmias, and
could be used for the diagnosis and prevention of cardiovas-
cular diseases. miR-205 is discovered to be a suppressor fac-
tor in breast cancer, which can target E2F transcription factor
1, angiomotin, and other genes, and then to reduce cell pro-
liferation, inhibit invasion, and increase apoptosis. Ling et al.
found that miR-205 was markedly inhibited in air pollution
that induced myocardial inflammation, and the inhibition
of miR-205 activated the IRAK2/TRAF6/NF-κB signaling
pathway [37]. Except these, miR-205 is also found to be
increased in animals treated with imatinib mesylate and
doxorubicin and animals with chronic heart failure [38,
39]. We found that inhibiting miR-205 improved cardiac
dysfunction and mitochondrial dysfunction and reduced
infarct size, oxidative stress, and apoptosis by promoting
Rnd3 in MI/R injury. The results suggested that miR-205
is detrimental in MI/R injury. Moreover, the cardiac pro-
tective effects of miR-205 inhibitor are abolished through
inhibiting Rnd3.

Mitochondrial dysfunction leads to contractile dysfunc-
tion and pathological ventricular remodeling, which is
associated with heart failure and mortality of patients. In
the current study, we found that miR-205 inhibitor
improved mitochondrial dysfunction, which was associated
with impaired cardiac function. Meanwhile, miR-205
mimic exaggerated contractile dysfunction and mitochon-
drial dysfunction. The alterations in the mitochondrial
function suggested that miR-205 inhibitor may play a pro-
tective role in pathological process of MI/R injury. More-
over, these protective effects of miR-205 inhibitor were
abolished by knocking down Rnd3, which was in line with
our previous study.

Oxidative stress has been identified as a major cause of
cardiac injury in cardiovascular system. Under pathological
conditions, excessive production of ROS impairs the balance
between ROS and antioxidant substance, which is called oxi-
dative stress. Oxidative stress results in negative effects on
normal cardiac structure and cardiometabolic homeostasis
[40]. Increased oxidative stress is implicated in MI/R injury,
contractile dysfunction, mitochondrial dysfunction, myocyte
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Figure 4: Inhibiting RND3 ablated the cardioprotective effects of miRNA-205 inhibitor. (a, b) Lactate dehydrogenase (LDH) and creatine
kinase-MB (CK-MB) release. (c–f) Left ventricular ejection fraction (LVEF), left ventricular fraction shortening (LVFS), left ventricular
end systolic diameter (LVESD), and left ventricular end diastolic diameter (LVEDD). (g) Representative images of infarct size as stained
by Evans Blue and TTC. (h, i) Infarct size. AAR/LV had no statistical difference between groups 3 h after I/R injury. n = 6 in each group.
The columns and errors bars represent means and SD. ∗p < 0:05 vs. MI/R, †p < 0:05 vs. MI/R+AAV9-sh-Rnd3, ‡p < 0:05 vs. MI/R+miR-
205 inhibitor.
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Figure 5: Continued.
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apoptosis, and the progressive downward spiral of heart fail-
ure [41–44]. Cytoplasm, mitochondria, and peroxisomes are
main sources of ROS. NADPH oxidase (NOX) family and
mitochondrial complexes I-III are the most well-known con-
tributors of production of cytoplasmic ROS and mitochon-
drial ROS, respectively. Overall, detrimental effects of
excessive ROS in heart are attributed to dysfunction in elec-
trophysiology, contractibility, energy metabolism, and fibro-
sis [45]. Excessive ROS could directly modify proteins
involved in potassium channels, sodium-calcium exchanger,
and other important ion channel and thus influence electro-
physiology in heart [46]. Oxidative stress was increased in
cardiac hypertrophy, and ROS-mediated activation of
MAPKs and NF-κB was discovered [47]. Our study has dem-
onstrated that the miR-205 mimic exacerbates ROS level and
subsequent increased superoxide generation. Furthermore,

the current study demonstrated a substantial reduction of
MI/R-induced ROS after miR-205 inhibitor treatment.
Oxidative stress was significantly upregulated in MI/R
mice with Rnd3 knockdown. Taken together, these results
indicate that miR-205 inhibitor inhibited, while miR-205
mimic promoted the oxidative stress during exposure to
MI/R injury.

The cardiomyocyte apoptosis is the chief player in MI/R
injury [48]. Previous studies have revealed that downregulat-
ing miR-205 reduces myocardial apoptosis in rats with
chronic heart failure [39]. In the current study, miR-205
inhibitor inhibited, while miR-205 mimic promoted cardio-
myocyte apoptosis.

Rnd3, a member of the Rnd family, has been proved as a
key factor in the pathophysiology process of cardiomyopa-
thy, heart failure, and cancer [27]. Rnd3 can reduce

RO
S 

le
ve

ls
(a

rb
itr

ar
y 

un
it)

0

20000

10000

40000

50000

30000

MI/R

W
t

AAV9-s
h-R

nd3

miR-20
5 i

nhibito
r

miR-20
5 i

nhibito
r+

AAV9-s
h-R

nd3

†‡

⁎

⁎†

(e)

M
nS

O
D

 (U
/m

g)

2

10

8

6

4

0

MI/R

W
t

AAV9-s
h-R

nd3

miR-20
5 i

nhibito
r

miR-20
5 i

nhibito
r+

AAV9-s
h-R

nd3

†‡

⁎

⁎†

(f)

Rnd3

MI/R

β-Actin

W
t

AAV9-s
h-R

nd3

miR-20
5 i

nhibito
r

miR-20
5 i

nhibito
r+

AAV9-s
h-R

nd3

(g)

1.5

0.0

1.0

0.5

Rn
d3

MI/R

W
t

AAV9-s
h-R

nd3

miR-20
5 i

nhibito
r

miR-20
5 i

nhibito
r+

AAV9-s
h-R

nd3

†‡

⁎

⁎†

(h)

Figure 5: Inhibiting RND3 ablated the cardioprotective effects of miRNA-205 inhibitor in mitochondrial dysfunction and oxidative stress in
mice that underwent MI/R injury. (a) Mitochondria morphological defects (magnification: upper panel ×9900; middle panel ×20500; lower
panel ×43000). (b, c) ATP content and citrate synthase (CS) activity in the ischemic myocardium in the isolated mitochondrial in mice
subjected to cardiac I/R injury. (d) Sensitivity of the mitochondrial permeability transition pore (mPTP) opening to calcium as evidenced
by mCRC measurement. (e) ROS levels assessed by EPR spectroscopy. (f) Mitochondrial MnSOD activity. (g, h) Western blot analysis of
Rnd3 expression. n = 6 in each group. ∗p < 0:05 vs. MI/R, †p < 0:05 vs. MI/R+AAV9-sh-Rnd3, ‡p < 0:05 vs. MI/R+miR-205 inhibitor.
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microvascular leakage after injury [49]. Recent research sug-
gested that coronary microvascular may be a new frontier in
cardioprotection after MI/R injury [50]. Further evidence has
revealed that insufficient Rnd3 results in apoptotic cardiomy-
opathy with heart failure. In cardiac I/R injury, RND3 defi-
ciency promotes some proinflammatory gene expressions
including tumor necrosis factor (TNF) superfamily and
interferons. While cardiac RND3 overexpression inhibits
inflammation post-MI and improves cardiac function [51].
Increased evidence suggested an essential role for myocardial
Rnd3 in modulating cardiac function. Although the precise
roles remain uncertain, previous studies have revealed that
Rnd3 also mediates obesity and insulin resistance [52].
miR-205 was significantly increased in mice with I/R injury,

whereas the expression of Rnd3 was decreased. Meanwhile,
Rnd3 knockdown abolished the cardioprotective effect in
MI/R injury after miR-205 inhibitor treatment, suggesting
that miR-205 inhibitor alleviates the MI/R injury by pro-
moting Rnd3. Furthermore, our study demonstrated that
Rnd3 knockdown exhibited exacerbated cardiac systolic
dysfunction and mitochondrial dysfunction and increased
oxidative stress and apoptosis. We observed that miR-205
inhibitor decreased the infarct size, oxidative stress, and
cardiomyocyte apoptosis and improved the mitochondrial
function, which was abolished by downregulating Rnd3.
Taken together, these results support Rnd3 as the primary
downstream of miR-205 which maintains cardiac function
in the MI/R.
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Figure 6: Inhibiting RND3 ablated the cardioprotective effects of miRNA-205 inhibitor in apoptosis in mice that underwent cardiac MI/R
injury (a, b) Representative images of TUNEL staining and percentage of TUNEL-positive nuclei, scale bars = 50μm. (c–e) Western blot
analysis of cleaved caspase-3 and cleaved caspase-9 expression. n = 6 in each group. ∗p < 0:05 vs. MI/R, †p < 0:05 vs. MI/R+AAV9-sh-
Rnd3, ‡p < 0:05 vs. MI/R+miR-205 inhibitor.
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Figure 7: Continued.
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Figure 7: Inhibiting miR-205 improves H/R-induced oxidative stress, while inhibiting RND3 ablated the cardioprotective effects of miR-205
inhibitor in primary cardiomyocytes. (a, b) Representative images of mitochondrial ROS in primary cardiomyocytes, scale bars = 50μm. (c, d)
Representative images of JC-1 and the ratio of aggregated (red) and monomeric (green) in neonatal mice cardiomyocytes, scale bars = 20μm.
∗p < 0:05 vs. Con, †p < 0:05 vs. H/R+NC, ‡p < 0:05 vs. H/R+miR-205 inhibitor, &p < 0:05 vs. H/R+Control mimic. (e, f) Representative
images of mitochondrial ROS in neonatal mice cardiomyocytes, scale bars = 50 μm. (g, h) Representative images of JC-1 and the ratio of
aggregated (red) and monomeric (green) in neonatal mice cardiomyocytes, scale bars = 20μm. The number of cardiomyocytes was
counted (n = 50 in each group). ∗p < 0:05 vs. H/R, †p < 0:05 vs. H/R+AAV9-sh-Rnd3, ‡p < 0:05 vs. H/R+miR-205 inhibitor.
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In conclusion, we provided evidence that miR-205 inhib-
itor alleviated the cardiac I/R injury. In addition, these car-
diac protective effects of miR-205 inhibitor are largely
attributable to the Rnd3 activation. Although these data col-
lectively indicate that miR-205 Inhibitor as a therapeutic tar-
get for MI/R injury, further studies are needed to test the
clinical implications of miR-205 inhibitor in protecting
against cardiac I/R injury.
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A healthy mitochondrial network produces a large amount of ATP and biosynthetic intermediates to provide sufficient energy for
myocardium and maintain normal cell metabolism. Mitochondria form a dynamic and interconnected network involved in various
cellular metabolic signaling pathways. As mitochondria are damaged, controlling mitochondrial quantity and quality is activated by
changing their morphology and tube network structure, mitophagy, and biogenesis to replenish a healthy mitochondrial network to
preserve cell function. There is no doubt that mitochondrial dysfunction has become a key factor in many diseases.
Ischemia/reperfusion (IR) injury is a pathological manifestation of various heart diseases. Cardiac ischemia causes temporary
tissue and organelle damage. Although reperfusion is essential to compensate for nutrient deficiency, blood flow restoration
inconsequently further kills the previously ischemic cardiomyocytes. To date, dysfunctional mitochondria and disturbed
mitochondrial quality control have been identified as critical IR injury mechanisms. Many researchers have detected abnormal
mitochondrial morphology and mitophagy, as well as aberrant levels and activity of mitochondrial biogenesis factors in the IR
injury model. Although mitochondrial damage is well-known in myocardial IR injury, the causal relationship between abnormal
mitochondrial quality control and IR injury has not been established. This review briefly describes the molecular mechanisms of
mitochondrial quality control, summarizes our current understanding of the complex role of mitochondrial quality control in IR
injury, and finally speculates on the possibility of targeted control of mitochondria and the methods available to mitigate IR injury.

1. Introduction

Mitochondria are the primary sites where eukaryotic cells
conduct aerobic respiration. The myocardium highly relies
on aerobic metabolism to maintain its cellular viability and
systolic function. Mitochondria account for over 30% of the
total volume of cardiomyocytes in themyocardium to produce
sufficient ATP and are closely related to cardiomyocyte
metabolism [1]. Therefore, the self-regulation mechanism to
maintain the normal function of mitochondria is fundamen-
tal. Mitochondria undergo specific physiological processes
related to quantity, shape, and quality in response to physio-
logical environment changes to ensure cardiomyocyte activity.
These physiological processes are prerequisites for mitochon-
drial quality control, including mitochondrial biogenesis, pro-
tein homeostasis maintenance, mitochondrial fission/fusion,
and removal of damaged mitochondria or protein by fusing

with lysosomes [2, 3]. The mitochondrial fission and fusion
processes segregate damaged mitochondria and promote the
balance of mitochondrial components such as DNA and
proteins. Dysfunctional mitochondria are cleared and recycled
by lysosomes under oxidative stress and nutrient deprivation
in a mitophagic fashion to form mitochondrial spheroids or
mitochondrial-derived vesicles (MDVs). Mitochondrial
biogenesis is responsible for a healthy mitochondrial network
via mitochondrial turnover in cardiomyocytes [3–5].

Meanwhile, mitochondria are also closely linked to cell
death in both necrotic and apoptotic forms. Under ische-
mia/reperfusion (IR) injury, mitochondria are vulnerable to
cell stress such as hypoxia and oxidative stress built-up by
ischemia and reperfusion, leading to overproduction of
reactive oxygen species (ROS), Ca2+ overload, and apoptotic
proteins activity. This will open the mitochondrial perme-
ability transition pore (mPTP) and form a channel to release
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cytochrome c into the cytoplasm, inducing a cascade of
apoptosis [6]. When exposed to mitochondrial injury, cells
first respond to active antioxidation, repair DNA, and
regulate protein folding to maintain original structure and
composition. If the first line of defense fails, the quality con-
trol system will be activated. Changing the mitochondrial
function and structure is not only an adaptive response to
ischemia and reperfusion but also a key process of apoptosis
or necrosis of myocardial cells. Therefore, targeted interven-
tion in mitochondrial quality control may slow down the
degree of IR damage to some extent.

2. Mitochondrial-Centric Damage in
Ischemia/Reperfusion Injury

Ischemia-induced tissue damage is a major cause of fatal dis-
ease. IR injury is a leading cause of chronic heart failure and
the main pathological manifestation of coronary artery
disease (CAD) [7]. Acute myocardial infarction (AMI) is
induced by coronary artery occlusion, causing a cessation of
blood flow (ischemia) and reperfusion damage [8]. Myocar-
dial ischemia injury is mainly caused by myocardial hypoxia
and nutrient deprivation resulting in necrosis or temporary
functional impairment of myocardial cells. The free radicals
produced by reoxygenation after long-term ischemia are the
real factors that cause tissue damage. ROS were previously
believed to kill cells directly through oxidative stress. How-
ever, the current view gradually favors that ROS triggers
physiological or procedural pathways of cell death [9], for
example, by inducing prolonged mPTP opening, which
ultimately destroys mitochondria, cells, and tissues. Among
various mechanisms speculated for cardiac IR injury, such
as oxidative stress, mitochondrial Ca2+ overload, endothelial
dysfunction, inflammation, autophagy failure, and apoptosis,
mitochondria play a central role in mediating these patho-
physiological processes with impaired mitochondrial func-
tion [10, 11]. The prolonged mPTP opening is the key link
to tissue damage caused by mitochondria. Due to the exis-
tence of voltage-dependent anion channels (VDAC), the
outer mitochondrial membrane (OMM) is much more per-
meable than the inner mitochondrial membrane (IMM),
allowing metabolites and certain small molecules to exchange
between cytoplasm and mitochondria. The permeability of
IMM is determined by mPTP [12]. Transient mPTP opening
has a critical physiologic role in regulating ROS signaling,
cardiomyocyte development, andmitochondrial Ca2+ outflow.
Prolonged mPTP opening results in depolarization of mito-
chondrial membrane potential, ATP synthesis cessation, and
mitochondrial swelling and death [13]. Unregulated opening
of mPTP is a key factor in inducing ischemia-reperfusion
injury and heart failure [14]. Therefore, stringent mitochon-
drial quality control is critical during all IR injury stages.

After ischemia and reperfusion, microcirculation distur-
bance and tissue damage gradually develop, including ische-
mia, acute, subacute, and chronic reperfusion stages [15]. At
the ischemia stage, hypoxia and nutritional deficiencies block
subunits of mitochondrial respiratory chain expression,
decreasing ATP synthesis [16]. Coupled with ATP consump-
tion by surrounding tissues, ATP amount is hard to meet the

energy demands for actin polymerization to form contractile
devices in heart muscle cells [17]. Additionally, ATP depriva-
tion can also lead to endothelial junction protein phosphory-
lation and increased vascular permeability [18]. Reperfusion
is undoubtedly crucial for restoring blood supply and myo-
cardial salvage. The current clinical practice believes that
early rapid patency, a short time to reperfusion, and complete
restoration of normal flow can effectively reduce overall
mortality [19]. However, this process will also cause further
damage, such as continuous ATP decline and excessive
peroxide generation from mitochondria, even excess insult
during initial ischemia. Injury and downregulation of
complex I and II in mitochondria block ATP production.
Moreover, electron transfer during reperfusion also causes
complex I to form large amounts of peroxides and ROS
release [20]. Elevated mitochondrial ROS levels not only
drive mitochondrial oxidative damage and disturbing
respiratory mechanism and ATP production but also attack
cellular components and promote releasing inflammatory
cytokines through activating several intracellular signaling
pathways [21]. In intact cardiomyocytes, mitochondrial
ROS and calcium dysregulation result in prolonged mPTP
opening, providing a channel for releasing cytochrome c,
activating classical mitochondrial-death pathway by acting
with caspase-9 and caspase-3 in cytoplasm [22, 23]. In addi-
tion, mPTP not only opens to change mitochondrial
membrane potential and induces mitochondrial-dependent
apoptosis under long-term ischemia and reoxygenation but
also further disrupts the respiratory chain and simulta-
neously produces more ROS, leading to IR-induced apopto-
sis and necrotic cell death, which is called ROS-induced
ROS release (RIRR) [12]. The RIRR then spreads and
amplifies damage to other tissues [24], while ATP absence
and oxidative stress during reperfusion will further stimulate
mPTP to aggravate the damage.

Furthermore, mPTP opening was also closely correlated
with increasing mitochondrial matrix Ca2+ ([Ca2+]m). Intra-
cellular Ca2+ ([Ca2+]i) enters the mitochondrial matrix
through a group of highly selective Ca2+ channels in IMM
called mitochondrial calcium uniporters (MCUs) and stimu-
lates ATP production under physiological conditions [25].
However, excessive Ca2+ entering mitochondria increases
[Ca2+]m levels that may activate mPTP and harm mitochon-
drial function. The current view supports that [Ca2+]i and
[Ca2+]m are involved in mitochondrial quality control and
regulate appropriate mitochondrial function, through which
specific proteins are produced and eliminated during normal
physiological functions and mitochondrial and endoplasmic
reticulum stress [26]. In some genetic studies, MCU defi-
ciency seems to alleviate cardiac IR injury, suggesting that
there may be less Ca2+ entering mitochondria via MCU in
these models, but this hypothesis has not been quantitatively
tested [27, 28].

The central role of mitochondria in cardiac IR injury has
been well proven, but the causal relationship and potential
mechanism during cardiac IR injury of mitochondrial quality
control remain unexplored. This article reviews the mecha-
nism of mitochondrial quality control and its role in
ischemia-reperfusion injury (Figure 1).
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3. Mitochondrial Dynamics

3.1. Mitochondrial Fission.Mitochondria are highly dynamic
in the cardiovascular system and are spatially and function-
ally organized in a filamentous network undergoing fusion
and fission, through which mitochondria constantly change
between elongated and fragmented morphology responding
to various environmental stimuli and cellular requirements
[29, 30]. In mammalian cells, mitochondrial fission is medi-
ated by dynamin-related peptide 1 (Drp1), mitochondrial
fission protein 1 (Fis1), mitochondrial fission factor (Mff),
and 49kd and 51kd mitochondrial dynamics proteins
(Mid49/51), while mitochondrial fusion is primarily regu-
lated by dynamin-related GTPases mitofusins (Mfn1 and
Mfn2) and optic atrophy protein 1 (Opa1) [31]. Drp1 distrib-
uted widely in cytosol and translocases to OMM when acti-
vated by phosphorylation/dephosphorylation via actin and
microtubule mechanisms [32]. After that, Drp1 interacts
with Fis1, Mff, and Mid49/51 and then constricts and cleaves
mitochondria by GTP hydrolysis [33]. As a key factor in
mediating fission, regulating Drp1 at multiple levels,
including transcriptional control, alternative splicing, and
posttranslational modification is important [34]. In immune
cells, Drp1-X01 subtype, unique to microtubules and
phosphorylated for fission, is derived from alternative splic-
ing of Drp1. This splicing variant stabilized microtubules
and resulted in reduced apoptosis [35]. However, major
regulatory mechanisms in most cardiovascular diseases are

posttranslational modification processes, including phos-
phorylation, dephosphorylation, ubiquitination, sumoyla-
tion, nitrosylation, and acylation [34, 36]. Protein kinase A
(PKA) phosphorylates and inactivates Drp1 while Ca2+–cal-
modulin-dependent phosphatase calcineurin dephosphory-
lates Drp1 and promotes mitochondrial fission [37, 38].
Drp1 phosphorylation at Ser616 promotes its oligomeriza-
tion around OMM and induces division loop formation at
the mitochondrial potential fission site [39]. In contrast,
phosphorylation at Ser637 inhibits Drp1 oligomerization
and prevents mitochondrial division [40].

Many studies focus on distinct functions of Drp1-
mediated fission involved in diverse biological processes.
On the one hand, mitochondrial fission is regarded as a
prerequisite for mitophagy through which dysfunctional
mitochondria containing damaged proteins, destabilized
membranes, and mutated or damaged mitochondrial DNA
(mtDNA) are segregated [41]. Additionally, Drp1-serine
616 phosphorylation allows the mitochondria to be evenly
distributed in daughter cells during mitosis [40]. However,
in response to IR injury, on the other hand, Brady et al.
[42] first discovered extensively fragmented mitochondria
when Bax translocates from cytosol to mitochondria during
ischemia, which could be disturbed by mPTP CsA and p38
MAPK SB203580 inhibitors. Moreover, Karbowski et al.
[43] inhibited apoptotic fragmentation of mitochondria with
Drp1K38A, a dominant-negative mutant of Drp1, and found
that Bax translocation to potential mitochondrial scission
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Figure 1: Injury mechanism involved in mitochondria at different stages of myocardial ischemia-reperfusion. Ischemia/reperfusion (IR)
injury is divided into two stages, ischemia and reperfusion. Both involve a decline in ATP synthesis. In the phase of ischemia, the
damaged mitochondrial respiratory chain will reduce ATP synthesis, coupled with continuous energy consumption of other tissues and
organelles, resulting in a significant decrease in ATP content. Due to a lack of energy supply and increased vascular permeability,
myocardial ischemia can cause temporary tissue damage. In the reperfusion phase, in addition to the continuous decline of ATP synthesis,
the mitochondrial respiratory chain will also excessively produce ROS. ROS mediates prolonged mPTP opening that forms a channel to
release cytochrome c and then activate the apoptotic cascade of cardiomyocytes, which further aggravates tissue damage.
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sites cannot be affected, improving that Bax initiates apopto-
tic fragmentation through Drp1 mediation. Moreover, Mff-
mediated fission, a receptor of Drp1, was also reported to
hold essential function in fatal mitochondrial fission during
IR injury [44, 45]. Acute cardiac IR injury upregulates
NR4A1 expression, nuclear receptor subfamily 4 group A
member 1, to activate serine/threonine kinase casein kinase2
α (CK2α), which phosphorylates and activates Mff, enhanc-
ing Drp1 translocation and producing detrimental fragmen-
ted mitochondria [44]. Mff binds to Drp1 to induce
mitochondrial division, leading to excessive ROS production
and oxidizing cardiolipin. It also triggers hexokinase 2 (HK2)
dissociation, opens mPTP, releases mitochondrial cyto-
chrome c into cytoplasm, and initiates caspase-dependent
apoptosis [46]. DUSP1, dual-specificity protein phospha-
tase1, is downregulated in cardiac IR injury to promote the
phosphorylation level of Mff via JNK pathway activation.
DUSP1 restoration could alleviate the lethal mitochondrial
division and promote cell survival in myocardial tissue [45].

3.2. Mitochondrial Fusion. Compared to mitochondrial
fission, mitochondrial fusion is usually crucial for the health
and physiological functions of mitochondria, including
replenishing damagedmitochondrial DNAs andmaintaining
membrane potential [47]. Mfns were first discovered in 2001
embedded in OMM fusing adjacent mitochondria through
concerted oligomerization and GTP hydrolysis, while Opa1
is situated in IMM and mediates its fusion [48]. Ablation of
Mfn1 and Mfn2 genes in adult mice (8 weeks of age) hearts
resulted in mitochondrial rupture, impaired mitochondrial
respiratory function, and severe fatal cardiomyopathy after
7-8 weeks, suggesting that mitochondrial fusion proteins
are essential for normal myocardial mitochondrial morphol-
ogy and respiratory function [49]. Studies indicate that Mfn1
plays different roles from Mfn2. Mfn1 is primarily responsi-
ble for the fusion of two mitochondria, whereas Mfn2 acts as
a protein stabilizing the interaction because of lower GTPase
activity [50]. In cardiac IR injury, overexpression of Mfns
and Drp1 inhibition prevents mPTP opening, which is a crit-
ical mediator of IR injury and reduces cell death [51, 52].
Ablation of Mfns or Opa1 induces mitochondrial fragmenta-
tion that can activate mitochondrial apoptosis in IR injury
[53]. The activity of Mfns is inhibited by ubiquitination and
blocking the process of removing damaged mitochondria
by mitophagy [54]. In mice, myocardial IR, and myocardial
cell hypoxia/reoxygenation models, MCU upregulation
responsible for calcium overload, which underlies mPTP
opening during the IR phase, increases calpain expression,
which is proved to blunt Opa1 expression and activate calcine-
urin to phosphorylate Drp1 leading to excessive fission [55].

In conclusion, restoration or stimulation of fusion may
be an effective means to reduce myocardial IR injury. A study
found that melatonin can upregulate OPA1 expression tran-
scriptionally through the AMPK pathway, thereby increasing
the ability of mitochondria and cardiomyocytes to survive
under IR injury [56]. Pharmacological mitochondrial fusion
promoter-M1 could increase Mfn2 expression to regulate
the dynamics and reduce mitochondrial dysfunction.
Administration of M1 before ischemia can significantly

improve reducing mitochondrial fusion protein observed in
cardiac IR injury, reduce arrhythmia incidence, and reduce
the infarct area and cardiac apoptosis, thus, preserving
cardiac function and reducing mortality. M1 given during
ischemia and at the beginning of reperfusion also has a
cardioprotective effect but is less effective than M1 given
before ischemia [57]. Another study reported that M1 also
improves brain mitochondrial dysfunction and blood-brain
breakdown induced by cardiac IR injury [58]. These find-
ings suggest that these may be promising interventions
that offer cardioprotective effects in the clinical setting of
myocardial IR injury.

4. Mitophagy

Mitophagy is an evolutionarily conserved self-degradation
process in which mitochondria are delivered to lysosomes
for degradation in a selective macrophage form. Typically,
basic mitophagy performs as a life-sustaining mechanism
through the circulation of proteins and metabolites, espe-
cially under nutrient deprivation. In the heart, the mitophagy
level needs to adapt to environmental changes and respond
to various heart diseases, such as cardiomyopathy due to
ischemia/reperfusion, cardiac hypertrophy, and heart failure
[59]. However, how individual mitochondria are identified
and whether mitophagy plays a protective or harmful role in
heart disease has not yet been determined. In most cases,
mitochondria can clear mitochondrial defects in IR injury
and are considered a protective or adaptive mechanism. How-
ever, uncontrolled or excessive (maladaptive) mitochondria
may lead to a shortage of functional or healthy mitochondria
produced by ATP, resulting in impaired cell survival.

The current view is that initiating mammalian autophagy
is activated by phosphorylation of the ULK1 complex
(ATG13, ULK1, and FIP200), a downstream target of
AMPK-mTOR and that ATG9 vesicles fuse with lipid mem-
branes derived from the endoplasmic reticulum to form a
phagophore [60, 61]. Using Atg12-Atg5-Atg16 and LC3/Atg8
systems, damagedmitochondria are recognized and encapsu-
lated by LC3 on endoplasmic reticulum-derived bilayer struc-
ture and eventually degraded by fusing with lysosomes. It is
currently known that phagophore mitochondria recognition
can be mediated by several pathways and play primary roles
under distinct tissues and situations. However, mitochondrial
identification pathways are coordinated with each other in the
mitophagy process rather than being independent [62].
Nevertheless, specific connections and mechanisms between
these independent pathways require further research.

4.1. PINK1/Parkin-Mediated Mitophagy. PINK1/Parkin-
mediated mitophagy is a ubiquitin-dependent pathway that
mainly plays a role in the nervous system. Under normal
circumstances, PINK1 is located in IMM and is rapidly
degraded by PARL [63]. When mitochondrial membrane
potential stability decreases, PINK1 is transferred to OMM,
phosphorylating, and recruiting Parkin, or phosphorylated
PINK1 directly ubiquitinates other outer membrane proteins
[64]. The ubiquitinated outer membrane protein acts as a sig-
nal to promote phosphorylation of cargo receptors by kinase
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TBK1. Cargo receptors contain LC3/GABARAP-interacting
region (LIR) motifs, which can recruit LC3 to mitochondria
and mediate phagocytosis. Other cargo receptors such as
p62, NBR1, and TAX1BP1 have been shown to play an essen-
tial role in other selective autophagy, but their role in mito-
phagy is weak [65]. Due to its unique relationship with
Parkinson’s disease, PINK1/Parkin-mediated mitophagy
pathway has been extensively studied, mainly in brain tissues.
However, many recent studies have demonstrated the protec-
tive role of the PINK1/Parkin-mediated mitophagy pathway
in cardiac IR injury [56]. Yu et al. [66] found that patients
with diabetic cardiomyopathy (DCM) have an increased
susceptibility to myocardial IR injury. In the DCM model
of IR injury, Drp1-mediated mitochondrial fission was
enhanced (mean mitochondrial size was significantly
reduced, the number of fragmented mitochondria was signif-
icantly increased), oxidative phosphorylation complex was
damaged, and FUNDC1 and Parkin expressions involved in
mitophagy were also significantly decreased. Melatonin
reversed this adverse effect through SRIT6 and AMPK-
PGC-1α-Akt signaling and protects the myocardium from
IR injury. It also suggests an inseparable relationship between
mitochondrial biogenesis, division, and mitophagy. In con-
trast, Zhou et al. [67] proposed that IR injury opens mPTP
and promotes Parkin-mediated mitophagy and ultimately
leads to cell death. This phenomenon has a negligible effect
on the signal pathway involved in mitophagy, but due to
homeostasis disorder caused by excessive mitophagy, which
leads to declining ATP production capacity, causing mito-
chondria to be unable to meet the basic requirements of cells
for energy and reduces the resistance of cells to IR injury.

4.2. BNIP3/NIX-Mediated Mitophagy. The second is a
receptor-mediated mitophagy pathway, which BNIP3/NIX
mediates. BNIP3 (Bcl2 and adenovirus E1B19KDa interacting
protein 3) and NIX (BNIP3-like) are proteins homologous to
Bcl-2 in BH3 domain and embedded in mitochondria and
endoplasmic reticulum. NIX and BNIP3 have putative and
classical LIR, respectively. Phosphorylation of serine residues
17 and 24 on both LIR sides of BNIP3 promotes its binding
to LC3 [68]. The protein structure determines the dual func-
tion of BNIP3/NIX, which induces cell death and participates
in mitophagy [69]. Physiologically, the BNIP3 expression level
was very low in organs, andNIX is involved inmitophagy pro-
moting degradation ofmitochondria in reticulocytes and plays
an indispensable role in the maturation process of red blood
cells [70]. In cardiomyocytes, the pathological mechanism
involved in NIX is mainly related to cardiomyocyte hypertro-
phy and regulated by Gαq-dependent signaling, while BNIP3
is significantly induced by hypoxia in addition to a combina-
tion of hypoxia and acidosis under prolonged myocardial
ischemia [71, 72]. Studies have confirmed that BNIP3 is a
downstream target of hypoxia-inducing factor-1α (HIF-1α).
The expression level of BNIP3 is regulated by HIF-1α tran-
scription to determine cardiac cell death and mitophagy in
the case of hypoxia built-up by IR injury or cancer. In addition
to HIF-1, BNIP3 is also the target of other transcription
factors, such as PlAGL2, E2F1, and FoxO3, which eventually
induce apoptosis and mitophagy [73].

BNIP3 causes cell death in three ways, including activat-
ing mitochondrial-dependent apoptosis pathway, inducing
cell necrosis, and triggering pyroptosis [74]. Hypoxia-
induced cardiomyocyte death demonstrates apoptotic char-
acteristics, although it is unclear whether caspase is involved
in this process [72, 75]. BNIP3/NIX interacts with BCL-2 and
BCL-XL and induces apoptosis through the C-terminal
transmembrane domain, and both have similar promoting
activities [76]. Mice with gene ablation or dominant inhibi-
tion of BNIP3 can reduce apoptosis of cardiomyocytes in
hypoxia and significantly improve ventricular remodeling
after IR injury [77]. Hypoxia also upregulates EIF4A3-
(eukaryotic translation initiation factor 4A3-) induced Circ-
BNIP3 and promotes BNIP3 expression through performing
as a miRNA-27a-3p sponge to aggravate hypoxia-induced
injury with increased caspase-3 activity and Bax level [78].
Apart from inducing apoptosis, BNIP3 also causes mito-
chondrial depolarization via mPTP opening and mediates
the BNIP3-caspase-3-GSDME pyroptosis pathway in cardiac
injury [79]. However, mitophagy function mediated by
BNIP3/NIX remains controversial.

When mitochondria are exposed to external stimulation,
BNIP3 dimerizes and binds to LC3 to activate mitophagy
[80]. In IR injury, hypoxia and ROS activate BINP3-
mediated mitophagy by inducing HIF-1 expression and play
a protective role in myocardial ischemia reperfusion [81]. In
diabetic ischemia-reperfusion model, a combination of defer-
oxamine (DFO) and sevoflurane posttreatment (SPostC) can
protect the myocardium through HIF-1/BNIP3-mediated
mitophagy [82]. Another study showed that berberine
(BBR) could induce cardiomyocyte proliferation, inhibit
cardiomyocyte apoptosis, and enhance HIF-1α and BNIP3
promoter binding to mediate BNIP3 expression, thereby acti-
vating the HIF-1α/BNIP3-mediated mitophagy pathway and
protecting myocardial IR injury [83]. However, according to
another experiment, Bnip3 expression was upregulated in
cells treated with hypoxia and reoxygenation to mimic IR
condition in vitro. DUSP1 was downregulated after acute
cardiac IR injury and amplified BNIP3 phosphorylation
and activation through the JNK pathway, leading to mito-
phagy which eventually caused myocardial injury [45].
Therefore, BNIP3/NIX exhibited dual properties during
myocardial ischemia/reperfusion injury, inducing cell death
and participating in mitophagy process. In some cases,
BNIP3/NIX-induced mitophagy is defensive, while in others,
it leads to cell death. Mitophagy-related cell death is unclear
whether it is due to overmitophagy or the process of mito-
phagy itself is fatal.

4.3. FUNDC1-Mediated Mitophagy. Another mitophagy
receptor, FUNDC1 (FUN14 domain containing 1), a mito-
chondrial protein on OMM, has also been confirmed to acti-
vate hypoxia-induced mitophagy [84]. FUNDC1 contains
three transmembrane (TM) domains. The N-terminal region
is exposed to the cytoplasm with a typical LIR, Y (18) XXL.
Conservative Y18 and L21 are essential to mediate the inter-
action between FUNDC1 and LC3 [85]. It is regulated by LIR
motif autophosphorylation instead of transcription [86].
Currently, FUNDC1 dephosphorylation is believed to be an
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activated state, which can promote mitophagy and protect
cardiomyocytes and endothelial cells. In contrast, FUNDC1
phosphorylation by upstream factors will inactivate it, hinder
mitophagy, and have a damaging effect on the heart [85].
CK2α is upregulated after acute myocardial ischemia-
reperfusion injury. CK2α effectively inhibits mitophagy by
phosphorylating and blunting FUNDC1 function through
upregulating NR4A1 expression, finally leading to the failure
to clear mitochondrial damage and mitochondrial apoptosis
[44, 87]. Regarding depolarization of mitochondrial mem-
brane potential or hypoxia, mitochondrial phosphoglycerate
mutase PGAM5 dephosphorylates and activates FUNDC1 at
ser-13, promoting mitophagy occurrence, which can be
reversed by CK2α [88]. FUNDC1 as a substrate of Src kinase
can be phosphorylated and inactivated at Tyr-18, which will
prevent mitophagy. Src kinase inactivation during hypoxia
dephosphorylates FUNDC1, and LC3 will preferentially bind
to dephosphorylated FUNDC1 and promote mitophagy
under hypoxic conditions [85]. Interestingly, ULK expres-
sion increases under hypoxia or mitochondrial uncoupling
agent (FCCP) and translocates to mitochondria that need
to be cleared. FUNDC1, as a substrate of ULK, binds with
ULK and is phosphorylated at ser-17, promoting the interac-
tion between FUNDC1 and LC3, which is essential for
phagocytic vesicles to recognize damaged mitochondria
[86]. The mTORC1-ULK1-FUNDC1 pathway mediates
mitophagy, effectively regulates mitochondrial quality and
cell survival, and inhibits the occurrence of myocardial
ischemia-reperfusion injury [89].

FUNDC1 in cardiomyocytes also binds to ER-resided
inositol 1,4,5-trisphosphate type 2 receptor (IP3R2), modu-
lating calcium ions release from ER into mitochondria and
cytosol. FUNDC1 ablation accumulates calcium ions in ER
and reduces the level of calcium ions in cytoplasm, which
suppresses the expression of mitochondrial fission 1 protein
(Fis1) to raise elongated mitochondria and mitochondrial
dysfunction [90]. ATFS-1 is a transcription factor that plays
a central role in the mitochondrial unfolded protein response
(UPRmt). In hypoxia-reoxygenation, the protective effect of
FUNDC1 on cardiomyocytes also needs to be coordinated with
ATFS-1. In the absence of FUNDC1, ATFS-1-dependent stress
response and metabolic remodeling will occur [91].

In conclusion, FUNDC1-mediated mitophagy plays a
prosurvival role in reperfusion heart tissue. Mammalian
STE20-like kinase 1 (Mst1) is significantly increased in reper-
fusion heart, which decreases FUNDC1 expression through
MAPK/ERK-CREB pathway. The protective mitophagy loss
increases tissue damage in cardiomyocytes [92]. FUNDC1-
induced mitophagy was proved to protect the myocardium
by inhibiting platelet activation. Physiologically, mitophagy
maintains good mitochondrial quality and platelet activation
by clearing “toxic” platelet mitochondria. In IR injury, vascu-
lar obstruction caused by platelet adhesion constitutes a
hypoxic environment that increases FUNDC1-mediated
mitophagy level in platelets and subsequently reduces platelet
activation to prevent I/R injury deterioration [93]. Therefore,
it seems that we can further explore the FUNDC1 domain
and explore more sites that can be regulated by phosphoryla-
tion or dephosphorylation after transcription or translation,

as well as factors or proteins that target these sites. The IR
injury degree could be regulated by intervening in the mito-
phagy pathway involved in FUNDC1.

5. Mitochondrial Biogenesis and Proteostasis

Given the role of mitochondria in energy production, they
are usually exposed to peroxide like ROS leading to mito-
chondrial DNA (mtDNA) mutations and protein misfolding.
Mitophagy clears damaged ones, and mitochondrial biogen-
esis generates new mitochondrial ingredients, including
protein and lipids, which cooperate to ensure reticular
mitochondria replenishment. Mitochondrial biogenesis can
be regarded as the growth and division of the original mito-
chondria. Three parts, including mitochondrial genome,
proteins, and lipids on IMM and OMM, ensure the complete
biological function of mitochondria and spatial structure of
biochemical reaction [94]. Human mtDNA is a double-
stranded loop molecule that can copy independently,
approximately 16.5KB in length, containing 37 genes that
encode for 13 polypeptides involved in the electron transport
chain (complexes I, III, IV, and V) responsible for oxidative
phosphorylation, 22 tRNAs, and 2 rRNAs [95]. About 99%
of mitochondrial proteins are synthesized on cytosolic ribo-
somes and then are introduced into mitochondria with spe-
cific proteins. Precursor protein translated by nuclear genes’
mRNAs, without folding conformation, choose different
mitochondrial membrane protein transfer enzyme com-
plexes based on sequence information through the inside
and outside mitochondria membrane. After entering the
mitochondria, unfolded precursor proteins are folded by a
molecular chaperone in the mitochondrial matrix [96]. Cells
adopt various means to protect the mitochondrial proteome,
including preventing the import of aberrant peptides,
regulating protein turnover in mitochondria, and detecting
protein homeostasis [97]. As an essential part of mitochon-
dria, lipids’ synthesis is similar to that of proteins: a small por-
tion is made in mitochondria, and the rest is made in the
endoplasmic reticulum before entering mitochondria [98].

5.1. Mitochondrial Biogenesis. The mtDNA is vulnerable to
oxidative stress because of its proximity to the respiratory
chain and lack of protective histone-like proteins and
introns. Once mtDNA is damaged, encoding of critical pro-
teins for the respiratory chain becomes deficient, aggravating
ROS production and mitochondrial dysfunction. Moreover,
mtDNA depletion alone could cause cardiomyocyte death.
PGC-1, PPAR- (peroxisome proliferator-activated receptor-
) γ coactivator-1, is a main factor regulating both mitophagy
and mitochondrial biogenesis. The ectopic expression of
PGC-1 in white adipose tissue upregulates transcription of
UCP-1 and key enzymes of the mitochondrial respiratory
chain and increases the cellular content of mtDNA. PGC-1
has two types: PGC-1α and PGC-1β. PGC-1α mainly
regulates mitochondrial biogenesis by activating different
transcription factors. PGC-1α activates nuclear respiratory
factors 1 (NRF-1) and nuclear factor erythroid 2-related
factor 2 (NRF2) to bind to NRF-related sites on the pro-
moter of mitochondrial transcription factor A (Tfam) to
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increase its expression. NRFs regulate complexes’ expression
in the electron transport chain (ETC), while Tfam encoded
by nuclear genes is responsible for transcription and repli-
cating mtDNA [99]. Besides, PGC-1α interacts with and
activates other transcription factors like PPARs and ERRs.
ERR targets several genes linked to many biological metabo-
lism processes and mitochondrial biogenesis [100]. Studies
proved that AMPK, NO, SIRT1, and TORC1 control
mitochondrial biogenesis by interacting with PGC-1α
[101–104]. Yue et al. [105] found that IR injury decreased
Tfam protein level and exposed mtDNA to oxidative dam-
age, destroying the respiratory chain and overproducing
ROS that could be reversed by antioxidant-like lycopene.
S100A8/A9, the most significantly upregulated gene in the
early reperfusion stage analyzed by dynamic transcriptome,
downregulates NDUF gene expression through Toll-like
receptor 4/ERK-mediated PPARG coactivator 1α/NRF 1
signaling, followed by mitochondrial complex I inhibition.
This caused mitochondrial respiratory dysfunction in
cardiomyocytes that can be reversed by S100a9 neutralizing
antibody [106].

5.2. Mitochondrial Proteostasis. About 1,500 kinds of human
mitochondrial proteins play a central role in cell energy
metabolism and improve cell viability [107]. In addition to
respiratory chain complexes involved in basic respiration,
mitochondrial enzymes catalyze the biosynthesis of lipids
and amino acids, central reactions of the urea cycle, and
formation of heme and iron-sulfur clusters. Meanwhile,
mitochondrial proteins could control cristae formation and
maintenance, establish membrane contact sites with ER for
lipid exchange, and regulate mitochondrial dynamics and
signal transduction (such as calcium signaling) [108, 109].
The mitochondrial proteome shows high plasticity to allow
the mitochondrial function to adapt to cellular requirements.
Defects in mitochondrial protein homeostasis lead to toxic
protein damage and ultimately cell death [110]. Thus, cell
evolves several ways to maintain proteostasis.

Cytosolic protein quality control mechanism ensures that
correctly synthesized polypeptide is imported and remains
unfolded protein before being imported into mitochondria.
The cytosolic ubiquitin-proteasome system (UPS) controls
transmembrane transport of polypeptides and removes dam-
aged and mislocalized protein. Chaperones in mitochondrial
matrix help fold nuclear-encoded and mitochondrial-
encoded protein properly. A selective autophagy approach
independent of mitophagy can remove a portion or entire
mitochondria via generating MDVs. Under mitochondrial
oxidative stress conditions, ROS production triggers small
vesicles that contain a subset group of oxidized proteins to
bud off of damaged mitochondria to form MDVs. MDVs
are fused with endosomes and multivesicular bodies and
subsequently delivered to lysosomes to selectively degrade
damaged mitochondrial contents [111]. In heart tissue, con-
stant MDVs act as the first line of defense against stress in
healthy conditions, and the number of MDVs is rapidly
upregulated in response to stress [112]. A study has shown
that MDVs inhibit the apoptosis of myocardial cells induced
by hypoxia/ischemia through transferring Bcl-2 and play an

endogenous protective role in early hypoxia [113]. However,
the molecular mechanism controlling MDV formation
remains unclear. ROS production also activates another
mitochondrial remodeling and quality control mechanism,
which is named mitochondrial spheroids. Mitochondrial
spheroids have a ring or cup-like morphology with squeezed
mitochondrial matrix and contain cytosol contents such as
endoplasmic reticulum or other mitochondria. Forming
mitochondrial spheroids is regulated by Mfn1 and Mfn2 and
further acquires lysosomal markers to fusion with lysosomes
[114]. Mitochondrial spheroids have been detected in mice’s
livers on acute alcohol or high-fat diets [115]. This suggests
that mitochondrial spheroids may act as a general mitochon-
drial structural remodeling in response to various physiologi-
cal and pathological stresses and may serve as a mechanism to
regulate IR injury that needs to be further explored.

Besides, during stress events associated with abnormal
mitochondrial protein accumulation, such as heat or oxida-
tive stress, cells also launch UPRmt through upregulating
chaperones, proteases, and antioxidants to mitigate potential
toxic protein damage [97, 116]. UPRmt is regulated by
transcription factor ATFS-1 in Caenorhabditis elegans and
by transcription factor ATF5 in mammals. Under normal
circumstances, ATF5 is imported to mitochondria and
degraded by AAA+ proteases LON. When the cell is exposed
to oxidative stress, the damaged protein homeostasis
impedes importing ATF5 into mitochondria, resulting in
ATF5 retention in the cytoplasm and subsequent transloca-
tion to the nucleus to enhance transcription of mitochondrial
chaperones and proteases [117]. Interestingly, there are con-
flicting claims about the role of UPRmt in heart disease. Most
studies have shown that UPRmt has a protective effect against
heart injury, but a few studies have found that UPRmt can
promote heart disease development. Preinduction of UPRmt

with nicotinamide ribose is sufficient to prevent cardiac
dysfunction caused by chronic hemodynamic overloading
in rodents [118]. Increased and activation of UPRmt was also
found in the hearts of aging mice and cardiac tissue from
patients with aortic stenosis [118, 119]. Under IR injury,
pharmacological UPRmt induction with oligomycin or doxy-
cycline was cardioprotective in an ATF5-dependent manner
in vivo. However, this approach did not reduce the severity
of myocardial infarction in ATF5-deficient mice [120]. In
addition, mammalian cells require ATF5 to maintain mito-
chondrial activity and promote organelle recovery during
mitochondrial stress. These findings open a new avenue for
cardiovascular disease treatment strategies targeting mito-
chondrial protein disorder under stress (Figure 2).

6. Interventions Based on Mitochondrial
Quality Control

So far, among IR injury studies, the most likely mechanisms
are overfission and abnormal mitophagy. However, the inter-
action between fission and mitophagy remains unclear.
Mitochondrial fission is often a signal of cell damage. Overdi-
vision induces mitochondrial fragmentation, aggravates
oxidative stress, activates mitochondrial apoptosis, and
reduces cell viability. In contrast, mitophagy is generally a
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protective signal. Normal mitophagy clears mitochondrial
debris, protects oxidative stress, inhibits mitochondrial
apoptosis, and maintains cell viability. However, abnormal
fission and mitophagy will occur in IR injury, resulting in cell
damage [121]. Given that myocardial cell is the status of
terminal differentiation of cells after mitotic division, they
cannot be further divided and subsequent cell replacement,
therefore, removed by mitochondrial dysfunction of mito-
chondria balance between mitochondrial biology and health,
mitochondria maintain steady is crucial to maintain a
healthy heart and prevent cardiac injury [6]. We could con-
sider mitochondrial quality control and intervene in any part
of the overall quality control process to alleviate IR injury.

Several studies have currently improved IR damage by
intervening in the quality control of mitochondria. Dapagli-
flozin administration before ischemia improves left ventricu-
lar function during cardiac IR injury by reducing myocardial
apoptosis, improving myocardial mitochondrial function,
biogenesis, and dynamics, thereby maximizing myocardial
protection [122]. Various antioxidants such as melatonin
can act as a protective factor against myocardial IR injury

by regulating mitochondrial fission and mitophagy. Platelet
activation is an important pathophysiological mechanism of
IR injury. Melatonin can improve downregulation of PPARγ
expression after reperfusion, inhibiting platelet activation
from attenuating myocardial IR injury by blocking
FUNDC1-mediated mitophagy [123]. Underlying the micro-
vascular IR injury, [Ca2+]i cannot be rapidly and timely recir-
culated into ER. [Ca2+]i accumulation not only leads to
endothelial cell stiffness but also catalyzes XO to produce
excessive ROS, which is the consequence of mitochondria
damage. Sarcoplasmic/endoplasmic reticulum Ca2+-ATPase
(SERCA) is a channel responsible for transporting [Ca2+]i
back to ER. It can reduce IR injury by inhibiting calcium
overload, inactivating xanthine oxidase (XO), and reducing
intracellular/mitochondrial ROS to regulate mitochondrial
motility, bioenergy, biogenesis, and mitochondrial autoph-
agy [124]. Istaroxime, as a nonglycoside inhibitor of
sodium-potassium-ATPase, has an additional stimulatory
effect on SERCA. Nitro donors have been developed and
shown effective vasodilators in early animal studies [125].
Gene therapy by regulating circular RNAs is a promising
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regulated by PGC-1, and PGC-1 interacts with nuclear receptors (including NRF-1 and NRF-2) to participate in the expression of various
nuclear coding genes and Tfam, and transcription factors Tfam and NRFs are jointly responsible for regulating mtDNA replication and
transcription. Nuclear DNA synthesizes precursor proteins in the cytoplasm and is transported in an unfolded form into the
mitochondria, where precursor proteins fold into functional proteins with molecular chaperones. A small portion of lipids are synthesized
in mitochondria, and the rest are transported into mitochondria after synthesis in the endoplasmic reticulum to form the inner and outer
membrane structure. Mitochondrial fission is a signal of injury. After activation by phosphorylation, Drp1 translocates from the
cytoplasm to the mitochondrial membrane and binds to Drp1 receptors (Mff, Fis1, and Mid49/51), which are the sites of enclosing
mitochondria to be separated and mediate the mitochondrial division into fragments. Excessive mitochondrial fragmentation during IR
eventually leads to cell death. Mitochondrial fusion inhibits mitochondrial fragmentation, reticular structure destruction, and
mitochondrial cristae remodeling. Mfn1 and Mfn2 mediate OMM fusion, and Opa1 mediates IMM fusion. Mitochondrial fusion
decreased significantly during IR injury. The function of mitophagy in myocardial IR remains unclear. Three main pathways are found to
mediate mitophagy: PINK1/Parkin pathway may induce excessive mitophagy in myocardial IR, thereby promoting cell death; BNIP3/NIX
is a protein located in OMM, which directly binds to LC3 on autophagosomes and mediates mitophagy. But its function in myocardial IR
remains controversial; FUNDC1 is also an LC3 receptor located in mitochondria, and its LIR binds to LC3 to mediate mitophagy, which
mainly plays a protective role in myocardial IR injury.
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means to improve heart contractile performance [126]. Com-
bined SS31-mitochondria (Mito) therapy (rather than either
therapy alone) increased SIRT1/SIRT3 expression and ATP
levels, by which it suppressed oxidative stress and protected
mitochondrial integrity. IR rats treated with SS31-Mito
exhibited higher left ventricular ejection fraction (LVEF)
and energy integrity (PGC-1α/mitochondrial cytochrome c)
markers, demonstrating that combined SS31-Mito therapy
is an efficient means to protect myocardium from IR injury
[127]. Moreover, trimetazidine, electroacupuncture (EA)
preconditioning also prevents IR injury by regulating mito-
chondrial quality and function [89]. Therefore, exploring
the quality control mechanism that can regulate macroscopic
mitochondria is highly demanding. However, when the
number or overall state of mitochondria is not good, regulat-
ing the biogenesis of mitochondria itself or controlling
unfolded proteins within mitochondria are also very worthy
to be explored (Table 1).

7. Conclusion

Mitochondrial quality control has been well demonstrated as
a central link in the IR injury mechanism mediated by Ca2+

overload and mPTP opening. Abnormal mitochondrial
quality control, such as excessive fission and mitophagy, in
addition to decreased mitochondrial fusion and proteostasis
disorder, is a factor that further aggravates tissue damage.
However, the extent to which mitochondrial clearance and
production can damage tissue and save cell homeostasis
remains unclear. The exact mechanism of the upstream
regulatory pathway of mitochondrial quality control and fac-
tors that can affect mitochondrial function should be further
investigated. The role of mitochondrial outer membrane
proteins in IR injury is widely studied, but the proteins in
mitochondria and interactions between mitochondria and
other organelles such as ER perhaps play a similar important
role in IR injury. Therefore, ensuring balance and interaction
of portion of mitochondrial quality control seems critical to
reducing damage under disease.

In addition, familiarity with physiological and pathologi-
cal characteristics of mitochondrial quality control helps
basic and clinical studies. Many studies have shown that
genetic or pharmaceutical interventions in mitochondrial
quality control can improve tissue damage and cardiovascu-
lar function caused by IR. But the limitation lies in that few
studies have been clinically verified, most of which proved
the efficacy of the drug in animal models. In conclusion,
understanding the mechanism of mitochondrial action in
IR damage can provide targeted therapeutic means for clini-
cal use and develop new drug research. Furthermore, timely

and effective intervention for the long-term pathological
process of IR injury will significantly alleviate the degree of
damage to the body to a certain extent.
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Myocardial infarction is associated with oxidative stress and mitochondrial damage. However, the regulatory mechanisms
underlying cardiomyocyte oxidative stress during myocardial infarction are not fully understood. In the present study, we
explored the cardioprotective action of optic atrophy 1- (Opa1-) mediated mitochondrial autophagy (mitophagy) in oxidative
stress-challenged cardiomyocytes, with a focus on mitochondrial homeostasis and the MAPK/ERK pathway. Our results
demonstrated that overexpression of Opa1 in cultured rat H9C2 cardiomyocytes, a procedure that stimulates mitophagy,
attenuates oxidative stress and increases cellular antioxidant capacity. Activation of Opa1-mediated mitophagy suppressed
cardiomyocyte apoptosis by downregulating Bax, caspase-9, and caspase-12 and upregulating Bcl-2 and c-IAP. Using
mitochondrial tracker staining and a reactive oxygen species indicator, our assays showed that Opa1-mediated mitophagy
attenuated mitochondrial fission and reduced ROS production in cardiomyocytes. In addition, we found that inhibition of the
MAPK/ERK pathway abolished the antioxidant action of Opa1-mediated mitophagy in these cells. Taken together, our data
demonstrate that Opa1-mediated mitophagy protects cardiomyocytes against oxidative stress damage through inhibition of
mitochondrial fission and activation of MAPK/ERK signaling. These findings reveal a critical role for Opa1 in the modulation of
cardiomyocyte redox balance and suggest a potential target for the treatment of myocardial infarction.

1. Introduction

Oxidative stress in cardiomyocytes has been regarded as the
primary pathological factor in many cardiovascular disorders
including, but not limited to, diabetic cardiomyopathy, heart
failure, myocardial hypertrophy, cardiac fibrosis, and dilated
cardiomyopathy [1–3]. Particularly, recent studies have
highlighted the important role of oxidative stress in the
induction of myocardial infarction [2, 4, 5]. At the molecular
level, oxidative stress induces the peroxidation of cellular
membranes, including the mitochondrial membrane, the
endoplasmic reticulum membrane, and the plasma mem-
brane. Damage to the cellular membrane system disrupts cel-
lular metabolism, accelerates cellular senescence, and
promotes cell death [6, 7]. Although several antioxidative
therapies have been developed to promote the recovery of

cardiomyocyte function in cardiovascular disease, several
questions remain regarding the upstream regulatory mecha-
nisms controlling antioxidant responses in these cells [8–11].

Oxidative stress is primarily caused by excessive produc-
tion and intracellular accumulation of reactive oxygen spe-
cies (ROS) [12]. Since most cellular ROS are produced in
the mitochondrion during oxidative phosphorylation [13],
this organelle is widely recognized as a crucial target in the
treatment of cardiovascular conditions [14–16]. Whereas
physiological (low) ROS levels serve signaling functions and
contribute to adaptive responses to hypoxia, excess ROS
overwhelms the cells’ antioxidant defenses and exacerbates
mitochondrial ROS production to ultimately promote cell
death [17]. Therefore, strategies aiming at protecting mito-
chondria and attenuating ROS production have great thera-
peutic potential in the management of cardiovascular
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disease [18]. Our previous study has reported a mitochon-
drial self-protection program involving mitochondrial
autophagy (mitophagy) regulated by optic atrophy 1
(Opa1), a protein located at the inner mitochondrial mem-
brane [19]. Moderate mitochondrial mitophagy promotes
mitochondrial turnover, accelerates the recycling of damaged
mitochondrial population, and blocks mitochondria-
mediated cell death signaling [20–23]. However, the role of
Opa1-related mitophagy in modulating cellular oxidative
stress is not fully understood, especially in the setting of myo-
cardial infarction.

Mitochondrial ROS production seems to be mainly
affected by mitochondrial fission, a process necessary to con-
trol mitochondrial metabolism and oxidative phosphoryla-
tion [24, 25]. An increased mitochondrial population, as a
result of mitochondrial fission, will accelerate glucose
metabolism and therefore promote ATP production, an
effect that is accompanied by enhanced ROS generation.
Accordingly, inhibition of mitochondrial fission has been
found to attenuate ROS levels in cardiomyocytes [26].
Although mitophagy serves as a mechanism to remove
excess/fragmented organelles resulting from mitochondrial
fission, it is unclear whether Opa1-mediated mitochondrial
mitophagy exerts antioxidative effects through inhibition
of mitochondrial fission.

The MAPK/ERK pathway has been reported as a main
upstream regulator of mitochondrial fission [27]. Interest-
ingly, there is also a close association between MAPK/ERK
signaling and the activity of the cellular antioxidant system
[28]. However, the relationship between Opa1-related mito-
chondrial mitophagy, the MAPK/ERK pathway, and mito-
chondrial fission remains unclear. Thus, in the present
study, the hypothesis that Opa1-related mitophagy inhibits
mitochondrial fission and oxidative stress through a mecha-
nism involving the activation of the MAPK/ERK pathway
was tested using control and Opa1-overexpressing H9C2 car-
diomyocytes challenged with H2O2 to model myocardial
infarction in vitro.

2. Materials and Methods

2.1. Cell Culture and Adenoviral Transduction. H9C2 cells
were obtained from ATCC and cultured in DMEM/F12 sup-
plemented with 10% FBS (Abcam, USA) at 37°C and 5% CO2

[29, 30]. Cells (2 × 105) were seeded in six-well plates and
transduced with an Opa1-encoding adenovirus (Ad-Opa1;
VENDOR) at 37°C for 48h using Lipofectamine® 2000 (Invi-
trogen, USA) [31]. To induce oxidative stress damage, H2O2
(0.3mM) was added into the medium of H9C2 cardiomyo-
cytes for 12 h [32].

2.2. CCK-8 Assay. Control and Ad-Opa1-transduced H9C2
cells were seeded onto 96-well plates and incubated with
H2O2 (0.3mM) for 12 h. A CCK-8 reagent was then added
to each well and incubated for 4 h. Absorbance was detected
at 490nm [33].

2.3. Evaluation of Mitochondrial Morphology. H9C2 cells
were seeded at a density of 6 × 105 cells/well into 6-well

plates, cultured for 24 h at 37°C in 5% CO2, and infected at
an MOI of 50 with Ad-Opa1 for 48 h. Noninfected H9C2
cells were used as negative controls. After exposure to
H2O2 (0.3mM) or vehicle for 12 h, the cells were incu-
bated in the dark for 30min at 37°C in the presence of
4μM of MitoTracker™ Red [34]. Fluorescence microscopy
(Olympus, Tokyo, Japan) was used to analyze mitochon-
drial morphology.

2.4. Assessment of Mitochondrial Membrane Potential. H9C2
cells were plated and transduced with Ad-Opa1 as described
above, treated with vehicle or H2O2 (0.3mM) for 12h, and
incubated in the dark for 20min at 37°C in the presence
of 1μL JC-1 in 1mL of DMEM [35]. Fluorescence micros-
copy was then used to determine mitochondrial mem-
brane potential [36].

2.5. ROS Assay. A cellular ROS red fluorescence assay kit
(Cat. no. GMS10111.1; GENMED Scientifics, Inc., USA)
was used to detect intracellular ROS. H9C2 cells (1 × 104)
were plated in 96-well plates and two days later exposed to
H2O2 for 12 h. In some experiments, the cells were pretreated
with FCCP, an activator of mitochondrial fission, or
PD98059, a MAPK/ERK inhibitor, before being exposed to
H2O2. The culture medium was aspirated, and 100μL of
staining working solution was added according to the manu-
facturer’s instructions [37]. The mixture was incubated at
37°C for 20min in the dark and then washed with PBS three
times. ROS fluorescence (Ex/Em = 540/590 nm) was mea-
sured on a microplate reader controlled by SkanIt software
(Cat. no. N16699; Thermo Scientific, Inc., USA) [38, 39].
The results were presented as percentage fluorescence rela-
tive to the control group. Fluorescence microscopy was also
performed in cells seeded on 6-well plates after exposure to
H2O2 for 12 h. Following DAPI staining, an EVOS® FL Cell
Imaging System (Life Technologies, USA) was used to con-
duct fluorescence imaging [40].

2.6. Evaluation of Cellular Antioxidant Activities. The activity
of cellular antioxidant enzymes was measured through
ELISA as previously described [41]. Colorimetric determina-
tions of cellular antioxidant enzyme activities were per-
formed using a Glutathione Reductase Assay Kit (Beyotime,
China, Cat. No: S0055), a Total Superoxide Dismutase Assay
Kit (Beyotime, Cat. No: S0101), and a Cellular Glutathione
Peroxidase Assay Kit (Beyotime, Cat. No: S0056) [42].

2.7. TUNEL Staining. Cardiomyocyte apoptosis was deter-
mined using a One Step TUNEL apoptosis Assay Kit (Beyo-
time) according to the manufacturer’s instructions [43]. After
TUNEL labeling and DAPI counterstain, images were cap-
tured by fluorescence microscopy. Apoptosis was expressed
as a percentage relative to the control group [44, 45].

2.8. Western Blot Analysis. Cells were harvested and lysed in
RIPA buffer containing 1% protease inhibitor and 1% phos-
phatase inhibitor (Wako, USA). The lysates were mixed with
3x SDS sample buffer with 2-mercaptoethanol and boiled at
95°C for 5min prior to SDS-PAGE [46]. Proteins were trans-
ferred to a PVDF membrane (Millipore, USA) and
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Figure 1: Continued.
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immunoblotted with the primary antibodies. The mem-
branes were then incubated with anti-mouse or anti-rabbit
HRP-conjugated secondary antibodies (1 : 1000, Bio-Rad,
USA) and visualized using a chemiluminescence kit (Santa
Cruz Biotechnology, USA) or SuperSignal West Femto Max-
imum Sensitivity Substrate (Thermo Fisher Scientific) [47].

2.9. RT-PCR. Total RNA was extracted with a TRIzol reagent
(Invitrogen) and treated with DNase I to remove genomic
DNA. Then, 500ng of RNA was reversely transcribed into
cDNA with the SuperScript IV First-Strand Synthesis System
(Invitrogen) [48, 49] and quantitative real-time RT-PCR was
performed using a Fast SYBR Green Master Mix (Fisher Sci-
entific) according to the manufacturer’s instructions and as
described previously [50]. The PCR protocol consisted of
40 cycles of denaturation at 94°C for 15 s, annealing at 60°C
for 15 s, and extension at 72°C for 1 minute, followed by a
single, 7min extension period at 72°C [51]. Expression levels
of target genes were normalized to those of the endogenous
glyceraldehyde phosphate dehydrogenase (GAPDH) [52].

2.10. Statistics. Data are presented as mean ± SEM. Each
in vitro experiment was performed at least three times. Sig-
nificance (p < 0:05) was determined via Student’s t-test for
comparisons between two groups and via two-way ANOVA
for comparisons between three or more groups.

3. Results

3.1. Opa1-Mediated Mitophagy Attenuates ROS Production
and Mitochondrial Dysfunction. To investigate the role of
Opa1-related mitophagy on ROS production and mitochon-
drial dysfunction, cultured H9C2 cardiomyocytes were trans-
duced with an adenoviral vector encoding Opa1 (Ad-Opa1)

before being exposed to H2O2 (0.3mM) to induce an oxida-
tive stress microenvironment. Nontransduced cells were used
as the control. As shown in Figures 1(a) and 1(b), the produc-
tion of mitochondrial ROS was significantly increased in
nontransduced cardiomyocytes and significantly inhibited
in cells overexpressing Opa1. Since mitochondrial ROS over-
production is associated with oxidative stress and mitochon-
drial and cellular dysfunction, we next evaluated the
functionality of mitochondria in both control and Opa1-
transduced cardiomyocytes. As shown in Figures 1(c) and
1(d), mitochondrial membrane potential was reduced by
H2O2 exposure in control cells but remained largely unaf-
fected after Opa1 overexpression. Excessive mitochondrial
damage is associated with mitochondria-dependent cardio-
myocyte death. Using ELISA, we found that the rate of mito-
chondrial permeability transition pore (mPTP) opening, an
early marker of cardiomyocyte death following ischemia-
reperfusion injury, was significantly elevated in control cardi-
omyocytes treated with H2O2. However, overexpression of
Opa1 was able to block mPTP opening (Figure 1(e)). These
data demonstrate that Opa1-mediated mitophagy suppresses
mitochondrial ROS production andmaintains mitochondrial
function under an oxidative stress microenvironment.

3.2. Opa1-Induced Mitophagy Increases the Activity of
Cellular Antioxidant Enzymes. Since mitochondrial oxidative
stress can also result from decreased antioxidant capacity, we
asked whether Opa1-induced mitophagy would also regulate
the activity of antioxidant enzymes. We found that the levels
of GSH, SOD, and GPX were significantly reduced in H2O2-
treated cardiomyocytes. Interestingly, these changes were
reversed by Opa1 overexpression (Figures 2(a)–2(c)). Since
the activity of cellular antioxidant enzymes is primarily
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Figure 1: Opa1-mediated mitophagy attenuates mitochondrial ROS production and reduces mitochondrial dysfunction. Control
(nontransduced) and Ad-Opa1-transduced H9C2 cardiomyocytes were treated with 0.3mM H2O2 for 12 h. (a, b) Fluorescent detection of
ROS production. Bar: 15μm. (c, d) Assessment of mitochondrial membrane potential via JC-1 staining. Bar: 40μm. (e) Results of the
mPTP opening assay. ∗p < 0:05 vs. control group, #p < 0:05 vs. H2O2+Ad-Ctrl group.
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regulated at the transcriptional level, we assessed the impact
of Opa1 overexpression on the expression of two key tran-
scription factors, namely, Nrf2 and HO-1, governing the
expression of antioxidant enzymes. Results of qPCR analysis
demonstrated that Nrf2 and HO-1 mRNA levels were mark-
edly downregulated in cardiomyocytes treated with H2O2 but
upregulated instead after Opa1 overexpression (Figures 2(d)
and 2(e)). These data indicate that Opa1-mediated mito-
phagy enhances the antioxidant potential of cardiomyocytes
through upregulation of the transcription of HO-1 and Nrf2.

3.3. Opa1-Mediated Mitophagy Sustains Cardiomyocyte
Viability under Oxidative Stress Conditions. Under oxidative

stress conditions, impaired mitochondrial function and lim-
ited antioxidant capacity reduce the viability of cardiomyo-
cytes by activating cell death pathways. Results of CCK-8
assays demonstrated that the viability of H9C2 cells was sig-
nificantly reduced in response to H2O2 treatment. In con-
trast, cell viability was significantly rescued by Opa1
overexpression (Figure 3(a)). This finding was further ana-
lyzed using TUNEL staining. As shown in Figures 3(b) and
3(c), apoptosis was significantly promoted after exposure to
H2O2. In turn, induction of mitophagy via Opa1 overexpres-
sion markedly decreased the number of apoptotic cardio-
myocytes. To investigate the molecular basis underlying
Opa1-mediated antiapoptotic action, western blots were used
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Figure 2: Opa1-mediated mitophagy increases the activity of cellular antioxidant enzymes. Control (nontransduced) and Ad-Opa1-
transduced H9C2 cardiomyocytes were treated with 0.3mM H2O2 for 12 h. (a–c) Colorimetric determination of GSH, SOD, and GPX
activities. (d, e) Results of qPCR assays to analyze the transcriptional profiles of Nrf2 and HO-1. ∗p < 0:05 vs. control group, #p < 0:05 vs.
H2O2+Ad-Ctrl group.
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to analyze changes in cell death-related protein expression.
As shown in Figures 3(d)–3(i), a significant increase in Bax,
caspase-9, and caspase-12 expression, paralleled by down-
regulation of Bcl-2 and c-IAP expression, was observed
in cardiomyocytes treated with H2O2. Interestingly, after
overexpression of Opa1, the expression of proapoptotic
proteins was reduced, while the levels of antiapoptotic
proteins were restored to near normal levels. These data
indicate that the reduction in cardiomyocyte viability
mediated by H2O2 exposure can be reversed by Opa1-
induced mitophagy.

3.4. Opa1-Mediated Mitophagy Inhibits Mitochondrial
Fission. Recent studies have reported that mitochondrial fis-

sion is the primary trigger of mitochondrial ROS overpro-
duction through accelerated glucose metabolism. To
evaluate whether Opa1-mediated mitophagy can attenuate
abnormal mitochondrial fission under oxidative stress condi-
tions, mitochondrial morphology was first examined in cul-
tured H9C2 cardiomyocytes using MitoTracker staining. As
shown in Figures 4(a)–4(c), H2O2 treatment elicited substan-
tial mitochondrial fragmentation, evidenced by an increase
in the organelles’ average length and number. In contrast,
both these variables were significantly normalized in Ad-
Opa1-transduced cardiomyocytes. To provide more evidence
to support the regulatory role played by Opa1-related mito-
phagy onmitochondrial fission, qPCR was performed to ana-
lyze transcriptional levels of fission-related proteins. As
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Figure 3: Opa1-mediated mitophagy sustains cardiomyocyte viability under oxidative stress. Control (nontransduced) and Ad-Opa1-
transduced H9C2 cardiomyocytes were exposed to 0.3mM H2O2 for 12 h. (a) Analysis of cardiomyocyte viability using the CCK-8 assay.
(b, c) Assessment of apoptosis by TUNEL assay. Bar: 90μm. (d–i) Western blotting analysis of Bax, caspase-9, caspase-12, Bcl-2, and c-
IAP expression. ∗p < 0:05 vs. control group, #p < 0:05 vs. H2O2+Ad-Ctrl group.
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Figure 4: Opa1-mediated mitophagy inhibits mitochondrial fission. Control (nontransduced) and Ad-Opa1-transduced H9C2
cardiomyocytes were exposed to 0.3mM H2O2 for 12 h. (a–c) Evaluation of mitochondrial morphology by MitoTracker Red staining.
Bar:20 μm. (d–g) Results of qPCR assays to analyze the transcriptional profiles of Drp1, Fis1, Mid49, and Mid51. (h, i) Fluorescent
detection of ROS production in H9C2 cells pretreated with or without the mitochondrial fission activator FCCP. Bar: 25 μm. ∗p < 0:05 vs.
control group, #p < 0:05 vs. H2O2+Ad-Ctrl group,

@p < 0:05 vs. H2O2+Ad-Opa1 group.
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Figure 5: Continued.
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shown in Figures 4(d)–4(g), compared to the control group,
the expression of Drp1, Fis1, Mid49, and Mid51 was signifi-
cantly increased in cardiomyocytes treated with H2O2. How-
ever, after transduction with Opa1 to stimulate mitophagy,
Drp1, Fis1, Mid49, and Mid51 mRNA levels were markedly
upregulated. Taken together, these results demonstrated that
Opa1-related mitophagy inhibits mitochondrial fission in
H2O2-treated cardiomyocytes.

To evaluate whether Opa1 represses mitochondrial ROS
through inactivation of mitochondrial fission, before being
exposed to H2O2, Opa1-overexpressing cardiomyocytes were
pretreated with FCCP, an activator of mitochondrial fission.
As shown in Figures 4(h) and 4(i), FCCP abolished the inhi-
bition of ROS production elicited by Opa1 overexpression.
Overall, our data illustrated that Opa1-mediated mitochon-
drial ROS suppression is attributable to decreased mitochon-
drial fission.

3.5. Opa1-Mediated Mitophagy Activates the MAPK/ERK
Signaling Pathway. Since the MAPK/ERK pathway has been

reported to be a regulator of mitochondrial ROS production,
we wanted to know whether Opa1-mediated mitophagy
restricts ROS production in cardiomyocytes by activating
MAPK/ERK signaling. Western blot results demonstrated
that the expression of p-ERK was significantly downregu-
lated in cardiomyocytes treated with H2O2, and this effect
was inhibited upon Ad-Opa1 transduction (Figures 5(a)
and 5(b)). As shown in Figures 5(c) and 5(d), similar results
were observed after p-ERK immunofluorescence. Based on
the above data suggesting that Opa1-mediated mitophagy is
an upstream activator of the MAPK/ERK pathway, the
involvement of MAPK/ERK activation in Opa1-mediated
mitochondrial ROS suppression was evaluated using
PD98059, a MAPK/ERK signaling inhibitor. As shown in
Figures 5(e) and 5(f), the inhibition exerted by Opa1 overex-
pression on H2O2-induced mitochondrial ROS production
was significantly suppressed after PD98059 incubation.
Overall, these data suggest that Opa1-mediated mitophagy
attenuates mitochondrial ROS production by activating the
MAPK/ERK signaling pathway.
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Figure 5: Opa1-mediated mitophagy activates theMAPK/ERK signaling pathway. Control (nontransduced) and Ad-Opa1-transduced H9C2
cardiomyocytes were treated with 0.3mM H2O2 for 12 h. (a, b) Western blotting analysis of ERK and p-ERK expression. (c, d) Analysis of
ERK and p-ERK expression through immunofluorescence. Bar: 75 μm. (e, f) Fluorescent detection of ROS production in cells pretreated
with the MAPK/ERK inhibitor PD98059. Bar: 25 μm. ∗p < 0:05 vs. control group, #p < 0:05 vs. H2O2+Ad-Ctrl group,

@p < 0:05 vs. H2O2
+Ad-Opa1 group.
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4. Discussion

Although timely reperfusion therapies have been introduced
for clinical treatment of myocardial infarction, organ recov-
ery is hampered by cardiomyocyte death resulting from these
treatments. Oxidative stress has been identified as a primary
pathological factor mediating cardiomyocyte dysfunction
and death during myocardial infarction and after reperfusion
therapy. Although several antioxidant therapies have been
developed for the management of patients with myocardial
infarction, the mechanisms that regulate antioxidant
responses in the postinfarcted heart remain unclear. In the
present study, we identified Opa1-mediated mitophagy as a
negative regulator of cardiomyocyte oxidative stress by pre-
venting mitochondrial fission and activating the MAPK/ERK
pathway. To our knowledge, this is the first evidence support-
ing the relationship between Opa1-mediated mitophagy and
cardiomyocyte oxidative stress in an in vitro model of myo-
cardial infarction. Therefore, our findings suggest a promis-
ing new target for the treatment of this condition and the
pathological manifestations of ischemia-reperfusion.

Cardiomyocytes contain numerous mitochondria, which
metabolize glucose to produce the large amounts of ATP
required to sustain cardiac function. Accordingly, mitochon-
drial damage induces adverse metabolic reprogramming,
resulting in cardiomyocyte dysfunction and death [53]. Since
mitochondria also play a fundamental role in transmitting
and amplifying proapoptotic signals during ischemic insults,
these organelles represent a primary target for the treatment
of myocardial infarction [54, 55]. Indeed, intensive research
has revealed potential therapeutic avenues targeting mito-
chondrial dysfunction in cardiac cells. For example, thiore-
doxin has been found to sustain mitochondrial morphology
and thus attenuate myocardial infarction through redox-
dependent activation of CREB signaling [56]. Improvement
in mitochondrial function during myocardial infarction
through stabilization of the expression of Mzb1 was reported
to attenuate the inflammatory response and delay cardiac
fibrosis [57]. Inhibition of mitochondrial ROS production
and thus attenuation of oxidative stress has been found to
enhance cardiomyocyte ATP supply and sustain contractile
function during hypoxia/reoxygenation stress [58–60].
Blockade of mitochondria-mediated cell death through dele-
tion of PGAM5 was shown to improve mitochondrial quality
control and reduce myocardial infarction size [61]. In turn,
reduction in mitochondrial calcium overload through over-
expression of SERCA was reported to improve myocardial
perfusion and metabolism [62].

In the present study, mitochondrial damage induced by
oxidative stress is featured by decreased mitochondrial mem-
brane potential, increased mitochondrial ROS production,
and elevated expression of mitochondria-related proapoptotic
proteins. Importantly, we further show that enhanced mito-
phagy mediated by Opa1 overexpression is able to attenuate
mitochondrial damage in oxidative stress-challenged cardio-
myocytes. The protective mechanism afforded by Opa1-
mediated mitophagy involves inhibition of mitochondrial fis-
sion and activation of the MAPK/ERK pathway. The protec-
tive role of mitophagy on mitochondrial homeostasis and

cardiomyocyte viability has been widely reported [63–65].
For example, irisin treatment significantly activates Opa1-
mediated mitophagy and thus inhibits cardiomyocyte mito-
chondrial apoptosis following myocardial infarction [66–68].
In turn, activation of Fundc1 leading to mitophagy sustains
mitochondrial metabolism and promotes mitochondrial bio-
genesis in the ischemic myocardium [69, 70]. These findings
are thus consistent with our results. Interestingly, our data fur-
ther illustrate the regulatory role of Opa1-mediatedmitophagy
in the suppression of mitochondrial fission, by removing frag-
mentated mitochondria via lysosomal degradation.

Finally, we also report that Opa1-mediated mitophagy is
an upstream trigger of the MAPK/ERK pathway in cardio-
myocytes. This is in line with previous studies, conducted
in aged parkinsonian mice [71–73], in a murine model of
sleep apnea [74], and in a model of doxorubicin-induced car-
diotoxicity [75] that highlighted the relationship between
mitophagy and the ERK signaling pathway. Considering the
necessary role played by ERK in regulating cardiomyocyte
metabolism and ATP generation, mitophagy-induced ERK
activation appears as a critical mechanism to support mito-
chondrial metabolism and oxidative phosphorylation under
hypoxic conditions.

Taken together, our results demonstrated that Opa1-
mediated mitophagy functions as a protective program
against oxidative stress in cardiomyocytes through two dif-
ferent mechanisms: one involved in the inhibition of mito-
chondrial fission and the other driven by activation of the
MAPK/ERK pathway. However, our study has many limita-
tions that need to be addressed. First, we employed only
in vitro experiments to elucidate the protective effects of
Opa1-mediated mitophagy in oxidative stress-challenged
cardiomyocytes. Thus, animal experiments are necessary to
validate our findings in vivo [76]. Also, although our study
stresses the functional importance of Opa1-mediated mito-
phagy in cardiomyocyte survival and function, further
research on its protective mechanisms are limited by the lack
of drugs to specifically activate Opa1 in cardiomyocytes [77].
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Atherosclerosis (AS) is a chronic metabolic disease in arterial walls, characterized by lipid deposition and persistent aseptic
inflammation. AS is regarded as the basis of a variety of cardiovascular and cerebrovascular diseases. It is widely acknowledged
that macrophages would become foam cells after internalizing lipoprotein particles, which is an initial factor in atherogenesis.
Here, we showed the influences of Bruton’s tyrosine kinase (BTK) in macrophage-mediated AS and how BTK regulates the
inflammatory responses of macrophages in AS. Our bioinformatic results suggested that BTK was a potential hub gene, which is
closely related to oxidative stress, ER stress, and inflammation in macrophage-induced AS. Moreover, we found that BTK
knockdown could restrain ox-LDL-induced NK-κB signaling activation in macrophages and repressed M1 polarization. The
mechanistic studies revealed that oxidative stress, mitochondrial injury, and ER stress in macrophages were also suppressed by
BTK knockdown. Furthermore, we found that sh-BTK adenovirus injection could alleviate the severity of AS in ApoE-/- mice
induced by a high-fat diet in vivo. Our study suggested that BTK promoted ox-LDL-induced ER stress, oxidative stress, and
inflammatory responses in macrophages, and it may be a potential therapeutic target in AS.

1. Introduction

AS, which underlies myocardial infarction, vascular occlusive
disease, and stroke, is a chronic metabolic disease in arterial
walls, characterized by lipid deposition and persistent aseptic
inflammation [1]. AS is an important component in the
pathobiology of many cardiovascular diseases, involving
vascular endothelial activation, monocyte recruitment, and
cholesterol accumulation in macrophages [2]. It is widely
recognized that macrophages, which would become foam
cells after internalizing lipoprotein particles, play an impor-
tant role in atherogenesis [3–5]. Oxidative low-density lipo-
protein (ox-LDL) is contributing to atherogenesis, foam cell
formation, and AS progression [6]. M1 macrophages, with
the low ability to clear cholesterol and high susceptibility to

become foam cells, are involved in the initial progression of
AS by producing a variety of proinflammatory factors, as well
as associated with endoplasmic reticulum stress (ER stress)
and mitochondrial stress [7–9]. Excessive reactive oxygen
species (ROS), produced by ER, mitochondria, and other
organelles, participated not only in the initial development
of atherogenesis but also in many cardiovascular diseases
[10]. Mitochondria-associated membranes (MAMs) are a
molecule dynamic platform that is tightly associated with
ER and mitochondria, and MAMs regulated multiple signal-
ing pathways, especially inflammatory pathways, which may
have an impact on the responses of macrophages [11]. In the
meantime, M2 macrophages, with anti-inflammatory factor
secretion and high phagocytic ability, would subsequently
shift to the M1 type at the advanced stage of AS [12, 13].
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BTK is a member of the Tec family in nonreceptor tyro-
sine kinases that regulate innumerable processes, such as cell
development, proliferation, differentiation, innate immunity,
and adaptative immunity [14]. Given its established roles in
immune B cell inflammation, some studies reported that
BTK is a drug target for B cell malignancies and autoimmune
disorders [15, 16]. Functionally, BTK is considered to activate
the NF-κB signaling pathway by phosphorylating IκBα pro-
tein, a main repressor of NF-κB, as well as promoting the
nuclear translocation of p65, and some researchers found that
suppressing BTK would block the B cell receptor-dependent
NF-κB signaling pathway [17, 18]. NF-κB signaling is regarded
as a significant pathway related to inflammation in atheroscle-
rotic plaque formation, and the genes that target the NF-κB
signaling pathway may provide an antiatherogenic profile
[19]. Accumulating evidence revealed that BTK inhibition
could make sense on tumor metastasis and infection by regu-
lating macrophage polarization, phagocytosis, and proinflam-
matory factor secretion, which suggested a viable therapeutic
opportunity in inflammatory diseases, such as AS [20–23].
Importantly, it is reported that BTK inhibitors, such as acalab-
rutinib and ONO/GS-4059, made a difference in AS treatment
as antiplatelet drugs to inhibit platelet aggregation in athero-
sclerotic plaques [24]. However, the role of BTK in macro-
phages on the progression of AS has not been elucidated,
and further elucidation of the correlation between BTK and
macrophages in atherogenesis is expected.

Here, we elucidated that BTK knockdown restrained ox-
LDL-induced NK-κB signaling in macrophages and repressed
the M1 polarization but promoted the M2 polarization of
macrophages. Moreover, we discovered that oxidative stress,
mitochondrial injury, and ER stress in ox-LDL-stimulated
macrophages were also regulated after inhibiting BTK. A
well-established diet-induced mouse model that mimics
human atherogenesis is recognized as a critical methodology
to understand the function andmechanism of potential targets
in human AS [25]. Therefore, we elucidated that the severity of
AS in ApoE-/- mice induced by a high-fat diet was alleviated by
the sh-BTK adenovirus injection, suggesting that BTK may
represent a potential therapeutic target to combat AS.

2. Materials and Methods

2.1. Clinical Samples.We collected the clinical specimens from
8 females and 7 males, with an average age of 54:6 ± 9:7 years,
who accepted coronary bypass surgery from 2018 to 2020. The
coronary arteries with AS plaques and the internal mammary
arteries were gathered. The study was approved by the Ethical
Committee of Sun Yat-sen University, Sun Yat-sen Memorial
Hospital (SYSEC-KY-KS2020-090).

2.2. Cell Line. RAW264.7 macrophages (CL-0190, Procell),
which were maintained at 37°C in a humidified 5% CO2 incu-
bator, grew in high-glucose DMEM, with 10% fetal bovine
serum and penicillin (100U/ml)-streptomycin (0.1mg/ml).
Twenty-four hours before further experiments, the cells
would be seeded in culture dishes or 6-well plates [26, 27].

2.3. Small Interfering RNA (siRNA) and Treatment. The siRNA
was designed and synthesized by RiboBio, China. Macrophages
were seeded at a concentration of 5 × 105 cells per well in 6-well
plates. After 24 hours, macrophages were added with BTK-
siRNA with the RNAiMAX reagent (13778075, Thermo Fisher
Scientific). The transfectedmacrophages were collected after 48
hours. The ox-LDL (Cat. No. YB-002, Yiyuan Biotech) was
used at a concentration of 50μg/ml as previously described
[28, 29].

2.4. PPI Network Establishment and Hub Gene Identification.
The raw CEL data of the GSE70126 dataset was downloaded
from the GEO database of NCBI. And the bioinformatic
analysis was performed essentially as described by Qiu et al.
[30]. Briefly, STRING and Cytoscape software programs
were used to construct the protein-protein interaction (PPI)
network and screen differentially expressed genes. MCODE
and cytoHubba applications of Cytoscape, as well as the
Metascape online tool, were applied (https://metascape.org)
[31, 32].

2.5. qRT-PCR. Total RNA was isolated from RAW264.7 mac-
rophages using RNAiso Plus (TaKaRa) [33, 34]. RNA was
converted into cDNA using PrimeScript RT Mix (TaKaRa).
Afterward, qRT-PCR experiments were conducted in a
LightCycler PCR system (Roche) with UNICONTM SYBR
Green (11198ES08, Yeasen). The sequences of all the primers
used are shown in Table 1.

2.6. Western Blot and ELISA. The experiments of Western
blot and ELISA were performed essentially as described in
Li et al. [35]. Shortly, RAW264.7 macrophages were lysed
with the RIPA buffer to obtain total protein, additionally with
a nuclear and cytoplasmic extraction kit (CWbiotech)
according to the manufacturer’s protocol. Proteins were
quantified with a bicinchoninic acid (BCA) assay kit
(Thermo Fisher Scientific) and analyzed by SDS-PAGE with
10% polyacrylamide gel. The primary antibodies of NRF2,
histone H3, p-PERK, p-IRE1, BTK, p-p65, p-IRF3, DRP1,
FIS1, and β-actin (Cell Signaling Technology) were used.
An enhanced chemiluminescence (ECL) reagent detection
kit (Thermo Fisher Scientific) was used, and an imaging
machine (2200 Pro, Kodak) was employed to detect the pro-
tein bands. For ELISA, the supernatants of RAW264.7 mac-
rophages were collected to detect the concentration of
TNF-α and IL-6 (Neobioscience, China) [36, 37].

2.7. Flow Cytometry and ROS Detection. M1 and M2 macro-
phage polarization was detected by their makers, iNOS and
COX-2, respectively. In brief, the macrophages with different
treatments were incubated with the iNOS antibody or COX-2
antibody for 20min. Then, the cells were trypsinized, washed
with PBS, and resuspended in PBS. A DHE-DA staining kit
(KGAF019, KeyGen Biotech) was used for analyzing the
production of ROS as described before [38, 39]. Flow cytom-
etry (BD FACSVerse) was applied to detect M1 polarization,
M2 polarization, and ROS production [40, 41].

2.8. MitoTracker Staining. The macrophages were stained
with MitoTracker Red (Beyotime) for the analysis of change
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in mitochondrial injury. Macrophages were cultured in 96-
well plates and incubated for 30 minutes with MitoTracker
Red. Then, the macrophages were counterstained with DAPI
for 10min and visualized by fluorescence microscopy (LSM
710, Carl Zeiss) [42, 43].

2.9. Immunofluorescent Staining and Confocal Microscopy.
The experiments of immunofluorescent staining and confo-
cal microscopy were performed essentially as described in
Fang et al. [44]. Shortly, macrophages were seeded in confo-
cal dishes fixed with 4% paraformaldehyde after different
treatments. After being blocked by goat serum, RAW264.7
macrophages were incubated with different primary antibod-
ies (p65, ATF6, TNF-α, and IL-6; Cell Signaling Technology)
overnight at 4°C. A secondary antibody (goat anti-rabbit,
Abcam) and a DAPI-containing Anti-Fade Fluorescence
Mounting Medium (HelixGen Co., Ltd.) were used for visu-
alization with confocal microscopy (Carl Zeiss) [45].

2.10. Immunohistochemistry Assay. The sections of the
mouse hearts with aortic roots were heated for 2 h, then
dewaxed with xylene and dehydrated with ethanol. An
H&E staining kit (AR1180, Boster Biological Technology
Co., Ltd.) was used, as described by Qiu et al. [30]. For the
observation of the sections of mouse aortic roots, a Leica bio-
microscope was employed [46].

2.11. Mouse Atherosclerosis Model Establishment. The mouse
AS model was established as described in our previous study
[28]. Briefly, ApoE-/- mice (males, 8 weeks old, and 20 g body
weight) with C57BL/6J background were purchased from
GemPharmatech Co., Ltd. All mice were reared in a specific
pathogen-free environment with a 12h light/12 h dark cycle
at the temperature of 22 ± 2°C and the relative humidity of
40-55%. ApoE-/- mice were fed a diet containing 21% wt/wt
saturated fat and 0.2% wt/wt cholesterol (Western diet) for
12 weeks for the establishment of the AS model. Recombi-
nant adenovirus for the mouse Btk interference (sh-BTK ade-
novirus), alone with sh-NC adenovirus as the control, was
synthesized by GeneChem Co., Ltd. The Western diet-fed
mice have been applied with a tail vein injection of adenovi-
rus. All the animal procedures were approved by the Labora-
tory Animal Welfare and Ethics Committee of Sun Yat-sen
University.

2.12. Atherosclerotic Lesion Analysis.Mice were anesthetized,
and the mouse hearts with aortic roots as well as whole aortas

were harvested. For inner face plaque analyses, the whole
aortas without adipose tissue, fixed in 4% paraformaldehyde
overnight, were stained with Oil Red O solution for 15min
and washed with 70% ethanol. For aortic root cross-section
analysis, the mouse hearts with aortic roots were embedded
and sliced into several sections, followed by staining with
Oil Red O solution as described in our previous study [28].
Images were viewed by a biomicroscope (DM200, Leica)
[47, 48]. The percentage of Oil Red O-positive areas, pre-
sumed to be atherosclerotic lesions, was quantified by ImageJ
software.

2.13. Statistical Analysis. Three independent experiments were
carried out. Data were analyzed to verify data normality using
Kolmogorov-Smirnov tests and are expressed as mean ±
standard deviation ðSDÞ. A two-sided Student’s t-test was
performed between two groups. And one-way analysis of var-
iance (ANOVA) and Fisher’s least significant difference (LSD)
test were utilized among three or more than three groups. The
threshold of statistical significance was a P value of <0.05.

3. Results

3.1. Oxidative Stress, Mitochondrial Injury, and ER Stress Were
Triggered by ox-LDL inMacrophages. To investigate the under-
lying mechanism by which ox-LDL accelerates AS, we stimu-
lated macrophages with ox-LDL for different periods. We
then found that the number of ROS-positive macrophages
significantly increased after ox-LDL treatment for 24h
(Figures 1(a) and 1(b)). Furthermore, the nucleus protein level
of NRF2 inmacrophages increased after 4h and 8h of stimula-
tion for ox-LDL (Figure 1(c)). Concurrently, the mitochondria-
specific fluorescence probe (MitoTracker Red) was used, and
the result showed that ox-LDL induced the structural disorder
of mitochondria in macrophages, suggesting an obvious mito-
chondrial injury (Figure 1(d)). As for ER stress, we found that
ox-LDL could induce the phosphorylation of PERK and IRE1
(Figure 1(e)). Moreover, our fluorescent staining results
showed that ATF6 protein (green) translocated into the
nucleus after ox-LDL treatment in macrophages (Figure 1(f)).
The activation of these 3 unfolded protein response (UPR) acti-
vator proteins indicated that ox-LDL triggered ER stress in
macrophages.

3.2. BTK Was the Hub Gene Related to Oxidative Stress, ER
Stress, and Inflammation in Macrophage-Induced AS. To
assess the potential hub genes in atherosclerosis induced by
macrophages, the differentially expressed genes (DEGs) from
the GSE70126 dataset were obtained. We found 1125 differen-
tially expressed genes in foam cell macrophages, as compared
with nonfoamy macrophages: 592 were upregulated, and 533
were downregulated. The volcano plot (Figure 2(a)) and the
heat map (Figure 2(b)) were shown, respectively. STRING
and Cytoscape software programs were used to construct the
PPI network, and we obtained 19 hub genes through the
MCODE application, of which BTK had a high score
(Figure 2(c)). Besides, by using the cytoHubba application,
we built the hub gene network following core gene scores
(Figure 2(d)). Furthermore, the functional clustering network

Table 1: Primers.

BTK
Forward GAGGAGAGGTGAGGAGTCTAGT

Reverse AGCTCTTCAGTTGGGGAGAAAA

iNOS
Forward GGAGTGACGGCAAACATGACT

Reverse TCGATGCACAACTGGGTGAAC

COX-2
Forward TGCACTATGGTTACAAAAGCTGG

Reverse TCAGGAAGCTCCTTATTTCCCTT

GAPDH
Forward TGTGTCCGTCGTGGATCTGA

Reverse TTGCTGTTGAAGTCGCAGGAG
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from the Metascape database indicated that BTK was closely
related to oxidative stress, ER stress, and inflammation
(Figure 2(e)).

3.3. BTK Knockdown Suppressed the Inflammatory Responses
of ox-LDL-Induced Macrophages. To explore the relationship

between the BTK gene and AS, immunohistochemical stain-
ing was performed. A high cytoplasm protein level of BTK
was found in the lesion area of the aortas from the AS
patients (Figures 3(a) and 3(b)). Besides, we stimulated mac-
rophages with ox-LDL for different periods (6, 12, and 24h
for BTK qRT-PCR; 24 and 48 h for BTK Western blot; 48 h
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Figure 1: ox-LDL triggers oxidative stress, mitochondrial injury, and ER stress in macrophages. (a, b) The number of ROS-positive
macrophages increased after ox-LDL treatment for 24 h. (c) The expression levels of nuclear NRF2 by Western blot in macrophages after
ox-LDL stimulation for 4 h and 8 h. (d) Mitochondria-specific fluorescence probes (MitoTracker Red) in macrophages captured by
confocal microscopy. (e) The phosphorylation levels of PERK and IRE1 in macrophages after ox-LDL stimulation for 4 h and 8 h. (f)
ATF6 protein (green) translocated into the nucleus after ox-LDL treatment in macrophages. The threshold of statistical significance was
set at ∗P < 0:05.
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for proinflammatory factor ELISA; and 24h for fluorescent
staining). The expression level of BTK was upregulated in ox-
LDL-induced macrophages, including mRNA and protein
expression (Figures 3(c) and 3(d)). Moreover, siRNA-
mediated inhibition of BTK was performed in macrophages,
and the ELISA results indicated that BTK knockdown could
attenuate the cytokine levels of TNF-α and IL-6 (Figure 3(e)).
Consistent with the ELISA results, the fluorescent intensities
of TNF-α and IL-6 in ox-LDL-induced macrophages were also
restrained by the knockdown of BTK (Figure 3(f)).

3.4. BTK Knockdown Suppressed the ox-LDL-Induced NK-κB
Signaling in Macrophages, Inhibited M1 Macrophage
Polarization, and Facilitated M2 Polarization. As shown in
Figure 4(a), the phosphorylation level of p65 protein, an
important NK-κB signaling mediator, was significantly
reduced by the knockdown of BTK. Moreover, we performed
the fluorescent staining of p65 protein, and the results indi-
cated that BTK knockdown inhibited the nucleus transloca-
tion of p65 in macrophages (Figure 4(b)). Macrophage
polarization, which is closely related to the NF-κB pathway,
was also determined by flow cytometry here. As shown in
Figure 4(c), BTK knockdown decreased the number of M1
macrophages, which were considered a proinflammatory type.
In contrast, M2 anti-inflammatory macrophages significantly
increased caused by the knockdown of BTK. Besides, the
expression of iNOS was downregulated, while the expression
of COX-2 was upregulated on the mRNA level caused by
BTK knockdown (Figure 4(d)). Consistently, the knockdown

of BTK significantly reduced the protein expression level of
phosphorylated IRF3, which is an important transcription
factor in the process of M1 polarization (Figure 4(e)).

3.5. BTKKnockdown Alleviated Oxidative Stress, Mitochondrial
Injury, and ER Stress in ox-LDL-Induced Macrophages. In view
of the ox-LDL-triggered oxidative stress that played an impor-
tant role in AS, we next determined the effect of BTK knock-
down on oxidative stress and mitochondrial injury. Flow
cytometry results revealed that BTK knockdown significantly
reduced the production levels of ROS (Figures 5(a) and 5(b)).
The upregulation of the NRF2 nuclear protein level in ox-
LDL-stimulated macrophages when BTK was knocked down
is shown in Figure 5(c). Moreover, BTK knockdown attenuated
themitochondrial injury inmacrophages, as shown in ourfluo-
rescent staining results (Figure 5(d)). Besides, the knockdown
of BTK clearly suppressed the protein expression of DRP1
and FIS1, the two important mitochondrial fission factors
(Figure 5(e)). To further determine the correlation between
BTK knockdown and ER stress, we administered ox-LDL to
macrophages for different periods. A fluorescent staining assay
was carried out to clarify the activation of ATF6 protein, an ER
stress-related transcription factor. The confocal microscope
results showed that ox-LDL-stimulated nuclear translocation
of ATF6 was attenuated by BTK knockdown (Figure 5(f)).
Besides, the results demonstrated that the phosphorylation
levels of PERK and IRE1 significantly decreased in the si-
BTK group (Figure 5(g)).

(e)

Figure 2: BTK was determined as the hub gene related to oxidative stress, ER stress, and inflammation in macrophage-induced AS. (a) The
volcano plot indicated 592 upregulated DEGs and 533 downregulated DEGs. (b) The heat map and cluster analysis. (c) STRING and
Cytoscape software programs were used to construct the PPI network, and we obtained 19 hub genes through the MCODE application, of
which BTK had a high score. (d) By using the cytoHubba application, the hub gene network following core gene scores was built. (e) The
functional clustering network from the Metascape database indicated that BTK was closely related to oxidative stress, ER stress, and
inflammation.

7Oxidative Medicine and Cellular Longevity



3.6. sh-BTK Adenovirus Injection Reduced the Progression of
AS Lesions in ApoE-/- Mice. The therapeutic roles of BTK in
atherogenesis were determined in ApoE-/- mice, which were
fed with aWestern diet for 12 weeks. Then, the tail vein injec-
tion of adenovirus-mediated sh-BTK and sh-NC was per-
formed. We observed that the Oil Red O area within the
aortic tree was significantly attenuated in the sh-BTK group,
which indicated that sh-BTK adenovirus injection effectively
attenuated the progression of AS (Figures 6(a) and 6(b)).
Consistently, the H&E staining results showed that the
necrotic core area in ApoE-/- mice decreased in the sh-BTK

group (Figures 6(c) and 6(d)). Besides, the foam cells in the
cross-sections of ApoE-/- mouse aortas were stained with Oil
Red O, and the results showed that the lesion area significantly
decreased in the sh-BTK group (Figures 6(e) and 6(f)). Hence,
our results indicated that the knockdown of BTK reduced the
development of AS in ApoE-/- mice.

4. Discussion

AS is a progressive chronic inflammatory condition shared by
several cardiovascular diseases, bringing immense burdens on
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Figure 3: BTK knockdown suppressed the inflammatory responses of ox-LDL-induced macrophages. (a) IHC staining and (b)
immunoreactivity score of BTK in specimens from the control group and AS group. (c, d) The mRNA and protein expression levels of
BTK were upregulated in ox-LDL-induced macrophages. (e) The siRNA-mediated inhibition of BTK was performed in macrophages, and
the ELISA results indicated that TNF-α and IL-6 were reduced by BTK knockdown. (f) The fluorescent intensities of TNF-α and IL-6
were restrained by the knockdown of BTK in ox-LDL-induced macrophages. The threshold of statistical significance was set at ∗P < 0:05.
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health and economy worldwide [49, 50]. Using genetically
engineered mice, our results suggested that the knockdown
of BTK inhibited the development of AS in ApoE-/- mice,
and one of the mechanisms is through releasing ox-LDL-
induced inflammatory response, oxidative stress, and ER
stress in macrophages and promoting macrophage polariza-
tion to the M2 type. It is well recognized that the biochemical
cascade of atherogenesis is inseparable from the foam cell
formation and inflammatory responses of macrophages [51].
ox-LDL, an atherogenic factor, contributes to AS progression
by promoting the inflammatory response in macrophages
[52]. Consistently, we found that the NF-κB signaling pathway
and IRF3 were activated by ox-LDL in macrophages. NF-κB
was considered a first responder to regulate the central cellular
response to inflammation [19]. And activation of the inter-
feron regulatory factor 3 (IRF3), a downstream factor that
induced the type I interferon production and initiated inflam-
mation, suggested the increase of the ox-LDL-induced M1
phenotype macrophages [53]. Inflammation and polarization
of macrophages play an important role in AS. In our previous
report, we also found that atherosclerotic lesions can be
alleviated when inflammatory responses of ox-LDL-induced
macrophages were released [28].

Nevertheless, the exact mechanisms of how ox-LDL
stimulated macrophages have not been clarified. Single-cell
RNA-seq of aortic macrophages in murine AS identified that
inflammatory macrophages (enriched in M1 proinflamma-
tory genes) accounted for a large part of the overall macro-
phage subpopulations [54]. In our current study, RNA-seq
analysis has been applied in foam cell macrophages. After
analysis of DEGs and the PPIN, we performed a detailed
comparison of gene expression. BTK was considered a hub
gene related to oxidative stress, ER stress, and inflammation
in macrophage-induced AS. Consistently, we showed that
the protein level of BTK in the AS group increased signifi-
cantly than that in the control group, and the knockdown
of BTK significantly suppressed the proinflammatory factor
secretion and the phosphorylation level of p65 protein,
indicating that BTK positively regulated the inflammatory
responses of ox-LDL-stimulated macrophages. Thus, these
results implicated BTK as a candidate causal gene for AS

and pointed to future directions to treatment for AS, using
pharmacological or genetic inhibition of BTK.

Former investigators indicated that BTK positively
regulated TLR4-mediated activation of the NF-κB signaling
pathway in the monocytic cell line [15, 55]. These data are
consistent with our results that BTK knockdown decreased
NF-κB signaling pathway activation in ox-LDL-induced
macrophages. Another study reported that BTK also made
sense on lipopolysaccharide-induced sepsis and negatively
regulated the lipopolysaccharide-induced canonical NF-κB
signaling pathway in mast cells [56]. This discrepancy may
be caused by different cell types and stimuli. The role of
BTK might be cell type-specific. The activation of the NF-
κB signaling pathway and the secretion of proinflammatory
factors have a strong association with the macrophage polar-
ization to the M1 type [57]. Since BTK positively regulates
the NF-κB signaling pathway in our current study, BTK
knockdown inhibited M1 macrophage polarization and
facilitated M2 polarization, which was validated by the flow
cytometry analysis. Phosphorylation levels of IRF3 were sig-
nificantly decreased accompanied by fewer M1macrophages.

Previous studies have shown that ER stress and oxidative
stress were extremely significant in macrophage polarization
and proinflammatory factor secretion [58–60]. ER stress, oxi-
dative stress, and inflammatory response together make up
defense networks of the cells that react to outside stimuli [8,
61]. Risk factors related to AS, such as hyperlipidemia, hyper-
tension, and obesity, activated the ER stress-related proteins,
such as IRE1, PERK, and ATF6, and aggravated the inflamma-
tory response in macrophages [62, 63]. UPR activation and ER
stress had been identified in atherosclerotic lesions. ER stress
inhibitors could relieve inflammation and decreased IL-6 secre-
tion in macrophages via inhibition of the ER stress-related
PERK-AFT4 pathway [7]. Additionally, AS development was
closely related to oxidative stress and mitochondrial injury.
Suppression of mitochondrial oxidative stress in macrophages
attenuated AS in mice. The imbalanced mitochondrial homeo-
stasis and excessive ROS production in macrophages would
activate the NF-κB signaling pathway and promote the release
of proinflammatory factors such as TNF-α and IL-6 [10, 64].
The interaction between ROS and proinflammatory factors

si-BTKsi-NC

𝛽-Actin

p-IRF3

45kDa

50kDa

(e)

Figure 4: BTK knockdown suppressed the ox-LDL-induced NK-κB activation and inhibited M1 polarization. (a) The phosphorylation level
of p65 protein was significantly reduced by the knockdown of BTK. (b) BTK knockdown inhibited the nucleus translocation of p65 in
macrophages. (c) BTK knockdown reduced the number of M1 macrophages and significantly increased the M2 anti-inflammatory
macrophages. (d) iNOS was downregulated, while COX-2 was upregulated on the mRNA level caused by BTK knockdown. (e) The
knockdown of BTK significantly reduced the protein expression level of phosphorylated IRF3. The threshold of statistical significance was
set at ∗P < 0:05.

10 Oxidative Medicine and Cellular Longevity



si-NC si-BTK

ROS

250K Q1

0
Q2

0

Q4
13.7

Q3

86.3

200K

150K

SS
C-

A

100K

50K

0
101 102 103 104 105

ROS

250K Q1

0
Q2

0

Q4
39.6

Q3

60.4

200K

150K

SS
C-

A

100K

50K

0
101 102 103 104 105

(a)

100

⁎80

40

RO
S 

(+
) (

%
)

20

0

si-
N

C

si-
BT

K

60

(b)

NRF2

Histone H3

68kDa

17kDa

si-BTKsi-NC

(c)

Control ox-LDL

si-NC

si-BTK

25 𝜇m 25 𝜇m

25 𝜇m 25 𝜇m

(d)

81kDa

17kDa

45kDa

si-BTKsi-NC

𝛽-Actin

FIS1

DRP1

(e)

ATF6 DAPI Merge

si-NC

si-BTK

25 𝜇m 25 𝜇m 25 𝜇m

25 𝜇m 25 𝜇m 25 𝜇m

(f)

Figure 5: Continued.
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Figure 5: BTK knockdown alleviated oxidative stress, mitochondrial injury, and ER stress in ox-LDL-induced macrophages. (a, b) The flow
cytometry results showed that BTK knockdown significantly reduced the production levels of ROS. (c) The upregulation of the NRF2 nuclear
protein level in ox-LDL-stimulated macrophages when BTK was knocked down. (d) BTK knockdown attenuated the mitochondrial injury in
macrophages. (e) The knockdown of BTK suppressed the protein expression of DRP1 and FIS1. (f) The confocal microscope results revealed
that ox-LDL-induced nuclear translocation of ATF6 was attenuated by BTK knockdown. (g) The phosphorylation levels of PERK and IRE1
significantly decreased in the si-BTK group. The threshold of statistical significance was set at ∗P < 0:05.
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Figure 6: sh-BTK adenovirus injection reduced the development of AS lesions in ApoE-/- mice. (a, b) The Oil Red O area within the aortic tree
was significantly attenuated in the sh-BTK group. The lesion coverage of the entire aorta (%) was assessed by ImageJ software. (c, d) The H&E
staining results showed that the necrotic core area in ApoE-/- mice decreased in the sh-BTK group. The necrotic core area was assessed by
ImageJ software. (e, f) The lesion area significantly decreased in the sh-BTK group. The lesion area was assessed by ImageJ software. The
threshold of statistical significance was set at ∗P < 0:05.
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would also enhance the damage and aggravate the inflamma-
tion, implicating the pathogenesis of the atherosclerotic lesion
[11]. Researchers revealed that MAMs, associated with the
mitochondria with ER, made sense on several metabolic dis-
eases, including diabetes, stroke, and coronary artery diseases
[65, 66]. And this association between ER and mitochondria
was considered a potential target for many cardiovascular dis-
eases. We show in the current study that the knockdown of
BTK could attenuate the ER stress andmitochondrial oxidative
stress. Our findings advanced our understanding of the associ-
ation between MMAs and metabolic disorders in AS.

Finally, we had reported that the injection of ZBTB20
knockdown adenovirus in the tail vein of ApoE-/- mice fed
with a Western diet could alleviate AS, indicating that the tail
vein adenovirus injection is a potential method for treatment
of cardiovascular diseases [28]. In our current study, ApoE-/-

mice injected with BTK knockdown adenovirus presented a
smaller AS lesion area in the aorta. BTK knockdown attenu-
ates the progression of AS and foam cell formation in mice,
suggesting that BTK positively regulates the development of
AS in ApoE-/- mice fed with theWestern diet. Despite our rig-
orous experimental design, there are some limitations in our
study. Although adenovirus vectors have recently emerged as
attractive vectors for cardiovascular gene therapy due to their
high transduction efficiency, direct distribution of the adeno-
virus in mice could not be identified. Moreover, adenovirus
tail vein injection cannot definitively prove the effector cell
types. Therefore, the cell-specific BTK knockdown ApoE-/-

mice need to be addressed in future research. The present
study showed that the knockdown of the BTK led to the atten-
uation of the oxidative stress, mitochondrial stress, ER stress,
and inflammation in macrophages induced by ox-LDL, which
were consistent with the decreased ROS production levels,
alleviated mitochondrial injury, inhibited ATF6 nuclear trans-
location, decreased M1 macrophages, and reduced proinflam-
matory cytokine secretion. Additionally, the progression of AS
of the Western diet-fed ApoE-/- mice was attenuated by intra-
venous injection of BTK knockdown adenovirus, suggesting
that BTK inhibitors may make a difference in AS treatment
as a powerful therapeutic target.

All in all, we clarified that BTK knockdown reduced the
AS lesion area and attenuated the progression of AS in mice,
and BTK positively regulated inflammatory responses of ox-
LDL-induced macrophages in AS by regulating oxidative
stress, mitochondrial injury, and ER stress.
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Background. A disintegrin and metalloproteinase 17 (ADAM17) is a transmembrane protein that is widely expressed in various
tissues; it mediates the shedding of many membrane-bound molecules, involving cell-cell and cell-matrix interactions. We
investigated the role of ADAM17 within mouse cardiac fibroblasts (mCFs) in heart fibrosis. Methods. mCFs were isolated from
the hearts of neonatal mice. Effects of ADAM17 on the differentiation of mCFs towards myofibroblasts and their fibrotic
behaviors following induction with TGF-β1 were examined. The expression levels of fibrotic proteins, such as collagen I and α-
SMA, were assessed by qRT-PCR analysis and western blotting. Cell proliferation and migration were measured using the CCK-
8 and wound healing assay. To identify the target gene for ADAM17, the protein levels of the components of endoplasmic
reticulum (ER) stress and the PINK1/Parkin pathway were assessed following ADAM17 silencing. The effects of ADAM17
silencing or treatment with thapsigargin, a key stimulator of acute ER stress, on mCFs proliferation, migration, and collagen
secretion were also examined. In vivo, we used a mouse model of cardiac fibrosis established by left anterior descending artery
ligation; the mice were administered oral gavage with a selective ADAM17 inhibitor (TMI-005) for 4 weeks after the operation.
Results. We found that the ADAM17 expression levels were higher in fibrosis heart tissues and TGF-β1-treated mCFs. The
ADAM17-specific siRNAs decreased TGF-β1-induced increase in the collagen secretion, proliferation, and migration of mCFs.
Knockdown of ADAM17 reduces the activation of mCFs by inhibiting the ATF6 branch of ER stress and further activating
mitophagy. Moreover, decreased ADAM17 expression also ameliorated cardiac fibrosis and improved heart function.
Conclusions. This study highlights that mCF ADAM17 expression plays a key role in cardiac fibrosis by regulating ER stress and
mitophagy, thereby limiting fibrosis and improving heart function. Therefore, ADAM17 downregulation, within the
physiological range, could exert protective effects against cardiac fibrosis.

1. Introduction

Cardiac fibrosis is a common pathophysiological process that
exists in various heart diseases such as myocardial infarction,
hypertension, and cardiac hypertrophy, and it is characterized
by excessive deposition of extracellular matrix (ECM) proteins
[1, 2]. This process is a strategy to protect heart function in
the early stage, and it can repair, replace, and strengthen the

severely or chronically damaged tissue. However, long-term
excessive deposition of ECM will reduce the compliance of
the ventricle and the contractile function of cardiomyocytes,
eventually leading to heart failure and increasing mortality [3,
4]. It is an inappropriate transformation process of quiescent
cardiac fibroblasts (CFs) to myofibroblasts (CMFs), leading to
the disproportionate accumulation of ECM proteins [4–6].
Due to the clear association between cardiac fibrosis and its
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adverse outcomes, understanding the mechanisms responsible
for the pathogenesis of cardiac fibrosis and formulating new
antifibrotic strategies for treating patients with heart diseases
are issues requiring urgent attention.

A disintegrin and metalloproteases (ADAMs) is a newly
discovered protein family in recent years. Numerous mem-
bers of this family have been reported to be involved in the
regulation of cardiovascular diseases [7, 8]. A disintegrin
and metalloproteinase 17 (ADAM17), as one of the most
well-studied proteins in the ADAMs family, is widely
expressed in various tissues including the heart, kidney, liver,
and lung. As a transmembrane protein, its main function is
to cleave extracellular domains of various substrate proteins,
such as TNFα, TNF receptors (TNFR1 and TNFR2), and sev-
eral epidermal growth factor receptor (EGFR) ligands [9, 10].
The cells also contain a large amount of ADAM17, but the
mechanism of its action remains unclear [11]. It plays an
important role in biologic processes involving cell-cell and
cell-matrix interactions. Many studies have shown that
ADAM17 can participate in the regulation of the occurrence
and development of tumors, inflammatory diseases, nervous
system, and cardiovascular diseases. In the cardiovascular
system, a short-term increase in ADAM17 expression after
acute myocardial infarction can aggravate cardiac dysfunc-
tion [12]. The deficiency of ADAM17 in vascular smooth
muscle cells can inhibit the progression of thoracic aortic
aneurysms [13]. ADAM17 in blood vessels can aggravate
angiotensin II-induced vascular remodeling and peritubular
fibrosis [14, 15]. In fibrotic diseases, ADAM17 and connec-
tive tissue growth factor (CTGF) participate in the formation
of pulmonary fibrosis [16]. The expression of ADAM17 is
increased in glomerular sclerosis and interstitial fibrosis and
correlated positively with the progression of renal fibrosis
[17–19]. However, whether ADAM17 plays functional roles
during the development of cardiac fibrosis is still unknown.

As important intracellular organelles, the endoplasmic
reticulum (ER) and mitochondria are widely involved in
the regulation of protein, lipid, and energy metabolism and
maintain the normal function of cells. Many studies have
shown that there is a physical and functional interaction
between the ER and mitochondria. This interaction is
involved in the regulation of atherosclerosis, myocardial
hypertrophy, heart failure, and other cardiovascular diseases
[20]. ER stress is a condition that is accelerated by the accumu-
lation of unfolded/misfolded proteins after disturbances owing
to a variety of physiological and pathological phenomena [21].
Mitophagy, i.e., selective mitochondrial degradation through
autophagy, is a conserved cellular process used to eliminate
damaged mitochondria. Under various pathological stimuli,
ER stress and mitophagy are activated. ER stress leads to
increased synthesis of molecular chaperones (such as
GRP78) through three pathways (IRE1/XBP1s, PERK/ATF4,
and ATF6), decreased protein synthesis, and increased degra-
dation. Mitophagy degrades impaired mitochondria through
the classic PINK1/Parkin pathway [22]. Excessive ER stress
will aggravate abnormal Ca2+ and ROS regulation and further
damage mitochondria, aggravate mitophagy, and eventually
lead to cell death [21–23]. ER stress and mitophagy likely con-
tribute to the development and progression of cardiovascular

diseases such as heart failure and atherosclerosis [24–26]. Fur-
thermore, excessive ER stress and the absence of mitophagy
both lead to the aggravation of cardiac fibrosis, and both of
them are key mechanisms in cardiac fibrosis [27–30]. Recent
studies have shown that ADAM17 can affect the progression
of vascular remodeling, perivascular fibrosis, and differentia-
tion and drug resistance of cancer cells through ER stress
and mitophagy [14, 31]. However, the role of ADAM17, ER
stress, and mitophagy in cardiac fibrosis remains unclear.

In this research, we speculated the potential effects of
ADAM17 on cardiac fibrosis. To address this question, the
present study examined the function of ADAM17 with ER
stress and mitophagy in cardiac fibrosis. We found that
reduction of ADAM17 expression is associated with benefi-
cial effects against activation of mCFs by regulating the
ATF6 branch of ER stress and the PINK1/Parkin pathway
of mitophagy. Furthermore, inhibition of ADAM17 in mice
could ameliorate left anterior descending artery (LAD)
ligation-induced cardiac fibrosis and improve heart function.

2. Methods

2.1. Induction of Myocardial Infarction (MI) and Treatment.
All animal care and experimental protocols were performed
in accordance with the Institutional Animal Care and were
approved by the Ethics Committee of the Sun Yat-sen Uni-
versity. Male C57BL/6 mice (6–8 weeks old, 20–25 g) were
subjected to the induction of MI by LAD ligation, as
described previously [32]. Briefly, the mice were anesthetized
with sodium pentobarbital (intraperitoneal injection,
50mg/kg; Merck) and mechanically ventilated using the
HX-101E ventilator (Chengdu Tai Meng Software Ltd.).
Their chests were opened through the 4th left intercostal
space, and then, the LAD was ligated with 8-0 polyester
sutures. Mice in the sham group were subjected to the same
experimental procedures but without LAD constriction.
The mice were randomly divided into four groups (n = 6
per group): control/MI groups receiving vehicle buffer (2%
Tween 80 and 0.5% methylcellulose) by oral gavage twice
daily and TMI-005/MI+TMI-005 groups receiving 10mg/kg
ADAM17 inhibitor (TMI-005, Glpbio, GC35377) by oral
gavage twice daily. After 4 weeks of intragastric administra-
tion (endpoint), cardiac function was assessed by echocardi-
ography analysis, and then, the hearts were harvested.

2.2. Isolation and Culture of CFs. First, mouse cardiac fibro-
blasts (mCFs) were isolated and cultured as described in a
previous study [33]. mCFs were isolated from 1- to 3-day-
old neonatal mice obtained from the Animal Centre of the
Sun Yat-sen University. Briefly, the hearts of mice were
quickly excised and digested with 0.1% trypsin/D-Hanks
solution at 4°C with gentle rotation for 12 hours. Then, the
hearts were digested with 0.8mg/mL collagenase II/D-Hanks
solution at 37°C for 10 minutes and were repeated 2–3 times.
Cells were collected and suspended in Dulbecco’s modified
Eagle medium: Nutrient Mixture F12 (DMEM/F12, Gibco,
Thermo Fisher Scientific) containing 10% fetal bovine serum.
After plating at 37°C for 0.5 h, mCFs adhered onto the culture
plates, and the nonadherent cells in the supernatant were
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removed by washing with PBS. Then, the mCFs were cul-
tured with DMEM/F12 containing 10% FBS (Invitrogen,
Carlsbad) and 1% penicillin/streptomycin (Gibco, Thermo
Fisher Scientific) at 37°C in humid air containing 5% CO2,
until they reached confluence; then, they were passaged fur-
ther. The identity of mCFs was confirmed by immunofluo-
rescence staining with vimentin. mCFs at the second or
third passages were used in the subsequent experiments.
After starvation in the serum-free medium for 12 h, the
mCFs were treated with 5ng/mL recombinant mouse TGF-
β1 protein (R&D Systems, #7666-MB) for 48h.

2.3. Transfection Procedure and TGF-β1 Administration.
ADAM17-specific siRNAs were purchased from RiboBio
(Guangzhou, China). mCFs were seeded on 6-well plates at
50–60% confluence before transfection. Each siADAM17
(50nM) (Table s1) and Lipofectamine® RNAiMAX
(Invitrogen) were mixed, incubated at room temperature
for 10–15min, and then added to the cell cultures. Twenty-
four hours after transfection, the mCFs were treated with
TGF-β1 (5ng/mL) for 48h or thapsigargin (TG, 1μM,
Sigma-Aldrich, T9033) for 24 h.

2.4. Wound Healing Assay. To verify the migration ability of
the mCFs, a wound healing assay was performed. Trans-
fected mCFs (2 × 105 cells/well) left untreated or those
treated with TGF-β1 or thapsigargin were seeded into 6-
well plates and grown until subconfluence. A scratch was
then created in each well using a 200μL pipette tip, and the
wounded monolayers were washed twice with PBS to remove
the cell debris and floating cells. The wounds were photo-
graphed at the beginning (time 0h) and then after 24 h under
an inverted microscope, and the width of the wound area was
measured at the reference points ImageJ software.

2.5. CCK-8 Assay. The CCK-8 method was used to analyze
the proliferation of mCFs according to the manufacturer’s
instructions. The mCFs, transfected with siADAM17 as
described above, were seeded into 96-well plates at a density
of 5 × 103 cells/well and treated with TGF-β1 or thapsigargin
for a total of 24, 48, and 72 hours, respectively. Then, 100μL
of fresh medium containing 10μL CCK-8 (DOJINDO) was
added into the wells, followed by incubation in the presence
of 5% CO2 at 37

°C for 2 h; next, the absorbance readings of
the samples were obtained at 450nm using a microplate
reader (Invitrogen).

2.6. Quantitative Real-Time RT-PCR. Total RNA was
extracted from the mouse heart tissues or mCFs using the
Trizol reagent (Invitrogen). A PrimeScript™ RT Master Mix
Kit (Takara Bio, RR036A) was used to reverse-transcribe
1μg of RNA into cDNA, as described previously [4]. Quanti-
tative real-time polymerase chain reaction (qRT-PCR) was
performed using the SYBR method (Takara Bio, RR420A)
in a LightCycler® 96 Real-Time PCR System (Roche). The
qRT-PCR analysis was performed using the primers listed
in Table s2. Normalization of gene expression was achieved
by comparing the expression of the target genes to that
GAPDH in the corresponding samples.

2.7. Western Blotting. Total proteins were extracted from the
mCFs or mouse heart tissues using a radio immunoprecipita-
tion assay (RIPA) buffer (CST) containing protease and
phosphatase inhibitors (Roche, 04906845001,
04693124001). The mitochondrial and cytosolic fractions
were isolated from cells using a commercially available kit
(Thermo Fisher Scientific, #89874) according to the manu-
facturer’s instructions. Total protein or mitochondrial pro-
tein concentrations were measured using a BCA Protein
Assay Kit (Pierce, Thermo Fisher Scientific, 23227). Equal
amounts of the total protein samples were separated by
10% sodium dodecyl sulfate-polyacrylamide gel electropho-
resis; the resultant bands were transferred to 0.2μm PVDF
membranes (Millipore). Then, the membranes were blocked
with 5% BSA diluted with tris-buffered saline tween-20 at
room temperature for 1 h and incubated overnight at 4°C
with the following primary antibodies: antibodies against col-
lagen I (1 : 1000, Abcam), α-SMA (1 : 1000, Abcam),
ADAM17 (1 : 1000, Abcam), Smad2/3 (1 : 1000, CST), p-
Smad2/3 (1 : 1000, CST), p-PERK (1 : 1000, CST), ATF4
(1 : 1000, Abcam), p-IRE1 (1 : 1000, Abcam), XBP1s
(1 : 1000, Abcam), ATF6 (1 : 1000, Proteintech), GRP78
(1 : 1000, Abcam), and GAPDH (1 : 1000, CST). They were
then washed with TBST (×3) and incubated with horseradish
peroxidase-conjugated secondary antibody (1 : 5000, CST)
for 1 h at room temperature. Next, the membranes were
washed with TBST (×3), followed by the detection of the pro-
tein bands using ECL reagents (Merck Millipore,
WBULS050). The intensity of the protein bands was quanti-
fied using the ImageJ software and normalized to the inten-
sity of GAPDH.

2.8. ADAM17 Enzymatic Activity Assay. The ADAM17 activ-
ity assay was performed using the InnoZyme TACE Activity
Kit (Sigma-Aldrich, CBA042) following the manufacturer’s
protocol. The activity of ADAM17 was measured using an
internally quenched fluorescent substrate, MCA-KPLGL-
Dpa-AR-NH2. The resultant fluorescence was measured at
an excitation wavelength of 320nm and an emission wave-
length of 405nm. The ADAM17 activity was expressed as
relative fluorescence units per milligrams of protein.

2.9. Echocardiography. Echocardiography was performed to
assess the left ventricular end systolic diameter (LVESD), left
ventricular end diastolic diameter (LVEDD), left ventricular
ejection fraction (LVEF), and left ventricular fractional
shortening (LVFS) using a VisualSonics Echo System (Vevo
2100, VisualSonics, Inc.) equipped with a MicroScan Trans-
duce (MS-400, 30MHz, VisualSonics, Inc.). The mice were
slightly anesthetized via inhalation of 1% isoflurane, and
their heart rate was maintained at >400 bpm. The hearts’
short axis views were obtained in B-mode and M-mode.
The LVESD, LVEDD, LVEF, and LVFS were calculated from
the M-mode measurements; the measurements represented
the mean of three successive cardiac cycles, as described pre-
viously [34].

2.10. Masson’s Trichrome Staining. The mouse hearts were
dissected and fixed in 4% paraformaldehyde for 24 h; then,
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they were embedded in paraffin and stained with Masson’s
trichrome stain, as previously described [3]. The area occu-
pied by collagen was calculated using the ImageJ software.
The percentage of fibrosis was measured using the following
formula: ðfibrotic areas/total left ventricular areasÞ × 100%.

2.11. Statistical Analysis. All data are presented as the mean
± SEM. Statistical analysis was performed using Student’s t
-test for the comparison of two groups and one-way ANOVA
followed by Bonferroni test for the comparison of multiple
groups, and the significance was set at P < 0:05. The statisti-
cal graphs were prepared using GraphPad Prism Software
(version 7).

3. Results

3.1. ADAM17 is Upregulated in Fibrosis Heart Tissues and
MCFs Treated with TGF-β1. To determine the potential
mechanistic link between ADAM17 and cardiac fibrosis
in vivo, a murine model of MI was established using a previ-
ously described protocol. The expression levels of fibrotic
proteins, such as collagen I and α-SMA, were increased in
the MI group. Meanwhile, ADAM17 mRNA and protein
levels were significantly higher in fibrosis hearts than in nor-
mal hearts (Figures 1(a) and 1(b)). In vitro, mCFs isolated
from neonatal mice hearts were incubated with TGF-β1
(5 ng/mL, for 48h). The mRNA and protein levels of collagen
I and α-SMA were increased, indicating that the mCFs were
effectively differentiated into myofibroblasts. Consistent with
our results in the fibrosis heart tissues, the ADAM17 expres-
sion levels were higher in TGF-β1-treated mCFs than in
those not subjected to TGF-β1 stimulation (Figures 1(c)
and 1(d)). Taken together, these data indicate that ADAM17
may be involved in the regulation of cardiac fibrosis and acti-
vation of mCFs.

3.2. ADAM17 Knockdown Attenuated TGF-β1-Induced MCF
Activation and the Upregulation of ECM Proteins. To further
identify the important role of ADAM17 in activation of
mCFs, the cells were transfected with ADAM17-specific
siRNA or scramble siRNA as a negative control (NC) for
24 h before treatment; qRT-PCR was used to confirm the
knockdown efficiency of ADAM17. We found that transfec-
tion with siRNA3 reduced the ADAM17 levels by nearly
80%, compared to those in the NC groups (Figure 2(a)). Fol-
lowing the TGF-β1-induced activation of mCFs, the tran-
script and protein levels of the ECM protein collagen I, as
well as those of the myofibroblast marker α-SMA, were
increased. Further, siRNA3 successfully inhibited the expres-
sion of ADAM17, α-SMA, and collagen I (Figures 2(b) and
2(c)). Our data revealed that knockdown of ADAM17 not
only inhibited mCF differentiation but also reduced the syn-
thesis and secretion of collagen I. Next, we assessed the mCF
migration and proliferation abilities using wound healing
and CCK-8 assays, respectively. We found that TGF-β1 sig-
nificantly increased the proliferation and migration abilities
of mCFs; the knockdown of ADAM17 partially reversed
these phenomena (Figures 2(d) and 2(e)). Thus, our results
suggested that ADAM17 enhances the collagen synthesis

and secretion, migration, and proliferation abilities of mCFs;
that is, it promotes the activation of mCFs.

3.3. ADAM17 Regulates ER Stress and Mitophagy to Promote
the Activation of MCFs. It is well-known that TGF-β1 signal
through the activation of Smad2/3 (canonical pathway) to
promote mCF differentiation, migration, and proliferation
and the deposition of ECM proteins during the
formation of pathological cardiac fibrosis [35, 36]. There-
fore, we investigated the effects of ADAM17 on the
TGF-β1/Smad2/3 pathway in mCFs. Western blotting
analysis revealed that the phosphorylation levels of
Smad2/3 were increased significantly after stimulation with
TGF-β1, but they were unaltered between the NC and
ADAM17 knockdown groups. These data indicated that
ADAM17 had no effect on the canonical Smad2/3 path-
way. In addition, TGF-β1 is known to trigger an increase
in ER stress and the unfolded protein response. After the
TGF-β1-induced activation of mCFs, the downstream sig-
naling molecules associated with ER stress, phosphorylated
PERK, and IRE1 (p-PERK and p-IRE1), ATF4, XBP1s,
ATF6, and GRP78 were markedly upregulated. Then, we
found that the activity of the ATF6 was further reduced
after the silencing of ADAM17, compared to the case in
the NC groups (Figure 3(a)). These results indicate that
the ATF6, but not the PERK/ATF4 and IRE1/XBP1 path-
ways associated with ER stress, may mediate ADAM17-
induced activation of mCFs.

To further investigate whether the ATF6 is involved in
the activation of mCFs, we employ thapsigargin (TG), a key
stimulator of acute ER stress. Compared with those in the
TGF-β1 treatment groups, the administration of the TGF-
β1 and TG groups not only increased the expression levels
of ATF6 and GRP78, as expected, but also upregulated the
expression levels of collagen I and α-SMA. However, after
adding TG, there was no significant difference in the expres-
sion levels of collagen I, α-SMA, ATF6, and GRP78 between
the siRNA3 group and the NC group (Figure 3(b)). Next,
migration and proliferation abilities of mCFs also showed
similar changes, according to the results of the wound heal-
ing and CCK-8 assays, respectively. Knockdown of ADAM17
inhibited mCF migration and proliferation abilities, but this
difference disappeared after using TG (Figures 3(c) and
3(d)). Collectively, these data suggested that the decreased
expression of ADAM17 protects against mCF activation via
the inhibition of the ATF6 in ER stress.

A recent study reported that ADAM17 and mitophagy
are involved in the occurrence and development of tumors
[31]. To clarify whether mitophagy is involved in the reg-
ulation of mCF activation by ADAM17, we observed the
mitophagy response in the process of mCF activation.
PINK1/Parkin pathway acts as a classical regulation path-
way in mitophagy and plays an important role in cardiac
fibrosis [26, 37]. We found that the protein levels of
PINK1 and Parkin were enhanced after TGF-β1 stimula-
tion, and their protein levels were further increased after
the knocking down ADAM17 (Figure 3(e)). These data
showed that ADAM17 may regulate mCF activation by
affecting mitophagy.
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3.4. Inhibition of ADAM17 with TMI-005 Reduced the Degree
of Post-MI Fibrosis and Enhanced Cardiac Function in Vivo.
To assess whether ADAM17 mediates post-MI cardiac fibro-
sis in vivo, we employed TMI-005, a pharmacological selec-
tive inhibitor of ADAM17. The 8-week-old mice were
subjected to MI via permanent LAD ligation and then
administered 10mg/kg TMI-005 by oral gavage twice daily
for 4 weeks, as depicted in Figure 4(a). We performed echo-

cardiography and Masson’s trichrome staining analyses to
assess collagen deposition and cardiac function, respectively.
After TMI-005 treatment alone for 4 weeks, ADAM17 activ-
ity was remarkably inhibited in the heart, and there was no
significant difference in collagen deposition and cardiac
function, compared to those in the control group
(Figures 4(b)–4(d)). Then, we observed the heart function
and degree of fibrosis in the mice post-MI after they were
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Figure 1: ADAM17 is upregulated in fibrosis heart tissues and mCFs treated with TGF-β1. Mice were divided into two groups: sham andMI.
(a, b) The mRNA and protein levels of ADAM17, collagen I, and α-SMA in fibrosis heart tissues (n = 4). (c, d) mCFs were divided into two
groups: control and TGF-β1 treatment (5 ng/mL, 48 h). The mRNA and protein levels of ADAM17, collagen I, and α-SMA in the process of
mCF activation (n = 5). Data in (a–d) are expressed asmean ± SEM. ∗ indicates P < 0:05 and ∗∗ indicates P < 0:01 vs. sham or control groups.
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treated with TMI-005 for 28 days. The Masson’s trichrome
staining results showed that the ADAM17 inhibitor pre-
vented MI-associated increase in the area of cardiac fibrosis
(Figure 4(e)). In Figure 4(f), compared with the MI group,
although the TMI-005 administration group had no obvious
difference in LVESD and LVEDD, the LVEF and LVFS were
improved. And the western blotting results also showed that
the levels of the fibrotic proteins collagen I and α-SMA were
reduced in the hearts of the mice treated with the ADAM17
inhibitor (Figure 4(g)). Thus, the ADAM17 inhibitor TMI-
005 notably improved cardiac function after MI. These find-

ings support the speculation that ADAM17 inhibition exerts
protective effects on fibrosis post-MI and cardiac function.

4. Discussion

Despite the rising prevalence and the adverse prognosis asso-
ciated with cardiac fibrosis in both men and women, there is
still no effective treatment for this condition. Although
ADAM17 exerts potential regulatory effects in cardiovascular
diseases, including cardiac hypertrophy, coronary microvas-
cular dysfunction, and thoracic aortic aneurysm [12, 13, 15,
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Figure 2: ADAM17 knockdown attenuated TGF-β1-induced mCF activation and the upregulation of ECM proteins. (a) The mRNA
expression of ADAM17 after three siRNA chain transfections (n = 3); siRNA3 was the most efficient chain. (b, c) NC or siRNA3
transfection in the presence or absence of TGF-β1 (5 ng/mL, 48 h). The mRNA and protein levels of ADAM17, collagen I, and α-SMA in
activated mCFs after transfection with NC or siRNA3 (n = 5). (d) The migration of mCFs (determined by the areas of cells protruding
from the wound border) after transduction with NC or siRNA3 (n = 3). (e) The proliferation of mCFs was assayed using CCK-8 (n = 5).
Data in (a–e) are expressed as mean ± SEM. ∗ indicates P < 0:05, and ∗∗ indicates P < 0:01 vs. the NC group; # indicates P < 0:05, and ##
indicates P < 0:01 vs. the NC+TGF-β1 group.
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Figure 3: ADAM17 regulates ER stress and mitophagy to promote the activation of mCFs. (a) Protein expressions of Smad2/3, p-Smad2/3, p-
PERK, ATF4, p-IRE1, XBP1s, c-ATF6, and GRP78 inmCFs with NC or siRNA3 transfection in the presence or absence of TGF-β1 (n = 5). (b)
The protein levels of the ER stress branch, the ATF6 and GRP78, after transfection of NC or siRNA3 in the presence or absence of TGF-β1 or
TG (n = 5). (c, d) Wound healing and CCK-8 assays for migration and proliferation in mCFs transfected with NC or siRNA3 in the presence
or absence of TGF-β1 or TG (n = 5). (e) Protein expression of PINK1 and Parkin with NC or siRNA3 transfection in the presence or absence
of TGF-β1 in mCFs (n = 5). Data in (a–e) are expressed asmean ± SEM. ns: not statistically significant; ∗ indicates P < 0:05, and ∗∗ indicates
P < 0:01 vs. the NC or NC+TGF-β1 groups.
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38–40], its precise function in cardiac fibrosis remains
unknown. In this study, we demonstrate the key role of
ADAM17 in mCF activation and heart fibrosis progression,
which can provide a new direction for antifibrosis therapies.
We first found that ADAM17 was upregulated in RNA and

protein levels in both fibrosis heart tissue and activated
mCFs. To verify the role of ADAM17 in fibrosis, we trans-
fected mCFs with specific siRNA to knock down the expres-
sion of ADAM17; we found that silencing of ADAM17 in the
mCFs further prevented the deposition of ECM proteins and

28

EchoLAD ligation

TMI-005, 10mg/Kg
bid, oral gavage

0Days
Sacrifice

21147

(a)

80000

60000

40000

20000

0A
D

A
M

 1
7 

ac
tiv

ity
(R

FU
/m

g 
pr

ot
ei

n)

TM
I-

00
5

Co
nt

ro
l

⁎

(b)

Co
nt

ro
l

TM
I-

00
5

Fi
br

os
is 

ar
ea

(%
 o

f t
he

 fi
el

d)

0

1

2

3
ns

TM
I-

00
5

Co
nt

ro
l

1000 𝜇m

1000 𝜇m

50 𝜇m

50 𝜇m

(c)

1.4
1.6
1.8
2.0
2.2
2.4 ns

LV
ES

D
 (m

m
)

Control

TMI-005 3.0
3.2
3.4
3.6
3.8
4.0
4.2

LV
ED

D
 (m

m
) ns

70
75
80
85
90 ns

40

45

50

55

LV
EF

 (%
)

LV
FS

 (%
)

ns

Co
nt

ro
l

TM
I-

00
5

Co
nt

ro
l

TM
I-

00
5

Co
nt

ro
l

TM
I-

00
5

Co
nt

ro
l

TM
I-

00
5

(d)

⁎M
I

0

10

20

30

40

50

Fi
br

os
is 

ar
ea

(%
 o

f t
he

 fi
el

d)

M
I+

TM
I-

00
5M

I

M
I+

TM
I-

00
5

1000 𝜇m

1000 𝜇m
50 𝜇m

50 𝜇m

(e)

MI

MI+TMI-005

3
4
5

6
7

LV
ES

D
 (m

m
)

4.5
5.0
5.5
6.0
6.5

ns

LV
ED

D
 (m

m
)

ns

0

20

40

60

0

10

20

30

LV
FS

 (%
)

LV
EF

 (%
)

MI+
TMI-005

MIMI+
TMI-005

MI

MI+
TMI-005

MIMI+
TMI-005

MI

⁎

⁎

(f)

⁎

Collagen I

1.5

1.0

0.5

0.0

𝛼-SMA

GAPDH

MI
MI+

TMI-005
Collagen I 𝛼-SMA

M
I+

TM
I-

00
5M

I

M
I+

TM
I-

00
5M

I

Pr
ot

ei
n/

G
A

PD
H

no
rm

al
iz

ed
 o

f c
on

tr
ol

1.5

1.0

0.5

0.0

Pr
ot

ei
n/

G
A

PD
H

no
rm

al
iz

ed
 o

f c
on

tr
ol

⁎

(g)

Figure 4: Inhibition of ADAM17 with TMI-005 reduced the degree of post-MI fibrosis and enhanced cardiac function in vivo. C57BL/6 mice
were randomly divided into 4 groups, including control, TMI-005, MI, and MI treated with TMI-005. MI groups had left anterior descending
ligation for 28 days to induced cardiac fibrosis. (a) Schema of the TMI-005 treatment protocol. (b) ADAM 17 activity in heart tissues was
determined by measuring cleavage of the internally quenched fluorogenic substrate MCA-KPLGLDpa-AR-NH2 (n = 6). (c, d) In the
control and TMI-005 groups, Masson’s trichrome staining and M-mode images were used to assess the collagen deposition and cardiac
function. LVESD, LVEDD, LVEF, and LVFS were quantified via echocardiography. (e, f) In the MI and MI treated with TMI-005 groups,
Masson’s trichrome staining and M-mode images were used to assess the degree of fibrosis and cardiac function. LVESD, LVEDD, LVEF,
and LVFS were quantified via echocardiography. (g) Collagen I and α-SMA expression levels were quantified using western blotting. n = 6
in each group. Data in (a–g) are expressed as mean ± SEM. ∗ indicates P < 0:05, and ∗∗ indicates P < 0:01 vs. the control or MI groups.
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abrogated the TGF-β1-induced increase in the proliferation
andmigration abilities in vitro. Consistent with existing stud-
ies in other systems, increased expression of ADAM17 can
promote lung and kidney fibrosis [41, 42]. Therefore, we
speculate that the upregulated expression of ADAM17 in car-
diac fibrosis is harmful to mCFs.

ADAM17 is well known as a membrane-bound enzyme
that can regulate growth and development by mediating the
catalytic shedding of various growth factors and cytokines.
However, an immunohistochemical study found that most
of the active form of ADAM17 were also localized in the cel-
lular perinuclear region, with a small amount present in the
plasma membrane [11]. Whether the ADAM17 in the cyto-
plasm affects the activation of mCFs is still unclear. The
major finding of the present study is that the ATF6 branch
of ER stress contributes to the development of ADAM17-
related cardiac fibrosis. As we know, in vitro and in vivo evi-
dences have shown that the TGF-β1-induced increase in
ECM protein synthesis occurs mainly through the canonical
Smad2/3 pathway [35, 36]. The present study showed that
the downregulation of ADAM17 via siRNAs further allevi-
ated mCF activation via the ATF6 branch, but not the PER-
K/ATF4, IRE1/XBP1s, and canonical Smad2/3 pathway.
Interestingly, a recent study also found that vascular
ADAM17 is indirectly related to ER stress with regard to reg-
ulating Ang II-induced cardiovascular remodeling [15].
Based on the observations of the present study, we suggest
that the downregulation of ADAM17 attenuates the degree
of mCF activation by inhibiting the ATF6 branch of ER
stress. However, the specific mechanism between ATF6 and
ADAM17 is still unclear and needs further study.

Mitophagy is essential for the clearance of dysfunctional
mitochondria to maintain the mitochondrial integrity; dys-
regulation of mitophagy is associated with many cardiovas-
cular diseases [26]; the absence of mitophagy leads to the
aggravation of cardiac fibrosis [43]. It is regulated through
multiple pathways, and the most well studied in the cardio-
vascular system is the canonical PINK1/Parkin pathway.
Enhanced Pink/Parkin-mediated mitophagy can decrease
the degree of fibrosis, as well as improved cardiac function,
and stabilize the microvascular network [30]. Other reports
demonstrate that the PINK1/Parkin pathway involved in
heart repair following MI [37]. Our study showed that
ADAM17 affects mitophagy to regulate the activation of
mCFs. Consistent with previous studies, we found that the
knockdown of ADAM17 reduced the degree of mCF activa-
tion by further activating the PINK1/Parkin pathway. How-
ever, the specific mechanism between mitophagy and
ADAM17 is still unclear and needs further study.

Numerous studies have shown that there is a physical and
functional interaction between the ER and mitochondria,
and this interaction is involved in the regulation of cardiovas-
cular diseases. Excessive ER stress will aggravate abnormal
Ca2+ and ROS regulation, further damage mitochondria,
exacerbate dysregulation of mitophagy, lead to cell death,
and eventually promote cardiac fibrosis [21–23]. Bueno
et al. found that in aging lung epithelial cells, PINK1 can be
activated by ER stress, which can damage mitochondrial
function and aggravate pulmonary fibrosis [44]. When

Zhang et al. studied brain tissue ischemia-reperfusion injury,
they also found that moderate ER stress can activate mito-
phagy through ATF4 to protect the tissues [45]. In a study
of pulmonary arterial hypertension, Dromparis et al. found
that ATF6 produced by ER stress in pulmonary artery
smooth muscle cells can improve mitochondrial function
by reducing abnormal ER and mitochondrial Ca2+ transfer
and inhibiting key calcium-sensitive mitochondrial enzymes
[23]. All the above studies suggest that there is a complex
relationship between ER stress and mitophagy. This study
is the first to indicate that ADAM17, ER stress, and mito-
phagy play an important role in the regulation of cardiac
fibrosis, but the specific mechanism between them requires
further study.

Since ADAM17 was discovered in 1997, many inhibitors
have been developed that work through the following mech-
anisms: (1) inhibition of ADAM17 expression and induction,
(2) inhibition of ADAM17 maturation, (3) inhibition of
ADAM17 activation, (4) inhibition at the active site by small
molecules, (5) inhibitory prodomains, and (6) inhibition of
substrate recognition. Among the above inhibitors, most of
them were developed in the early stage, had poor targeting,
and were only used in vitro, while some of them used in the
mouse had been proved to damage in other organs [46–48].
Recently, a phase II trial with TMI-5 for treatment of rheu-
matoid arthritis showed no toxicity of this compound [49].
Therefore, we chose TMI-005 as the inhibitor in vivo. In this
study, we used a cardiac fibrosis model established via LAD
ligation for 28 days; decreased heart function and collagen
deposition are common features of this model. We adminis-
tered TMI-005 to the mice by oral gavage daily to inhibit
ADAM17 in their heart tissues. Continuous oral ADAM17
inhibitors can markedly inhibit the activity of ADAM17
and do not affect the collagen deposition and cardiac func-
tion in normal hearts. In cardiac fibrosis models, inhibiting
ADAM17 expression can alleviate cardiac fibrosis and
improve cardiac function. This phenomenon may be due to
the fact that ADAM17 is not the main molecule regulating
ECM deposition and cardiac function under a physiological
state. Collectively, our in vivo and in vitro experiments
revealed that the deficiency of ADAM17 inhibited the activa-
tion of mCFs, protected against cardiac fibrosis, and
improved heart function.

5. Conclusion

Our indirect evidence indicates that ADAM17 plays a key role
in cardiac fibrosis. Knockdown of ADAM17 inhibits the acti-
vation of cardiac fibroblasts by regulating the ATF6 branch of
ER stress and the PINK1/Parkin pathway of mitophagy. Inhi-
bition of ADAM17 is associated with beneficial effects of
against post-MI cardiac fibrosis and improving heart function.
These data provide insights into novel mechanisms with
potential treatment strategies for cardiac fibrosis.
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The incidence of atrial fibrillation (AF) increases with age, and telomere length gradually shortens with age. However, whether
telomere length is related to AF is still inconclusive, and the exact mechanism by which aging causes the increased incidence of
AF is still unclear. We hypothesize that telomere length is correlated with aging-related AF and that mitochondrial dysfunction
plays a role in this. This research recruited 96 elderly male patients with AF who were admitted to the Second Medical Center of
Chinese PLA General Hospital from April to October 2018. After matching by age and gender, 96 non-AF elderly male patients
who were admitted to the hospital for physical examination during the same period were selected as controls. Anthropometric,
clinical, and laboratory analyses were performed on all subjects. The mitochondrial membrane potential (MMP) of peripheral
blood leukocytes was detected as the indicator of mitochondrial function. Compared with the control group, the leukocyte
telomere length (LTL) was significantly shorter (P < 0:001), and the level of PGC-1α in serum was significantly lower in AF
patients. Additionally, in subjects without any other diseases, the AF patients had lower MMP when compared with the control.
Multivariate logistic regression confirmed that LTL (OR 0.365; 95% CI 0.235-0.568; P < 0:001) and serum PGC-1α (OR 0.993;
95% CI 0.988-0.997; P = 0:002) were inversely associated with the presence of AF. In addition, ROC analysis indicated the
potential diagnostic value of LTL and serum PGC-1α with AUC values of 0.734 and 0.633, respectively. This research concludes
that LTL and serum PGC-1α are inversely correlated with the occurrence of aging-related AF and that mitochondrial
dysfunction plays a role in this.

1. Introduction

Atrial fibrillation (AF) is the most common cardiac arrhyth-
mia and contributes to a high prevalence of mortality and
morbidity [1]. Studies have shown that the prevalence of
AF increases with advancing age, reaching 5% between 60
and 70 years old and as high as 8% at over 80 years old [2].
Furthermore, the incidence of AF in males is higher than in
females [3].

The shortening of telomere length has been found to be
common with age in the majority of tissues and cells; thus,
it is often used as a biomarker of aging [4]. Research efforts
have argued that leukocyte telomere length (LTL) shortening

is related to a variety of cardiovascular diseases, including
atherosclerosis, left ventricular hypertrophy, and heart fail-
ure, but the relevance to AF is still controversial [5–7]. In
the Cardiovascular Health Study, researchers found no rela-
tionship between mean telomere length and AF in human
atrial tissue [8]. However, Carlquist et al. found that short-
ened LTL was related to the presence of paroxysmal AF
among cardiovascular patients [9]. In addition, recent studies
have argued that shortened LTL is associated with the recur-
rence of AF and is an independent risk factor in humans [10].

The mechanisms of AF remain incompletely understood.
Mitochondria play an important role in oxidative stress,
calcium homeostasis, and energy metabolism. Studies have
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shown that mitochondrial dysfunction can cause insufficient
ATP production and excessive reactive oxygen species
(ROS), which damages the homeostasis of Ca2+ in myocar-
dial cells and the excitability of membranes, in turn leading
to AF [11, 12]. Peroxisome proliferator-activated receptor γ
coactivator-1 (PGC-1) is an important nuclear transcription
coactivator that contains PGC-1α, PGC-1β, and PGC-1-
related coactivator (PRC) [13]. Accumulating evidence has
argued that PGC-1α is a key molecule of mitochondrial
function because it participates in the regulation of mito-
chondrial biogenesis and energy metabolism and is closely
related to oxidative stress and inflammation [14, 15]. It plays
an important role in the occurrence and development of
atherosclerosis, coronary heart disease, heart failure, and
other cardiovascular diseases [15, 16]. Some researchers
have put forward the concept of a “telomere-p53-PGC axis”:
that is, that the shortening of telomere will activate p53
expression, thereby inhibiting PGC-1 and causing mitochon-
drial dysfunction and a series of reactions such as oxidative
stress and intracellular Ca2+ overload, eventually inducing
AF [11, 12, 17, 18].

It is not clearly known whether telomere shortening is
associated with aging-related AF and whether mitochondrial
dysfunction is involved in this process. Therefore, we mea-
sured the LTL, telomere-associated molecules, and mito-
chondrial membrane potential (MMP) of leukocytes to
ascertain if they are correlated with aging-related AF and if
they could be used as novel biomarkers for it.

2. Materials and Methods

2.1. Ethics Approval of the Research Protocol. The study pro-
tocol was approved by the Human Ethics Review Committee
of Chinese PLA General Hospital, and a signed consent form
was obtained from each subject.

2.2. Participants. A total of 143 male patients with AF were
admitted to the Second Medical Center of Chinese PLA Gen-
eral Hospital from April to October 2018. The inclusion cri-
teria were (i) patients aged 60 years or older and diagnosed as
having AF by electrocardiogram or 24h dynamic electrocar-
diogram according to the guidelines established by the Euro-
pean Society of Cardiology in 2010 [19] and (ii) patients with
a complete clinical data record. According to the inclusion
criteria, 118 patients were enrolled in the study. The exclu-
sion criteria were valvular heart disease, acute coronary syn-
drome, dilated or hypertrophic cardiomyopathy, congenital
heart disease, previous cardiac surgery, heart failure (includ-
ing heart failure with preserved ejection fraction and heart
failure with reduced ejection fraction), hyperthyroidism,
inflammatory diseases, systemic disease, and moderate-to-
severe renal dysfunction (estimated glomerular filtration
rate ðeGFRÞ < 60mL/min/1.73m2). Considering the effect
of diseases on AF, 10 patients with heart failure, 8 patients
with renal dysfunction, and 1 patient with hyperthyroidism
were excluded. After excluding another 3 patients with previ-
ous cardiac surgery, 96 participants with AF were enrolled in
the study as an AF group. At the same time, we selected 96
non-AF elderly males who were admitted to the hospital for

physical examination during the same period as controls
after matching for age and gender. LTL was associated with
AF with a hazard ratio (HR) of 3.17 in a previous study
[10]. According to the sample size calculation formula for a
paired case-control study, the sample size required was calcu-
lated to be 85 patients by using PASS 11 software (propor-
tioning; tests for two correlated proportions in a matched
case-control design). Consequently, having 96 subjects in
each group met the sample size requirements; therefore,
192 elderly males were selected as the study cohort. Among
them, 96 AF patients (mean age 77.81 years, range 61-97
years) were in the AF group, and 96 elderly males (mean
age 78.61 years, range 60-103 years) were in the control
group (Figure 1). The subjects were divided into the elderly
age group (60-74 years), the senile age group (75-89 years),
and the long-living group (≥90 years) [20]. AF patients were
then divided into the paroxysmal AF group (n = 36), the
persistent AF group (n = 37), and the permanent AF group
(n = 23).

2.3. Clinical Data Collection. Patients’ demographic charac-
teristics, lifestyle information, and medication use were
obtained by reviewing their medical records. The age value
was the age recorded at admission. The definition of “smok-
ing” was having smoked more than 1 cigarette per day for
over 1 year. Patients’ body mass index (BMI) was also calcu-
lated, and blood pressure was measured using the right arms
of seated participants by an automated blood pressure mon-
itor (J710, Omron Corporation, Kyoto, Japan) in the morn-
ing. Transthoracic echocardiography was performed by
experienced echocardiologists on all subjects to evaluate the
characteristics of their left atrial diameter (LAD) and left ven-
tricular ejection fraction (LVEF).

2.4. Biochemical Index Determination. Blood samples were
obtained with anticoagulation between 6:00 and 7:00 a.m.
after patients fasted overnight. Samples were stored at 4°C
for less than 1 hour. Some samples were used for testing,
and others were centrifuged to obtain white blood cells
and plasma and frozen at -80°C. Concentrations of fasting
blood glucose (FBG), uric acid (UA), blood lipid, blood urea
nitrogen (BUN), and C-reactive protein (CRP) were mea-
sured by enzymatic assays (Roche Diagnostics, Mannheim,
Germany). The concentration of creatinine was determined
by an enzymatic assay (Roche Diagnostics) on an autoana-
lyzer (7600, Hitachi, Tokyo, Japan). The glycated hemoglo-
bin (GHb) level was tested using high-performance liquid
chromatography.

2.5. Leukocyte Isolation and Mitochondrial Membrane
Potential Detection. The blood samples were diluted with
an equal volume of buffer. Then, an appropriate amount of
Ficoll-Hypaque (Solarbio, Beijing, China) was added to a
tube, and the diluted blood was also carefully added to it.
800 g was centrifuged for 20 minutes at room temperature
to isolate leukocytes. The cells in the middle layer were care-
fully pipetted into a new centrifuge tube and diluted with
PBS. Then, 250 g was centrifuged for 10 minutes. The pellet
was treated with PBS, and 250 g was centrifuged for 10
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minutes, and peripheral blood mononuclear cells were
achieved [21]. After being washed and resuspended in PBS,
cells were treated with 500X MitoTell™ Orange (AAT Bio-
quest, Sunnyvale, USA) for 15-30 minutes at 37°C in the dark
[22]. After washing, the fluorescence was measured using a
flow cytometer at an emission of 590 nm and 540nm. The
data was analyzed using the software FlowJo V10.

2.6. Measurement of Telomere Length. The leukocytes were
obtained from blood samples by centrifugation and stored
at -80°C until analysis. Telomere length in genomic DNA
was extracted directly from peripheral blood leukocytes
according to the instructions of the DNA extraction kit
(TIANGEN Biotech Corporation, China) and was measured
by applying a quantitative real-time PCR method (GenePool
Biotech Corporation, China). Telomere length was measured
according to the ratio of the telomere repeat copy number (T
) to the single-copy gene copy number (S) in each given sam-
ple. The relative LTL was calculated as the ratio of telomere
repeats to single-copy gene copies (T/S ratio) [10]. DNA
samples were amplified in 10μL PCR reactions with StepO-
nePlus Real Time PCR System (Applied Biosystems, Foster
City, CA, USA). The primers used for the telomere repeat
and the single-copy gene copy number amplification were
as follows: telomere forward—ACACTAAGGTTTGGGT
TTGGGTTTGGGTTTGGGTTAGTGT, telomere rever-
se—TGTTAGGTATCCCTATCCCTATCCCTATCCCTAT
CCCTAACA; single-copy gene forward—CTTCATCCACG
TTCACCTTG, single-copy gene reverse—GAGGAGAAG
TCTGCCGTT [10]. Both PCRs were activated in a final vol-
ume of 10μL that contained SYBR Green Master Mix none-
ROX (2x) (TaKaRa, Shiga, Japan), 3.12 ng of DNA template,

and 0.5 nM of telomere primers or 0.5 nM of single-copy
gene primers. The thermal cycling profile for both telomere
and single-copy gene primers started with 95°C incubation
for 10 minutes, followed by 40 cycles of 15 seconds at 95°C
and 1 minute at 54°C. All amplification specificity was regu-
lated by employing melting curve analysis. In each sample,
the quantities of telomere repeats and single-copy genes were
normalized to a reference DNA. The same reference DNA
sample (from a single individual) was included in each mea-
surement to control interassay variability [9]. All measure-
ments were performed blinded with respect to clinical data.

2.7. RNA Isolation and mRNA Expression Analysis. The leu-
kocytes were obtained from blood samples by centrifugation
and stored at -80°C until analysis. Total RNA was extracted
from leukocytes by RNAprep Pure Blood Kit (TIANGEN
Biotech Corporation, China) according to the standard pro-
tocol. Absorption spectrophotometry, using NanoDrop-
1000 (Thermo Fisher Scientific, Yokohama, Japan), was used
to determine RNA concentrations and purity (260/280 ratio
above 1.8 was used). RNA (1μg per sample) was reverse tran-
scribed using the High-Capacity cDNA Reverse Transcrip-
tion Kit (Applied Biosystems, CA, USA) in a total reaction
volume of 40μL. For a quantitative estimate of p53 and
PGC-1αmRNA levels, the StepOnePlus Real Time PCR Sys-
tem was used. The primers were as follows: p53 forward—C-
CATCCTCACCATCATCACACT, p53 reverse—GCACAA
ACACGCACCTCAAA; PGC-1α forward—TGACGACGA
AGCAGACAAGAC, PGC-1α reverse—GAACAAGAAGG
AGACACATTGAACA; Actin forward—ACTTAGTTGCG
TTACACCCTT, and Actin reverse—GTCACCTTCAC
CGTTCCA. The relative expression level of p53 or PGC-1α

143 Male AF patients

128 Elderly AF patients

96 Elderly AF patients
were enrolled

192 Elderly males were
finally enrolled

Matching design,
matched on age and gender

1 Patient with hyperthyroidism

3 Patients with with previous
cardiac surgery

8 Patients with renal failure 

10 Patients with heart failure 

Permanent AF
(n = 23)

Persistent AF
(n = 37)

Paroxysmal AF
(n = 36)

96 Non-AF elderly
(mean age 77.81 years)

96 AF elderly patients
(mean age 78.61 years)

Elderly age group
(60-74 years)

Senile age group
(75-89 years)

Long-living group
(≥90 years)

Figure 1: Study frame diagram. AF: atrial fibrillation.
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mRNA was determined by comparison, with the housekeep-
ing gene Actin serving as an internal standard. Relative
mRNA levels were calculated via the 2−ΔΔCT method using
StepOne software (Applied Biosystems) [23]. We averaged
the fold changes from three wells for each sample (in tripli-
cate) and used this average value for statistical analyses.

2.8. ELISA Measurement of Serum PGC-1α. An enzyme-
linked immunosorbent assay kit (Jianglai Biotech Corpora-
tion, China) was utilized to evaluate serum PGC-1α concen-
trations. An anti-human PGC-1α monoclonal coating
antibody adsorbed onto microwells and a lyophilized HRP-
conjugated monoclonal anti-human PGC-1α were incubated
with 100μL of diluted (1 : 20) sample serum at room temper-
ature for 3 hours on a microplate shaker at 100 rpm. Follow-
ing three washes, the unbound enzyme conjugate anti-
human sPGC-1α was removed and 100μL of TMB (tetrame-

tylbenzidine) substrate solution reactive with HRP was added
to the wells. After incubation at room temperature for 10
minutes, the reaction was terminated by the addition of acid,
and absorbance was measured at 450nm. A standard curve
was prepared from seven human PGC-1α standard dilutions,
and human PGC-1α sample concentration was determined
[24]. All measurements were performed blinded with respect
to clinical data.

2.9. Definition of Variables. Paroxysmal AF was defined as
AF terminating spontaneously within 7 days, especially
within 48 hours. Persistent AF was defined as AF that lasted
longer than 7 days (regardless of whether it terminated spon-
taneously or by cardioversion). Permanent AF was defined as
AF that fails to terminate using cardioversion or is termi-
nated but relapses within 24 hours [25, 26]. Hypertension
was defined as systolic blood pressure (SBP) of ≥140mmHg,

Table 1: Clinical and biochemical characteristics of AF patients and controls.

Characteristic The controls (n = 96) AF patients (n = 96) P value

Clinical parameters

Age (years) 77:81 ± 11:30 78:61 ± 11:64 0.629

Male, n (%) 96 (100) 96 (100) 1.000

BMI (kg/m2) 23:60 ± 2:83 24:25 ± 2:74 0.106

Smoking, n (%) 16 (16.67) 21 (21.88) 0.363

History of CHD, n (%) 21 (21.88) 18 (18.75) 0.593

Hypertension, n (%) 42 (43.75) 47 (48.96) 0.472

Diabetes mellitus, n (%) 15 (15.62) 17 (17.71) 0.700

Hyperlipidemia 24 (25.00) 20 (20.83) 0.495

Antihypertensive medication, n (%) 42 (43.75) 46 (47.92) 0.565

Glucose lowering treatment, n (%) 14 (14.58) 15 (15.63) 0.841

Lipid-lowering medication, n (%) 41 (42.71) 34 (35.42) 0.303

SBP (mmHg) 127:54 ± 11:10 129:02 ± 12:25 0.382

DBP (mmHg) 68:35 ± 8:74 70:42 ± 9:00 0.109

Laboratory parameters

TC (mmol/L) 3:67 ± 0:73 3:59 ± 0:73 0.464

TG (mmol/L) 1:22 ± 0:49 1:34 ± 0:58 0.107

LDL-C (mmol/L) 2:33 ± 0:71 2:21 ± 0:68 0.236

HDL-C (mmol/L) 1:26 ± 0:33 1:21 ± 0:30 0.283

Cr (mmol/L) 84:03 ± 15:88 88:82 ± 21:12 0.077

BUN (mmol/L) 6:30 ± 1:56 6:55 ± 1:83 0.299

UA (mmol/L) 311:02 ± 58:10 333:08 ± 76:18 0.025

FBG (mmol/L) 6:18 ± 0:96 6:15 ± 0:99 0.829

GHb (%) 6:02 ± 0:57 6:11 ± 0:66 0.311

CRP (mg/dL) 0:71 ± 0:46 0:84 ± 0:51 0.077

Echocardiographic parameters

LVEF (%) 60:06 ± 4:23 58:94 ± 3:87 0.056

LAD (mm) 37:54 ± 3:02 38:68 ± 4:02 0.028

Abbreviations: BMI: body mass index; CHD: coronary heart disease; SBP: systolic blood pressure; DBP: diastolic blood pressure; TC: total cholesterol; TG:
triglyceride; LDL-C: low-density lipoprotein cholesterol; HDL-C: high-density lipoprotein cholesterol; Cr: creatinine; BUN: blood urea nitrogen; UA: uric
acid; FBG: fasting blood glucose; GHb: glycated hemoglobin; CRP: C-reactive protein; LVEF: left ventricular ejection fraction; LAD: left atrial diameter. P <
0:05 with italic font means statistically significant.
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diastolic blood pressure (DBP) of ≥90mmHg, or taking anti-
hypertensive medication.

2.10. Statistical Analysis. Statistical analyses were performed
with the SPSS statistical package, version 20.0 (SPSS Inc.,
Chicago, USA). The continuous variables were exhibited as
means ± standard errors, and categorical variables were
expressed as percentages. The Student t-test and the
chi-square test were utilized to determine the parameter
differences between the AF patients and controls. Simple
and multiple logistic regression analyses were performed to
determine the correlation of LTL with the presence of AF.
Chi-square tests, one-way ANOVA, or Kruskal-Wallis tests
were utilized to determine the parameter differences between
different age and AF subgroups. Pearson correlation analysis
was used to analyze the correlation of LTL with age. The cor-
relation between LTL and other parameters was analyzed
using simple linear regression analysis. Then, a multiple step-
wise linear regression analysis was used to determine the
contribution of various factors to LTL. Receiver operating
characteristic (ROC) curves were constructed to evaluate
the specificity and sensitivity of predicting AF using LTL as

well as the serum PGC-1α and CRP values, and the area
under curve (AUC) was calculated. A P value of less than
0.05 was statistically significant.

3. Results

3.1. Baseline Clinical Characteristics. A total of 192 subjects
were enrolled in this study, and their characteristics are sum-
marized in Table 1. The AF patients showed higher UA and
LAD compared with the controls. There were no significant
differences in other characteristics between the two groups.

3.2. AF Patients Had Shorter LTL.AF patients showed signif-
icantly shorter LTL compared with controls (2:54 ± 0:85 vs.
3:33 ± 1:01, P < 0:001) (Figure 2(a)). All subjects are sepa-
rated into quartiles (Q) according to the LTL. The distribu-
tion of AF patients and controls from Q1 to Q4 is shown in
Figure 2(b). As shown, the LTL of AF patients is mostly
located in Q1 (37.50%) and Q2 (32.29%), while the controls’
LTL is mostly located in Q3 (28.13%) and Q4 (40.63%).
This indicates an inverse relationship between LTL and
AF prevalence.
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Figure 2: LTL in AF patients and the controls. (a) AF patients showed significantly shorter LTL compared with controls; (b) quartile
distribution of LTL; (c) LTL in elderly males was significantly negatively correlated with age; (d) LTL was significantly shorter in AF
patients in the elderly age group and senile age group; (e) there were no significant differences of LTL among the paroxysmal AF,
persistent AF, and permanent AF groups. LTL: leukocyte telomere length; AF: atrial fibrillation; Q: quartile.
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A Pearson correlation analysis showed that LTL in
elderly males was significantly negatively correlated with
age (r = −0:151, P = 0:037) (Figure 2(c)). In the control
group, LTL was significantly shortened with age (r = −0:202
, P = 0:048). However, in AF patients, LTL was also nega-
tively correlated with age, but with no statistical difference
(r = −0:089, P = 0:389).

Then, the elderly males were divided into three groups
according to the WHO’s guidelines [20]. The LTL in AF
patients was significantly shorter in the elderly age group
(60-74 years) (P < 0:001) and the senile age group (75-89
years) (P = 0:027) than in the controls. It was also shorter
in AF patients in the long-living group (≥90 years), but with-

out being statistically significant (Figure 2(d)). In the AF
patient group and the control group, analysis of variance on
the LTL of the three age groups showed no statistical differ-
ence. In the AF subgroups, there were no significant differ-
ences in LTL among the paroxysmal AF, persistent AF, and
permanent AF groups (Figure 2(e)).

3.3. Telomere-Associated Molecules. The expression of p53
mRNA in leukocytes in AF patients was higher than that
in the controls, but there was no statistical difference
(Figure 3(a)). Compared with the controls, the expression
of PGC-1α mRNA in leukocytes was significantly lower
(4:38 ± 1:17 vs. 3:87 ± 1:15, P = 0:003) (Figure 3(d)), as was
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Figure 3: Telomere-associated molecules in AF patients. (a) p53 mRNA in AF patients was higher than controls and without statistical
differences; (b, c) no significant differences of p53 mRNA among different types of AF and different age groups; (d) the expression of
PGC-1α mRNA in leukocytes was significantly reduced in AF patients; (e) no significant differences of PGC-1α mRNA among different
types of AF; (f) the expression of PGC-1α mRNA was significantly lower in AF patients in the long-living age group; (g) the serum PGC-
1α concentration was significantly reduced in AF patients; (h) no significant differences of serum PGC-1α concentration among different
types of AF; (i) the serum PGC-1α concentration was significantly reduced in AF patients in the elderly age group and senile age group.
AF: atrial fibrillation.
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the serum PGC-1α concentration (470:41 ± 84:13 vs.
428:56 ± 86:07, P = 0:001) (Figure 3(g)). Interestingly, in
AF patients, the p53 mRNA, PGC-1α mRNA, and serum
PGC-1α levels had no significant differences among the par-
oxysmal AF, persistent AF, and permanent AF (Figures 3(b),
3(e), and 3(h)). Via subgroup analysis based on age, we
found that the expression of PGC-1α mRNA was signifi-
cantly lower in the long-living age group, and the serum
PGC-1α concentration was significantly reduced in the
elderly age group and the senile age groups in AF patients
(Figures 3(f) and 3(i)). However, no significant differences
were found in p53 mRNA among the different age groups
(Figure 3(c)).

3.4. Subgroup Analysis for the Subjects without Other
Diseases. In order to reduce the impact of other diseases that
may affect telomere length on the results of the study, we con-
ducted a subgroup analysis of all nonsmoking subjects without
comorbidities and measured the MMP of their peripheral
blood leukocytes. Among these subjects, there was no signifi-

cant difference in baseline data except CRP between the AF
group and the control group (Table 2). The AF patients
showed significantly shorter LTL and lower expression of
PGC-1α mRNA and serum PGC-1α (Figures 4(a)–4(c)). In
addition, the MMP of the AF patients was significantly
decreased when compared with that of the controls, which
indicates that AF patients have poor mitochondrial function
(Figures 4(d) and 4(e)).

3.5. The Correlation of LTL with the Presence of AF. Simple
logistic regression analysis demonstrated that UA, CRP,
LAD, LTL, and serum PGC-1α showed a trend toward an
association with the presence of AF (Table 3). All of these
parameters were then entered into a multiple logistic regres-
sion model, and the LTL (OR 0.404, 95% CI 0.278-0.587;
P<0.001), CRP (OR 1.971, 95% CI 1.023-3.799; P = 0:043),
and serum PGC-1α (OR 0.994, 95% CI 0.989-0.998; P =
0:003) remained to be significantly associated with the pres-
ence of AF (Table 3). Drawing from previous studies, vari-
ables that were considered clinically relevant such as age,

Table 2: Clinical and biochemical characteristics of subjects without other diseases.

Characteristic The controls (n = 26) AF patients (n = 23) P value

Clinical parameters

Age (years) 77:54 ± 9:82 76:52 ± 12:11 0.530

Male, n (%) 26 (100) 23 (100) 1.000

BMI (kg/m2) 23:80 ± 2:75 24:12 ± 2:65 0.684

SBP (mmHg) 128:23 ± 10:58 124:96 ± 10:75 0.289

DBP (mmHg) 69:54 ± 8:12 69:13 ± 9:75 0.874

Laboratory parameters

TC (mmol/L) 3:95 ± 0:61 3:71 ± 0:62 0.170

TG (mmol/L) 1:20 ± 0:54 1:40 ± 0:54 0.201

LDL-C (mmol/L) 2:42 ± 0:81 2:05 ± 0:61 0.078

HDL-C (mmol/L) 1:36 ± 0:33 1:20 ± 0:30 0.083

Cr (mmol/L) 79:27 ± 11:68 86:70 ± 22:32 0.145

BUN (mmol/L) 6:06 ± 1:08 6:61 ± 2:18 0.256

UA (mmol/L) 307:50 ± 49:88 301:61 ± 68:70 0.731

FBG (mmol/L) 6:03 ± 0:80 6:21 ± 1:13 0.518

GHb (%) 6:10 ± 0:69 6:10 ± 0:76 0.998

CRP(mg/dL) 0:65 ± 0:37 1:00 ± 0:56 0.011

Echocardiographic parameters

LVEF (%) 61:31 ± 3:36 59:70 ± 3:32 0.098

LAD (mm) 37:35 ± 3:15 39:04 ± 3:39 0.076

Telomere-associated molecules

LTL (T/S ratio) 3:23 ± 0:76 2:30 ± 0:73 <0.001

Leukocyte p53 mRNA 0:63 ± 0:28 0:69 ± 0:24 0.395

Leukocyte PGC-1α mRNA 4:35 ± 1:00 3:52 ± 0:89 0.004

Serum PGC-1α (pg/mL) 488:69 ± 65:94 420:56 ± 84:79 0.003

Abbreviations: BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood pressure; TC: total cholesterol; TG: triglyceride; LDL-C: low-density
lipoprotein cholesterol; HDL-C: high-density lipoprotein cholesterol; Cr: creatinine; BUN: blood urea nitrogen; UA: uric acid; FBG: fasting blood glucose; GHb:
glycated hemoglobin; CRP: C-reactive protein; LVEF: left ventricular ejection fraction; LAD: left atrial diameter. P < 0:05 with italic font means statistically
significant.
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BMI, diabetes, SBP, DBP, TG, and HDL-C were entered into
a multivariate logistic regression model. LTL (OR 0.365, 95%
CI 0.235-0.568; P < 0:001), CRP (OR 2.250, 95% CI 1.143-
4.428; P = 0:019), and serum PGC-1α (OR 0.993, 95% CI
0.988-0.997; P = 0:002) were still significantly associated with
the presence of AF (Figure 5).

In the subgroup of subjects without other diseases, we
incorporated age, CRP, LTL, leukocyte PGC-1α mRNA
expression, and serum PGC-1α into the multivariate logistic
regression model and also found that LTL and serum PGC-
1α were significantly associated with the presence of AF
(Table 4).

3.6. The Correlation of LTL with Other Parameters. Simple
linear regression analyses showed that LTL was negatively cor-
related with age (r = −0:151, P = 0:037), CRP (r = −0:200, P
= 0:005), and LAD (r = −0:196, P = 0:006) and positively cor-
related with PGC-1αmRNA (r = 0:168, P = 0:020) and serum
PGC-1α (r = 0:176, P = 0:014). Multiple stepwise regression
analysis showed that CRP (β = −0:167, P = 0:017) and LAD
(β = −0:165, P = 0:018) remain to be inversely associated with
LTL (Table 5).

3.7. LTL and Serum PGC-1α Has a Potential Predictive Role
in Elderly AF. The corrected multivariate logistic regression
model has argued that LTL, CRP, and serum PGC-1α are sig-

nificantly related to the presence of AF in the elderly. ROC
analysis was used to determine if LTL, CRP, and serum
PGC-1α could predict AF. As shown in Figure 6, the AUC
was 0.734 (95% CI: 0.663-0.806, P < 0:001) for LTL in the
prediction of AF. The optimum cutoff value of LTL on the
ROC curve was 2.830 with a sensitivity of 67.7% and a spec-
ificity of 74.0%. Serum PGC-1α showed a potential predic-
tive value of AF with an AUC of 0.633 (95% CI: 0.555-
0.711; P = 0:001), and the optimum cutoff value was 463.5
with a sensitivity of 65.6% and a specificity of 57.3%. Fur-
ther, the AUC for CRP in the prediction of AF was 0.599
(95% CI: 0.519-0.679; P = 0:018), and the optimum cutoff
value was 0.6150 with a sensitivity of 68.8% and a specificity
of 51.0% (Figure 6).

4. Discussion

This study found that LTL and serum PGC-1α are inversely
correlated with the occurrence of aging-related AF and that
the MMP of AF patients was significantly decreased, indicat-
ing that mitochondrial dysfunction plays a role in this. In
addition, ROC analysis revealed the potential diagnostic
value of LTL and serum PGC-1α for AF patients, indicating
that LTL and serum PGC-1α could possibly be novel predic-
tive biomarkers for the occurrence or outcome of aging-
related AF.
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Figure 4: LTL, PGC-1α expression, and MMP in subgroup of patients without other diseases. (a) AF patients showed significantly shorter
LTL compared with controls; (b) the expression of PGC-1α mRNA in leukocytes was significantly reduced in AF patients; (c) the serum
PGC-1α concentration was significantly reduced in AF patients; (d) representative pictures of MMP detected by flow cytometry; (e) the
MMP of AF patients was significantly decreased when compared with controls. AF: atrial fibrillation; MMP: mitochondrial membrane
potential.
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Telomere shortening has been suggested to be suscepti-
ble to age-related cardiovascular diseases, including athero-
sclerosis and heart failure [5, 7]. Many studies have shown
that LTL predicts cardiovascular disease and all-cause mor-
tality [27–30]. However, it is not clear whether telomere
shortening is related to the occurrence of AF. In the current
study, we found that LTL was significantly shorter in elderly
male AF patients compared with the controls, and the mul-
tivariate logistic regression analysis confirmed that LTL was
significantly related to AF. Our finding is consistent with an
analysis of the Intermountain Heart Collaborative Study
investigators in a 63% male cohort with a mean age of 62:9
± 13:47 years [9]. However, Siland et al. [31] found that

shorter LTL was not independently associated with incident
AF in a community-based, 50% male cohort with a mean age
of 49 ± 13 years (range between 29 and 74 years). Roberts
et al. [8] found no evidence of an association between LTL
and incident AF in a cohort with the mean age of 72.2 years
that was 41.3% male at baseline. In our opinion, this differ-
ence in results may come from the choice of subjects, as
the subjects were not elderly or had a lower ratio of males.
In the subgroup analysis of age, we found that the LTL of
patients with AF in the elderly age group and the senile
age group was significantly shorter when compared with
that of the controls, while there was no statistical difference
in the long-living group, indicating that the rate of telomere

Table 3: Logistic regression analysis for the presence of AF.

Simple regression Multiple regression
OR (95% CI) P value OR (95% CI) P value

Clinical parameters

Age (years) 1.006 (0.982-1.031) 0.627

BMI (kg/m2) 1.089 (0.982-1.207) 0.107

Smoking, n (%) 0.714 (0.347-1.471) 0.361

History of CHD, n (%) 0.824 (0.407-1.668) 0.591

Hypertension, n (%) 1.233 (0.699-2.177) 0.470

Diabetes mellitus, n (%) 1.162 (0.543-2.486) 0.699

Hyperlipidemia 0.789 (0.402-1.551) 0.493

Antihypertensive medication, n (%) 1.183 (0.670-2.088) 0.562

Glucose lowering treatment, n (%) 1.085 (0.492-2.391) 0.840

Lipid-lowering medication, n (%) 0.736 (0.411-1.316) 0.301

SBP (mmHg) 1.011 (1.008-1.061) 0.380

DBP (mmHg) 1.027 (0.994-1.061) 0.110

Laboratory parameters

TC (mmol/L) 0.864 (0.584-1.277) 0.462

TG (mmol/L) 1.562 (0.904-2.700) 0.110

LDL-C (mmol/L) 0.780 (0.517-1.176) 0.236

HDL-C (mmol/L) 0.607 (0.244-1.509) 0.282

Cr (mmol/L) 1.015 (0.998-1.031) 0.084

BUN (mmol/L) 1.095 (0.923-1.298) 0.300

UA (mmol/L) 1.005 (1.001-1.009) 0.027 1.004 (0.999-1.009) 0.130

FBG (mmol/L) 0.968 (0.723-1.296) 0.828

GHb (%) 1.272 (0.798-2.026) 0.311

CRP (mg/dL) 2.250 (1.277-3.965) 0.005 1.971 (1.023-3.799) 0.043

Echocardiographic parameters

LVEF (%) 0.933 (0.869-1.002) 0.058

LAD (mm) 1.095 (1.009-1.187) 0.030 1.084 (0.984-1.195) 0.103

Telomere-associated molecules

LTL (T/S ratio) 0.388 (0.269-0.560) <0.001 0.404 (0.278-0.587) <0.001
Leukocyte p53 mRNA 2.340 (0.848-6.457) 0.101

Leukocyte PGC-1α mRNA 2.340 (0.848-6.457) 0.101

Serum PGC-1α(pg/mL) 0.994 (0.991-0.998) 0.001 0.994 (0.989-0.998) 0.003

Abbreviations: CI: confidence interval; BMI: body mass index; CHD: coronary heart disease; SBP: systolic blood pressure; DBP: diastolic blood pressure; TC:
total cholesterol; TG: triglyceride; LDL-C: low-density lipoprotein cholesterol; HDL-C: high-density lipoprotein cholesterol; Cr: creatinine; BUN: blood urea
nitrogen; UA: uric acid; FBG: fasting blood glucose; GHb: glycated hemoglobin; CRP: C-reactive protein; LVEF: left ventricular ejection fraction; LAD: left
atrial diameter; T/S ratio: the ratio of telomere repeats to single-copy gene copies; PGC-1α: peroxisome proliferator-activated receptor γ coactivator-1α. P <
0:05 with italic font means statistically significant.
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shortening is different at different ages and that telomere
may shorten faster in the early stages of aging [32].

The mechanisms of aging-related AF remain incom-
pletely understood, but atrial electrical and structural remod-
eling and disturbed calcium homeostasis may be involved
[33, 34]. Mitochondrial function is the core of energy metab-
olism, which is involved in oxidative stress, the regulation of
intracellular calcium homeostasis, and intracellular signal
transduction. Studies have shown that mitochondrial dys-
function causes energy metabolism disorders and decreased
membrane potential, leading to myocardial abnormal local
electrical activity [35]. In addition, mitochondrial dysfunc-
tion can cause oxidative stress and calcium overload, thereby
promoting the occurrence of AF [36]. Studies have argued
that telomere shortening consequently contributes to mito-
chondrial dysfunction, and the “telomere-p53-PGC axis”
plays an important role in this [37]. Thus, telomere shorten-
ing will activate p53, thereby inhibiting PGC-1 and inducing
mitochondrial dysfunction as well as a series of reactions
such as oxidative stress and Ca2+ overload [11, 17].
Researchers had also found that the telomere of left ventric-
ular cardiomyocytes of TERC-/- mice at 6-8 months was
shorter than that of 2-4 months (P < 0:0001); further, the
expression of p53 was higher, while the expression of PGC

was lower [38]. The existence and effects of the “telomere-
p53-PGC axis” have also been verified by other scholars
[39, 40]. Accumulating evidence has shown that PGC-1α
participate in the regulation of mitochondrial biogenesis
and energy metabolism, which can directly reduce intracellu-
lar Ca2+ and indirectly reduce intracellular Ca2+ by inhibiting
oxidative stress [12, 41, 42]. A recent study has argued that
LTL is negatively associated with inflammation and oxidative
status in humans [43]. In this study, we found that AF
patients had a significantly lower level of PGC-1αmRNA
expression and serum PGC-1α as well as decreased MMP
when compared with controls, which indicate that telomere
shortening and mitochondrial dysfunction are associated
with the occurrence of aging-related AF. Interestingly, com-
pared with the controls, the expression of leukocytes p53
mRNA was higher but without statistical difference; we
assumed that this was because of the selected types of periph-
eral blood cells and the p53 expression being affected by
many factors, as it is involved in multiple signaling pathways.
Meanwhile, multivariate logistic regression confirmed that
LTL and serum PGC-1α were inversely associated with the
presence of AF, and linear regression analysis confirmed that
LTL was significantly correlated with CRP and LAD. There-
fore, we can reasonably speculate that telomere may regulate

Age (years)

BMI (kg/m2)
Diabeties

SBP (mm Hg)
DBP (mm Hg)
TG (mmol/L)

HDL-C (mmol/L)
UA (mmol/L)
CRP (mg/dL)

LAD (mm)
LTL(T/S ratio)

PGC-1α(pg/mL)

OR (95%Cl) P value
0.976 (0.944-1.008) 0.139

0.290
0.386
0.344
0.189
0.072
0.864
0.119
0.019

< 0.001
0.074

0.002

1.070 (0.944-1.212)
1.550 (0.576-4.172)
1.017 (0.982-1.053)
1.028 (0.986-1.072)
1.877 (0.946-3.724)
0.904 (0.283-2.887)
1.004 (0.999-1.010)
2.250 (1.143-4.428)
1.098 (0.991-1.216)
0.365 (0.235-0.568)
0.993 (0.988-0.997)

–4 –2 0 2 4 6

Figure 5: Multiple logistic regression analysis for the presence of AF. BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic
blood pressure; TG: triglyceride; HDL-C: high-density lipoprotein cholesterol; UA: uric acid; CRP: C-reactive protein; LAD: left atrial
diameter; LTL: leukocyte telomere length.

Table 4: Logistic regression analysis in subgroup.

Simple regression Multiple regression
OR (95% CI) P value OR (95% CI) P value

Age (years) 1.017 (0.965-1.072) 0.521 0.996 (0.917-1.081) 0.920

CRP(mg/dL) 6.021 (1.319-27.485) 0.020 9.163 (0.772-108.764) 0.790

LTL (T/S ratio) 0.162 (0.054-0.488) 0.001 0.188 (0.046-0.766) 0.020

Leukocyte PGC-1α mRNA 0.405 (0.208-0.788) 0.008 0.460 (0.196-1.080) 0.075

Serum PGC-1α(pg/mL) 0.987 (0.978-0.997) 0.008 0.983 (0.968-0.998) 0.031

Abbreviations: CI:, confidence interval; CRP: C-reactive protein; T/S ratio: the ratio of telomere repeats to single-copy gene copies; PGC-1α: peroxisome
proliferator-activated receptor γ coactivator-1α. P < 0:05 with italic font means statistically significant.
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mitochondrial function, oxidative stress, calcium balance,
and inflammation through downstream molecular PGC-
1α, causing atrial electrical and structural remodeling, even-
tually inducing AF. The specific mechanism remains to be
further studied.

AF is a global public-health challenge with increased
mortality and major morbidity, including stroke and heart
failure [1, 2]. With the aging of the population, an increasing

segment is being directly or indirectly impacted by this com-
mon arrhythmia. Studies have shown that about 70% of AF
occurs between 65 and 80 years of age. The incidence of AF
increases with age, and males have a higher rate of it than
females, which means that elderly males are at the highest
risk for developing AF. Studies have confirmed that extensive
asymptomatic AF screening in the elderly can reduce the
incidence of stroke and related disabilities [44]. However,
many elderly asymptomatic AF people cannot be diagnosed
early due to a lack of effective biomarkers. Our study revealed
that LTL and serum PGC-1α are negatively correlated with
AF and confirmed that they have potential value in the early
diagnosis of AF in the elderly male, which could provide new
strategies for the screening of asymptomatic AF. In addition,
PGC-1α is an important regulator of mitochondrial metabo-
lism, which is a protective factor for AF in the elderly popu-
lation; thus, PGC-1α may even be a possible novel target for
AF intervention.

This study has several potential limitations. First, our
study was an observational study, unable to establish a causal
relationship. Second, many AF patients also presented with
multiple age-related diseases such as hypertension, diabetes,
and CHD; despite our best efforts to adjust for established
and potential comorbidities, therefore, residual confounding
by other unmeasured or unknown factors remains possible.
Third, LTL was detected at one time point, while LTL
declines throughout life, and the rate of telomere shortening
could affect the incidence of AF. Fourth, due to various rea-
sons, we were unable to detect the mitochondrial function
indicators such as mitochondrial permeability transition
pore (mPTP), mitochondrial calcium, and ROS for all sub-
jects, and the specific mechanism remains to be further stud-
ied. Lastly, the subjects who we ultimately enrolled in our
study were elderly males. More studies are warranted to com-
pare these results with those of other populations.

In conclusion, LTL and serum PGC-1α are inversely
correlated with the occurrence of aging-related AF, and

Table 5: The correlation of LTL with other clinical characteristics.

Simple linear
regression

Multiple
linear

regression
r P β P

Clinical parameters

Age (years) -0.151 0.037 -0.111 0.110

BMI (kg/m2) -0.079 0.274

Smoking, n (%) 0.119 0.099

History of CHD, n (%) -0.013 0.861

Hypertension, n (%) -0.046 0.529

Diabetes mellitus, n (%) 0.115 0.114

Hyperlipidemia 0.128 0.077

Antihypertensive medication, n (%)
-0.045 0.532

Glucose lowering treatment, n (%)
0.103 0.155

Lipid-lowering medication, n (%) -0.025 0.726

SBP (mmHg) 0.068 0.352

DBP (mmHg) -0.071 0.331

Laboratory parameters

TC (mmol/L) 0.015 0.836

TG (mmol/L) -0.046 0.523

LDL-C (mmol/L) 0.041 0.571

HDL-C (mmol/L) 0.097 0.180

Cr (mmol/L) 0.020 0.785

BUN (mmol/L) 0.040 0.577

UA (mmol/L) -0.138 0.057

FBG (mmol/L) 0.071 0.329

GHb (%) 0.047 0.519

CRP (mg/dL) -0.200 0.005 -0.167 0.017

Echocardiographic parameters

LVEF (%) 0.021 0.771

LAD (mm) -0.196 0.006 -0.165 0.018

Telomere-associated molecules

Leukocyte p53 mRNA 0.059 0.417

Leukocyte PGC-1α mRNA 0.168 0.020 0.131 0.160

Serum PGC-1α (pg/mL) 0.176 0.014 0.109 0.122

Abbreviations: BMI: body mass index; CHD: coronary heart disease; SBP:
systolic blood pressure; DBP: diastolic blood pressure; TC: total cholesterol;
TG: triglyceride; LDL-C: low-density lipoprotein cholesterol; HDL-C: high-
density lipoprotein cholesterol; Cr: creatinine; BUN: blood urea nitrogen;
UA: uric acid; FBG: fasting blood glucose; GHb: glycated hemoglobin;
CRP: C-reactive protein; LVEF: left ventricular ejection fraction; LAD: left
atrial diameter; PGC-1α: peroxisome proliferator-activated receptor γ
coactivator-1α. P < 0:05 with italic font means statistically significant.
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Figure 6: ROC curves of LTL, PGC-1α, and CRP to predict AF.
ROC analysis was performed to determine the sensitivity and
specificity of the value. ROC: receiver operator characteristic;
AUC: area under the curve; CI: confidence interval; LTL:
leukocyte telomere length; CRP: C-reactive protein.
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mitochondrial dysfunction plays a role in this. These findings
suggest that LTL and serum PGC-1α could possibly be novel
predictive biomarkers for the occurrence or outcomes of
aging-related AF.
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Ketogenic diet (KD) is popular in diabetic patients but its cardiac safety and efficiency on the heart are unknown. The aim of the
present study is to determine the effects and the underlined mechanisms of KD on cardiac function in diabetic cardiomyopathy
(DCM). We used db/db mice to model DCM, and different diets (regular or KD) were used. Cardiac function and interstitial
fibrosis were determined. T-regulatory cell (Treg) number and functions were evaluated. The effects of ketone body (KB) on
fatty acid (FA) and glucose metabolism, mitochondria-associated endoplasmic reticulum membranes (MAMs), and
mitochondrial respiration were assessed. The mechanisms via which KB regulated MAMs and Tregs were addressed. KD
improved metabolic indices in db/db mice. However, KD impaired cardiac diastolic function and exacerbated ventricular
fibrosis. Proportions of circulatory CD4+CD25+Foxp3+ cells in whole blood cells and serum levels of IL-4 and IL-10 were
reduced in mice fed with KD. KB suppressed the differentiation to Tregs from naive CD4+ T cells. Cultured medium from KB-
treated Tregs synergically activated cardiac fibroblasts. Meanwhile, KB inhibited Treg proliferation and productions of IL-4 and
IL-10. Treg MAMs, mitochondrial respiration and respiratory complexes, and FA synthesis and oxidation were all suppressed
by KB while glycolytic levels were increased. L-carnitine reversed Treg proliferation and function inhibited by KB. Proportions
of ST2L+ cells in Tregs were reduced by KB, as well as the production of ST2L ligand, IL-33. Reinforcement expressions of ST2L
in Tregs counteracted the reductions in MAMs, mitochondrial respiration, and Treg proliferations and productions of Treg
cytokines IL-4 and IL-10. Therefore, despite the improvement of metabolic indices, KD impaired Treg expansion and function
and promoted cardiac fibroblast activation and interstitial fibrosis. This could be mainly mediated by the suppression of MAMs
and fatty acid metabolism inhibition via blunting IL-33/ST2L signaling.
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1. Introduction

Diabetic individuals suffer from much more cardiovascular
complications than nondiabetic patients. Besides coronary
artery disease, ventricular damage is also frequently evident
in diabetic patients, which refers to a term of “diabetic
cardiomyopathy” (DCM). The incidence of DCM greatly
contributes to heart failure, which is the main complication
leading to life and health loss in diabetic patients. In clinical
aspect, DCM is characterized by the impairment of diastolic
function while the systolic function remained unchanged,
especially in the early stage of the disease. From the micro-
cosmic view, cardiomyocyte hypertrophy and interstitial
cardiac fibrosis are the fundamental changes [1].

Ketogenic diet (KD) is a very low-carbohydrate, high-fat
diet that typically includes plenty of meats, eggs, cheeses, fish,
and nuts, which is a therapy to epilepsy in clinical practice. It
has been shown to improve blood sugar control for patients
with type 2 diabetes (T2DM) and thus widely sued in these
patients. Moreover, it has been proposed to be a preventive
or therapeutic strategy for metabolic disorders [2]. However,
on the other hand, it has been linked to vascular insult
recently [3]. In the field of cardiac remodeling, KD is
reported to be associated with improved cardiac function,
cardiomyocyte survival, and attenuated cardiac fibrosis in
both T2DM and aging mice [4, 5]. In contrast, ketogenic diet
was shown to be associated with cardiac remodeling in
hypertensive rats [6]. Besides, in vitro study directly showed
that the ketone body strengthened cardiac fibroblast activa-
tion induced by transforming growth factor-β1, which is a
hallmark of the enhanced interstitial fibrosis [6]. Therefore,
more studies are needed in order to clarify the detailed roles
of KD on DCM.

Besides the heart itself, KD could modify the innate
immune system that is closely related to the development of
DCM. For example, KD regulates the T cell subset and group
2 innate lymphoid cells [7–11]. However, the alterations of
KD on the innate immune system during DCM are also
unknown. On the other hand, the ketone body was found
to be associated with enhanced mitochondrial respiratory
function and substrate metabolism, [12, 13] which is crucial
to T cell subset differentiation and function [14, 15]. Among
various factors critically involved in mitochondrial respira-
tory function and substrate metabolism, mitochondria-
associated endoplasmic reticulum membranes (MAMs) are
an important one [16, 17].

IL-33 acts through its receptor ST2. The membrane ST2
(ST2L) mediates the biological effects of IL-33 while the
soluble ST2 (sST2) acts as the decoy receptor that restricts
the effects of IL-33 [18]. We recently demonstrated that
interleukin-33 (IL-33) protected diabetic mice from DCM
and reduced cardiac fibrosis [19]. However, the role of changes
of endogenous IL-33/ST2L signaling and their potential roles
in Tregs and KD-treated diabetes are unknown.

Thus, to link KD and DCM development, we demon-
strated the effects of KD on cardiac fibrosis of DCM and
Tregs. We found that KD impaired cardiac function and
addressed the roles of MAMs, Treg substrate metabolism,
and IL-33/ST2L signaling in this process.

2. Methods

2.1. Animals and Cells.Male C57BLKsJ-db/db mice were used
to establish the spontaneous T2DM and DCM as our previous
report [19]. Age-matched male C57BLKsJ-m/m mice were
used as the control [19]. Mice were kept in a 12h light/dark
cycle with free access to chow and water. Eight-week-old
db/db mice were randomly assigned to receive either regular
chow diet (RD, % of total kcal, 18% protein, 65% carbohy-
drate, and 17% fat) or KD (% of total kcal, 10% protein, <1%
carbohydrate, and 89% fat) for 12 weeks. The nutritional
composition of the ketogenic diet was shown in Table 1. After
12 weeks of treatment, mice were subjected to echocardiogra-
phy and invasive hemodynamic assessment. After that, mice
were anesthetized by intraperitoneal injection of ketamine
(80mg/kg body weight) and xylazine (5mg/kg body weight)
and then were sacrificed. The left ventricular was acquired
and cut, which were then fixed in 4% paraformaldehyde or
cryopreserved in liquid nitrogen according to different further
assessments. All the animals were purchased from the Model
Animal Research Center of Nanjing University. All the animal
procedures were conformed to the Guide for the Care and Use
of Laboratory Animals published by the USNational Institutes
of Health and were approved by the Institutional Animal Care
and Use Committee of Sun Yat-sen University.

Peripheral blood mononuclear cell (PBMC) or CD4+ T
cells were used in the in vitro study. PBMCs were isolated by
the density gradient centrifugation method with Ficoll (TBD
science, density: 1.079 g/ml, Tianjin, China) as previously
reported [20]. Briefly, for isolation, whole blood samples were
collected in the heparin anticoagulation condition. Blood
samples were diluted with the same volume of PBS, which
were then overlaid on Ficoll. PBMCswere isolated in themiddle
layer after centrifugation, which were collected for further
analysis. For CD4+ T cells and CD4+CD25+Foxp3+ Treg isola-
tions, the mouse spleen were obtained and splenocytes were
retrieved bymechanical dissociation of the spleen on 70μmCell
strainer filter (BD Falcon™, New Jersey, USA) [21]. Cell suspen-
sions were then transferred for isolation using the commercially
available kits (EasySep™, StemCell Tech, Vancouver, Canada)
under the manufacturer’s instructions. Isolated CD4+ T cells
were then resuspended and cultured in the RPMI-1640
medium (Thermo Fisher, Massachusetts, USA) containing
10% FBS (Thermo Fisher, Massachusettsm, USA), 2mM L-
glutamine (Sigma-Aldrich,Missouri, USA), 1% penicillin/strep-
tomycin, and 50μM mercaptoethanol (Sigma-Aldrich, Mis-
souri, USA). The ketone bodies used in the current study are
25mM β-hydroxybutyrate (Sigma-Aldrich, Missouri, USA).

2.2. Echocardiogram and Invasive Hemodynamic Assessments.
Echocardiogram and invasive hemodynamic assessment were
used to assess in vivo cardiac function. Animals were anesthe-
tized as mentioned above. Left ventricular ejection function
(LVEF) and left ventricular end diastolic dimension (LVEDd)
were measured by the Visual Sonics Echo System (Vevo2100,
VisualSonics, Toronto, Canada) and MicroScan Transducer
(MS-400, 30MHz, VisualSonics, Toronto, Canada) [19].

Hemodynamic assessment was performed before sacri-
fice following anesthesia according to the previous report
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[22]. Briefly, a percutaneous puncture of the carotid was
performed under sterile conditions. After the Millar catheter
(Mikro-Tip®, Millar Instruments, Houston) insertion, hepa-
rin (100 IU/kg, iv) was administered. ±dp/dtmax was obtained
by MPVS Ultra™ pressure-volume unit and PowerLab data
acquisition system (ADInstruments, Sydney, Australia). All
measurements were performed after the confirmation of
hemodynamic stability for 2min. An average of 3 respiratory
cycles was used for analysis.

2.3. Isolation of MAMs, Western Blot, and Polymerase Chain
Reaction (PCR). MAMs were isolated using the modified
protocol according to the previous reports [23]. Briefly, Tregs
were ultrasonically fragmented, which were centrifuged for
5min at 750 g for 2 times. Supernatants were collected and
were subjected to high-speed centrifugations (10min for
9000 g×1 and 10000 g×2). Pellets were collected and resus-
pended in solution (250mM mannitol, 0.5mM EGTA, and
5mM HEPES; pH7.4), which were then subjected to ultra-
speed centrifugation (100000 g, 30min). The middle layers
were collected for centrifugations (6300 g, 10min), and the
supernatants were collected for final centrifugations for 1 h
at 100000 g. All centrifugations were done in 4°C. Protein
quantification analysis using BCA methods according to the
manufacturer’s instructions (Cell Signaling Technology,
Massachusetts, USA) was adopted to represent the amounts
of MAMs. The pure mitochondria isolated using the commer-
cially available kit (Thermo Fisher, Massachusettsm, USA) as
our previous report [24] were used as the inner control.

Western blot was performed as our previous report [25].
Briefly, samples were collected and washed. Totally proteins
were extracted and quantified using the BCA methods. The
amount of 60μg total proteins was subjected to SDS-PAGE
electrophoresis, which was then transferred to a PVDF mem-
brane (Millipore, Massachusetts, USA). Finally, PVDF mem-
branes were incubated with respective antibodies (all were
from Abcam, Cambridge, UK) and electrochemiluminescence
(Millipore, Massachusetts, USA) was added to visualize bands.
The ImageJ software was used for densitometry measurements.

To assess mtDNA copy number, quantified PCR was per-
formed. Briefly, DNA was extracted and the short segment of

mtDNA was amplified, which was compared to the amplifi-
cation of the short segment of nuclear DNA (β-globin)
[26]. Primers used were also listed in the previous report [26].

2.4. Masson’s Trichrome Staining and Hydroxyproline Assay.
Masson’s Trichrome staining and hydroxyproline assess-
ment were used to evaluate contents of ventricular collagen.
For Masson’s Trichrome staining, ventricular tissues fixed
in 4% paraformaldehyde were embedded in paraffin, which
were then subjected to cut into 5μm slices. Slices were depar-
affinized and rehydrated. After that, slices were stained using
Trichrome Stain (Masson) kit (Sigma-Aldrich, Missouri,
USA) under the manufacturer’s instructions. Collagen, mus-
cle, and nuclei are stained in blue, red, and black, respectively.

2.5. Flow Cytometry. Flow cytometry was used to detect fatty
acid absorption, intracellular fatty acid, and CD4+CD25+-

Foxp3+ Tregs. For fatty acid absorption, BODIPY (BODIPY
503/512, Thermo Fisher Scientific, Massachusettsm, USA)
was used. It is a green fluorescent fatty acid, which could be
used to monitor fatty acid absorption by cells [27]. For the
detection of intracellular fatty acid, another BODIPY (BOD-
IPY 505/515, Thermo Fisher Scientific, Massachusettsm,
USA), a cell membrane permeant fluorophore and a stain
for natural lipids, was used. Flow cytometry was used to
detect the fluorescence by BODIPY. All the flow cytometry
data were acquired by LSR Fortessa flow cytometer (BD,
New Jersey, USA) and were analyzed with FlowJo software
(Version 10, Tree Star Inc.).

2.6. Cell Viability and Treg Cytokine Assessment. Cell viability
of Tregs were reflected by CCK-8 levels determined using Cell
Counting Kit-8 (CCK-8, Dojindo Molecular Technologies,
Kumamoto, Japan). Interleukin-4 (IL-4) and interleukin-10
(IL-10) are the main cytokines represented by Treg functions.
They were determined by enzyme-linked immunosorbent
assay (ELISA). Procedures of CCK-8 measurements and levels
of IL-4 and IL-10 determination were performed under the
manufacturer’s instructions (kits of ELISA, R&D Systems,
Minnesota, USA).

2.7. Seahorse Analysis. Oxygen consumption rate (OCR) was
measured using Seahorse XF96 (Agilent, Delaware, USA) as
our previous report [28]. Briefly, cells were cultured in the
working medium (Seahorse XF basal medium, Catalog,
103335-100, Agilent, Delaware, USA). Basal oxidative phos-
phorylation (OXPHOS) and ATP-linked OXPHOS were
calculated from the OCR profile to represent mitochondrial
respiratory function.

2.8. Statistical Analysis. Normally distributed data are
expressed as mean ± SEM. One-way ANOVA, followed by
SNK test for multiple post hoc comparisons, was adopted to
test the statically differences among groups. A P value < 0.05
indicated the statistical significance. All the statistical analyses
were done with the OriginLab software (version2019b, Massa-
chusettsm, USA).

Table 1: Nutritional composition of ketogenic diet (g/1000 g).

Ingredients

Vitamins, mixed 10.0

Choline —

Minerals, mixed 35.0

Fibers 50.0

Sucrose —

Casein 200.0

Maize starch —

Soya oil —

Maize oil 102.0

Lard 424.7

Margarine 178.3

Total 1000
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3. Results

3.1. KD Promoted Cardiac Fibrosis and Worsened Diastolic
Function despite Metabolic Improvements. We examined the
effects of KD on metabolic dysfunction in mice first. Meta-
bolic indices were listed in Table 2. In summary, body weight,
heart weight, serum fasting glucose, and cholesterols were
improved by KD. Besides, serum insulin was decreased, and
the insulin sensitivity, as indicated by HOMA-IR, was
improved by KD (Table 2).

We next assessed ventricular performance and function in
mice. Unexpectedly, as results measured by the hemodynamic
methods, cardiac contractile function (dp/dtmax, Figure 1(a))
was mildly decreased while the diastolic function (−dp/dtmax,
Figure 1(b)) were obviously reduced in KD-treated mice.
Results from UCG measurements showed that mice treated
with KD, compared with those either with PBS control or with
pre-KD treatment, showed a decreased E/A ratio (Figure 1(c)),
while nonsignificant changes of LVEF (Figure 1(d)) and
LVEDd (Figure 1(e)) could be observed.

Diastolic dysfunction may be due to cardiomyocyte
hypertrophy and/or declined ventricular compliance. How-
ever, heart weight was not significantly different among mice
with different treatments, which might not support the
significant role of hypertrophy during this process. Intersti-
tial fibrosis is the key for ventricular compliance; therefore,
we sought for the evidence of cardiac interstitial fibrosis in
mice. As expected, Masson’s Trichrome staining revealed
that ventricular collagen levels were much more obvious in
mice fed with KD (Figures 1(f) and 1(g)). All these results
showed that KD worsened diastolic function and promoted
interstitial fibrosis despite improvements of serum glucose.

3.2. KD Resulted in Circulating Treg Reduction and Cardiac
Fibroblast Activation. The reason of the exacerbated cardiac
fibrosis elicited by KD is unknown, and Tregs played an
important role in cardiac fibrosis. We therefore continued
to explore the changes of Tregs upon KD treatment. As
shown in Figure 2(a), KD resulted in a reduced proportion
of CD4+CD25+Foxp3+ cells in whole blood cells. Besides,
serum levels of Treg cytokines, IL-4 and IL-10, were also
decreased in KD-treated mice (Figures 2(b) and 2(c)). In

vitro, KB, compared with PBS control, significantly reduced
the proportion of CD4+CD25+Foxp3+ cells induced from
spleen CD4+ T cells (Figure 2(d)). IL-4 and IL-10 produc-
tions in supernatants of these cells were also decreased
(Figures 2(e) and 2(f)).

The results shown in Figure 1 supported the role of
interstitial fibrosis in DCM diastolic dysfunction, and we
therefore focused on the activation of cardiac fibroblasts.
However, the roles of suppressing Treg differentiation from
T cells by KD/KB on cardiac fibroblasts activation is
unknown and we therefore continued to explore them.
Results found that cultured medium from KB-treated Tregs
dramatically activated cardiac fibroblasts, as manifested by
α-SMA and POSTN expressions assessed by Western blot-
ting (Figure 2(g)). Proliferation assays also supported cardiac
fibroblast activation. Compared with the cultured medium
from Tregs that received PBS treatment, CCK-8 levels were
increased in cells treated with the medium from KB-treated
Tregs (Figure 2(h)). All these results supported that the
regulation on Treg expansion and function are critical in
cardiac fibroblast activation.

3.3. KB Orchestrated FA and Glycolysis Metabolisms and
Suppressed Tregs. The mechanism that KB regulates Tregs
is unknown, and the metabolisms of fatty acid and glucose
are crucial for Treg expansion and function. Therefore, we
continued to investigate the changes of fatty acid and glucose
metabolism under KB treatment.

We investigated the levels of glycolysis and mitochondrial
respiration first. As shown in Figure 3(a), ECAR was increased
in cells treated with KB, indicating the increased levels of gly-
colysis. However, OCR was decreased in cells administered
with KB, showing a decreased level of OXPHOS (Figures 3(b)
and 3(c)). Accordingly, ATP productions were also reduced
(Figure 3(c)).

As for intracellular fatty acid contents, Tregs were
separated from the spleen and intracellular fatty acid was
determined by BODIPY, a membrane-permeable fluoro-
phore for lipids. As shown in Figure 3(c), compared with
regular diet mice, Tregs from KD-treated mice represented
a less BODIPY staining (Figure 3(d)), indicating a reduced
level of intracellular fatty acid. We next tested whether the

Table 2: Metabolic indices of mice.

m/m db/db db/db+KD db/db+PBS P value

Body weight (g) 28:72 ± 3:72 40:12 ± 3:47∗ 43:48 ± 3:66# 34:26 ± 5:87 <0.01
Heart weight (g) 0:26 ± 0:02 0:41 ± 0:03∗ 0:46 ± 0:03¶ 0:393 ± 0:042 <0.01
Fasting glucose (mM) 10:06 ± 0:57 23:01 ± 3:56∗ 17:43 ± 3:15¶ 23:11 ± 3:79 <0.01
TC (mg/dl) 216:37 ± 15:37 240:58 ± 20:75 225:48 ± 35:05 234:57 ± 20:59 0.35

TG (mg/dl) 116:13 ± 10:35 132:68 ± 12:84 114:25 ± 15:48§ 135:54 ± 12:84 0.02

LDL-c (mg/ml) 153:59 ± 5:78 157:15 ± 8:39 152:89 ± 10:60 154:99 ± 13:67 0.89

Fasting insulin (mIU/l) 21:59 ± 4:60 49:333 ± 9:522∗ 31:47 ± 6:36# 50:32 ± 11:94 <0.01
HOMA-IR 9:70 ± 2:30 49:83 ± 8:60∗ 24:35 ± 6:68# 52:30 ± 17:57 <0.01
KD: ketogenic diet; PBS: phosphate-buffered solution; TC: total cholesterol; TG: triglyceride; LDL-c: low-density lipoprotein cholesterol; HOMA-IR:
homeostasis model assessment-insulin resistance; ∗compared with m/m, P < 0:01; #compared with db/db+PBS, P < 0:01; ¶compared with db/db+PBS, P <
0:05; §compared with db/db+PBS, P < 0:05; P values were derived from ANOVA.
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absorption of fatty acid by Tregs was also decreased. Unex-
pectedly, we found that KB treatment resulted in a mildly
increased green fluorescence, indicating an upregulated fatty
acid absorption (Figure 3(e)). We therefore continued to
explore whether, instead, intracellular FA metabolic routes
were involved in lipid accumulation and Treg proliferation
and function. FA synthesis and oxidation were analyzed,
respectively.

The expressions of FA synthesis rate-limiting enzymes,
FAS and ACACB, were detected by Western blotting. As
shown in Figure 3(f), both the expressions of FAS and
ACACB were moderately decreased upon KB treatment.
CPT1a is the critical enzyme of mitochondrial FA oxidation;
the expressions of which were also investigated. Unexpect-
edly, CTP1a expressions were decreased to a more extent
compared with those of ACACB (Figure 3(f)). Therefore,
we continued to explore the role of decreased FA oxidation
in Treg suppression by using L-carnitine to facilitate FA
oxidation. As shown in Figure 3(g), L-carnitine significantly
increased Treg proportions. All these results indicated that
FA oxidation inhibition is the key event in KB-induced Treg
suppression.

3.4. KB Dismissed MAMs and Respiratory Complexes in Tregs
In Vitro. The mitochondria are the main organelle that FA
oxidation occurs. Thus, the above results implied the role of
mitochondrial respiration in KB-dependent Treg regulation.
MAMs are the key structure that controls mitochondrial
respiratory function, and we therefore examined the alter-
ations of MAMs first. As shown in Figure 4(a), the reduction
of MAMs was found in AGEs-treated Tregs, as determined
by the quantitative analysis of MAM protein levels relative
to those of pure mitochondria. Moreover, compared with
AGEs alone, MAMs were further decreased in the presence
of KB. The MAM proteins, Sigma-1 receptor, and FACL4,
as determined by Western blot were also decreased upon
KB treatment (Figure 4(b)).

Mitochondrial respiratory complexes are the main pro-
teins that charge OXPHOS, and we also investigated the

changes of these respiratory complexes. As shown in
Figure 4(c), complexes I, II, and IV were barely detected in
all Tregs. Complex III were mostly expressed, followed by
complex IV. Both the contents of complexes III and V were
decreased by AGEs, which were further decreased in the
presence of KB (Figure 4(c)).

Besides MAMs and respiratory complexes, mitochon-
drial quantity was also examined. As shown in Figure 4(d),
Tregs under KB treatment represented less mitochondrial
DNA, which supported the reduction of intracellular mito-
chondrial contents. All these results showed that both mito-
chondrial functions were significantly impaired in AGEs-
treated Tregs, which were exacerbated in the presence of KB.

3.5. Attenuation of IL-33/ST2L Signaling Is Essential in KB-
Induced MAM Reduction and Treg Inhibition. Despite the
fact that the suppression of MAMs could explain the effects
of KB on FA oxidation and mitochondrial respiration, it is
still unclear how KB inhibits MAMs. The transmembrane
receptor, ST2L, is crucial in Treg expansion and function,
and we therefore detected the alterations of ST2L in Tregs
under KB treatment.

As shown in the results of flow cytometry in Figure 5(a),
the proportions of ST2L+ Tregs were obviously decreased in
KB-treated Tregs. We tried to examine the supernatant con-
tents of IL-33, the only ST2L ligand discovered, which could
also activate Tregs, but it was hardly to be detected in the
supernatants of Tregs unless NP-40 was added (Figure 5(b)).
However, levels of the decoy receptor of IL-33 and sST2,
despite the expression levels of which being relatively low,
were statistically significantly increased in the supernatant of
Tregs treated by KB (Figure 5(c)). Besides, it also should be
noted that IL-33 and sST2 productions were even less in
ST2L- Tregs (Figures 5(d) and 5(e)). These results showed that
KB suppressed IL-33/ST2L signaling in Tregs.

We continued to ask whether the depressed IL-33/ST2L
signaling mediated KB-induced MAM suppression and Treg
expansion. Expressions of ST2L in Tregs were restored, and
the quantities of Tregs and their MAMs were examined.

P < 0.01

P < 0.01

0

5

10

15

C
ol

la
ge

n 
vo

lu
m

e f
ra

ct
io

n 
(%

)

20

⁎⁎

⁎⁎

m
/m

db
/d

b

db
/d

b+
PB

S

db
/d

b+
KD

(g)

Figure 1: Effects of ketogenic diet on cardiac functions, left ventricular size, and collagen contents. Cardiac functions were represented as
+dp/dtmax (a), −dp/dtmax (b), E/A ratio (c), LVEF (d) and LVEDd (e). Left ventricular size was represented as LVEDd. Collagen contents
were represented as Masson’s Trichrome staining (f) quantified as collagen volume fraction (g). KD: ketogenic diet; LVEF: left ventricular
ejection fraction; LVEDd: left ventricular end-diastolic diameter.

6 Oxidative Medicine and Cellular Longevity



db
/d

b+
KD

0

2

4

CD
25

+ Fo
xp

3+  ce
lls

 (%
)

6

8

10

P < 0.01

db
/d

b+
PB

S

⁎⁎
db/db+KD db/db+PBS

CD25+

Fo
xp

3+

100

101

102

103

104

Q1
0.64

Q2
4.32

Q4
92.7

Q3
2.35

100 101 102 103 104
100

101

102

103

104

Q1
0.47

Q2
6.28

Q4
91.8

Q3
1.43

100 101 102 103 104

(a)

Se
ru

m
 IL

-4
 le

ve
ls 

(p
g/

m
l)

0

2

4

6

8

P = 0.02
⁎

P = 0.03
⁎

m
/m

db
/d

b+
PB

S

db
/d

b+
KD

(b)

Se
ru

m
 IL

-1
0 

le
ve

ls 
(p

g/
m

l)

0

5

10

15

P < 0.01
⁎⁎

P < 0.01
⁎⁎

m
/m

db
/d

b+
PB

S

db
/d

b+
KD

(c)

CD
25

+ Fo
xp

3+  ce
lls

 (%
)

0

AG
Es

+K
B

AG
Es

+P
BS

5

10

15

P < 0.01
⁎⁎

AGEs+KB AGEs+PBS

Fo
xp

3+

100

101

102

103

104

Q1
0.26

Q2
3.79

Q4
95.4

Q3
0.55

100 101 102 103 104
100

101

102

103

104

Q1
1.11

Q2
10.7

Q4
74.6

Q3
13.6

100 101 102 103 104

(d)

Figure 2: Continued.

7Oxidative Medicine and Cellular Longevity



Results found that, compared with the vector control,
reinforcement of ST2L in Tregs prevented the loss of MAMs
(Figure 5(f)) in KB-treated CD4+CD25+Fopx3+ Tregs
(Figure 5(g)). All these results indicated that the depressed
IL-33/ST2L signaling is crucial for KB-induced MAM reduc-
tion and Treg suppression.

4. Discussion

The potential benefits of KB were recognized recently, and
the adoption of this diet style is becoming more and more
popular. However, the safety and efficiency of KB in the heart
function during diabetes are still under sharp debating. In the
present study, we demonstrated that KB, despite improved
metabolic profiles, resulted in worse heart function and more
severe ventricular remodeling in DCM. Our study implied
that the inhibition of Tregs could be the underline mecha-
nism mediating the cardiac insults exacerbated by KB. Fur-

thermore, we revealed that the reduction of MAMs and
mitochondrial respiration, which was caused by the blunt
IL-33/ST2L signaling, could be the reason of KB-induced
Treg suppression.

The current study did not support the regular and wide
adoption of KD in diabetes patients. Despite KD being able
to confer potential benefits in metabolic indices in this situa-
tion, KD, in fact, impaired heart function. Our results were
supported by a recent population-based study, which con-
cluded a deleterious result on the coronary artery conferred
by low-carbohydrate diet that is similar to KD [3]. However,
the findings of the current study supporting the unflavored
role of KD in diabetes is sharply in contrast to the previous
study, showing beneficial effects of KD in cardiomyocyte sur-
vival and interstitial fibrosis [4]. The differences of animal
characteristics could be the most plausible explanation of this
discrepancy. The hallmark of typical DCM, especially during
the early stage, is the impairment of diastolic dysfunction
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Figure 2: Ketogenic diet suppressed Treg functions which promoted cardiac fibroblast activation. Effects of ketogenic diet on Treg
proportions in whole blood cells (a) and serum Treg cytokines (b, c). Effects of ketogenic diet on Treg proportions in CD4+ T cells derived
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without concurrent systolic defects [19]. However, the above-
mentioned study showed a significant reduction of LVEF in
db/db mice [4], which implied a late stage of DCM or other
coexistent causes of cardiac insults. The serum insulin levels
also supported the distinct characteristics of the animal used
in our and the previous study. Levels of serum insulin were
dramatically decreased in db/db mice in the study by Guo
et al. [4], while it is well acknowledged that hyperinsulin is
one of the basic characteristics of db/db mice as found in
the current and many other studies [19, 29, 30], which is
the basic pathophysiological alterations of T2DM. Therefore,
the animal used in the current study, which reflects the
canonical T2DM leading to cardiac remodeling, is distinct
from the previous one and this could cause different
responses to KD treatment. Besides, it should be noted that
treatment was started earlier in the current study (6 weeks
vs. 8 weeks) and last for a longer time (12 weeks vs. 8 weeks).
Thus, the influence of therapeutic duration could not be
neglected since KD could correct metabolic dysfunction,
which may confound its intrinsic effects on the heart and lon-

ger time may be needed to investigate the real and long-time
effects of KD. Other studies reported both beneficial and
detrimental effects of KD on the heart [5, 6]. In vitro study
showed an unflavored role of KD in cardiac fibroblast activa-
tion [6] and prevention of cardiomyocyte loss [5]. Besides,
KD is also found to be related to live fibrosis [31]. These stud-
ies indicated a complex effect of KD, and the adoption of this
kind of diet should be cautious.

T cell function may be a key and novel modulator during
the development of T2DM and DCM. Interestingly, T cells
were also closely related to cardiomyopathy, especially cardiac
fibrosis. Alcaide et al. reported that during the development
of myocardial infarction, T cells played a central role in the pro-
cess of myocardial scarring after infarction and directly modu-
lated the phenotypes and functions of cardiac fibroblasts [32].
Furthermore, T cells within the heart could direct the remote
fibrosis and scarring in the left ventricle during the chronic
remodeling process [32]. Similar to our current findings, one
study has reported a reduced circulating CD4+CD25+ T cell
proportion and a suppression of Foxp3 expression in high-fat
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Figure 3: Effects of KB on glucose and FAmetabolism in Tregs. Effects of KB on extracellular acidification rates (a) and oxygen consumption
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diet-induced DCM [33]. We discovered that the subset of
Tregs, namely, those with ST2L expressing on the membrane,
was dramatically reduced upon KD treatment. ST2L+ Tregs
are highly activated and robust in function, especially in the
presence of IL-33, the only discovered ligand of ST2L [34,
35]. On the other hand, the activated Tregs are an important
source of IL-33 production. Therefore, it may be plausible to
infer that KD treatment blunt IL-33/ST2L signaling result in
a positive feedback loop maintaining Treg suppression and
contribute to cardiac fibrosis.

MAMs are specific subcellular structure charging calcium,
lipid, and metabolite exchange between the endoplasmic retic-
ulum and mitochondria, which are crucial to proper mito-
chondrial function. It is well known that MAMs are closely
connected with cardiovascular diseases. Ikeda et al. revealed
that the suppression of mitochondrial dynamics resulted in
diminished survival, cardiac hypertrophy, and fibrosis in mice
[36]. Moreover, Giorgi et al. found that MAMs promoted the
development of infarctions andmyocardial fibrosis via recruit-

ing NLRP3 protein and mediating the activation of NLRP3
inflammasome [37]. Besides, MAMs are essential for proper
mitochondrial respiration [38]. Some researchers found that
excessive Ca2+ transfer via MAMs promoted ROS generation
and oxidative stress and augmented MAM formation could
lead to elevated Ca2+ transfer from the ER to mitochondria,
resulting in enhanced oxidative stress and mtROS overgenera-
tion [39]. Data on the changes of MAMs in Tregs were scarce
but most studies investigating MAMs reported reduction of
MAMs, which contributed to disease development in diabetes
[40, 41] while reinforcement of MAM conferred protective
effects [41]. However, excessive MAMs also impaired mito-
chondrial oxidative capacity [42]..On the other hand, it should
be noted that despite alterations of MAMs being able to
explain the reduction of mitochondrial respiration in the
current study, MAM reduction did not necessary directly
induce mitochondria loss [43]. Therefore, the potential mech-
anisms leading to mitochondria reduction in response to KB
treatment and more studies are merited.
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Some limitations of the current study should be acknowl-
edged. Firstly, we did not explore the effects of KD on other
key cell types closely related to the development of DCM.
As for T cells, Goldberg et al. demonstrated that KD
expanded metabolically protective γδ T cells and suppressed
inflammatory responses [44]. In the cardiomyocytes, You
et al. found that KD contributes to the profibrotic actions
in fibroblasts possibly via the mTOR signaling pathway in
hypertension [6]. Besides, diabetes could modulate a wide
range of cellular processes (e.g., autophagy, oxidative stress,
and ferroptosis) in cardiomyocytes and endothelial cells,
which could be important in the regulations of fibrosis during
DCM development [45, 46]. A lack of evidence on these
aspects has restricted us to provide full information assessing
the way that KD regulates DCM in vivo. Secondly, despite
the current study focus onDCM and animal model is a canon-
ical DCM, based on the sharp contrast conclusion induced by
KD as described above, the conclusions of the current study
could be interpreted cautiously if extended to the field outside
DCM.

Despite limitations, the current study has explicitly
showed an unfavorable effect of KD on ventricular function
and cardiac remodeling during the development of DCM,
which is partly mediated by regulatory T cell modulation
due to altered IL-33/ST2L signaling. There is a great need
for studies exploring the effects of KD on other crucial cell
types (e.g., cardiac fibroblast and cardiomyocyte) to reveal
the molecular mechanism of DCM development. Besides,
studies investigating the role of KD on other cardiovascular
disorders are also merited to provide a full landscape of KD
adoption and cardiovascular outcomes.
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Cardiomyocyte apoptosis is an important pathological mechanism underlying cardiovascular diseases and is commonly caused by
hypoxia. Moreover, hypoxic injury occurs not only in common cardiovascular diseases but also following various treatments of
heart-related conditions. One of the major mechanisms underlying hypoxic injury is oxidative stress. Quercetin has been shown to
exert antioxidant stress and vascular protective effects, making it a promising candidate for treating cardiovascular diseases.
Therefore, we examined the protective effect of quercetin on human cardiomyocytes subjected to hypoxia-induced oxidative stress
damage and its underlying mechanism. Human cardiomyocytes were subjected to hypoxia/reoxygenation (H/R) in vitro with or
without quercetin pretreatment; thereafter, flow cytometry, Cell Counting Kit-8 assay, laser scanning confocal microscopy,
quantitative PCR, western blotting, and enzyme-linked immunosorbent assay were performed to analyze the effects of quercetin on
cardiomyocytes. We found that H/R induced reactive oxygen species overproduction and endoplasmic reticulum stress, as well as
inhibited the function of the mitochondria/endoplasmic reticulum and mitophagy, eventually leading to apoptosis and decreasing
the viability of human cardiomyocytes. Quercetin pretreatment inhibited H/R-mediated overproduction of reactive oxygen species
and damage caused by oxidative stress, increased mitophagy, regulated mRNA and protein expression of transmembrane BAX
inhibitor-1 motif-containing 6 (TMBIM6), regulated endoplasmic reticulum stress, and improved the vulnerability of human
cardiomyocytes to H/R. Furthermore, transfection with short interfering RNA against silent information regulator protein 1
(SIRT1) counteracted the protective effects of quercetin on cardiomyocytes. Thus, quercetin was predicted to regulate mitophagy
and endoplasmic reticulum stress through SIRT1/TMBIM6 and inhibit H/R-induced oxidative stress damage. These findings may
be useful for developing treatments for hypoxic injury-induced cardiovascular diseases and further highlight the potential of
quercetin for regulating mitochondrial quality control and endoplasmic reticulum function.

1. Introduction

Myocardial hypoxia refers to abnormal changes in myocar-
dial function induced in response to an insufficient O2 supply

or metabolic disorders and is the primary cause of death
[1, 2]. When cardiomyocytes cannot adapt to the lack of O2
supply, reactive oxygen species (ROS) are overproduced,
leading to the development of mitochondrial quality control
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disorders and cardiomyocyte apoptosis. Hypoxia can also
lead to dysfunctions in mitochondrial oxidative phosphory-
lation [3]. Moreover, excessive production of mitochondrial
ROS because of mitochondrial respiratory chain dysfunction
can affect signal transduction pathways, resulting in lipid
peroxidation of the cell membrane and an imbalance in G
protein and effector coupling [4]. Mitochondrial dysfunction
and disruptions in homeostasis of the intracellular environ-
ment are accompanied by endoplasmic reticulum (ER)
stress, which further reduces cell viability and accelerates
apoptosis [5].

Quercetin (Que) is found in the flowers, leaves, and fruits
of many plants, mostly in the form of glycosides [6]. As a
natural antioxidant, Que exerts pharmacological effects
such as regulating mitochondrial quality control and ER
function, reducing capillary fragility, lowering blood lipids,
and increasing coronary blood flow. Although Que has
been demonstrated to protect cardiomyocytes [7], its
underlying mechanism, particularly in the mitochondria
and ER, is unclear.

Mitophagy is one of the most important pathways by
which mitochondria maintain homeostasis [8], and a two-
way regulatory mechanism is associated with hypoxia during
cell metabolic stress [9]. Hypoxia activates mitophagy in var-
ious manners. Mitophagy can degrade damaged proteins to
maintain cell survival [10]; however, when mitophagy is
excessive, the cells are damaged and can undergo type II
programmed cell death [11]. Studies have shown that mild
hypoxia (1% or 0.1% O2) induces autophagy to promote cell
survival but does not cause apoptosis [12]. Therefore, early
stage hypoxia can induce protective autophagy and moderate
apoptosis [13]. However, long-term exposure to hypoxia or
extremely low O2 concentrations (0.1% or 0% O2) causes
the death of numerous cells [14].

Hypoxia affects the function of multiple organelles,
including the mitochondria and ER. In eukaryotic cells, the
ER is the site of protein synthesis, modification, and folding
[15]. Mitochondria are the most important organelles for
supplying energy and regulating cell survival [16]. The ER
and mitochondria share an interconnected region in which
the molecular components are involved in an interaction
mechanism to create a stable environment [17]. Homeostasis
of this local environment enhances signal exchange between
organelles and regulates the structure and function of mito-
chondria and the ER in the cardiovascular system [18].

Mitochondria interact with the ER structurally and
functionally and are closely related to the survival of cardio-
myocytes [17,19]. The adaptive response of the ER and mito-
phagy, as an intrinsic protective mechanism, promotes
protein renewal and timely removal of harmful components,
such as damaged proteins and mitochondria [20]. An imbal-
ance in ROS-mediated redox signaling leads to the develop-
ment of mitophagy disorder and ER stress, and the ability
of the ER to fold proteins decreases, causing the accumula-
tion of unfolded proteins and increased production of ROS
[21]. These events eventually lead to apoptosis, necrosis, or
inflammation [22].

Silent information regulator protein 1 (SIRT1) can regu-
late apoptosis, oxidative stress, mitochondrial constitution,

and the ER [23]. Although Que can ameliorate myocardial
ischemia-reperfusion-induced cardiomyocyte apoptosis via
the SIRT1 pathway [24], the specific regulatory mechanism
is unclear. TMBIM6 is an inhibitor of ER stress and was
originally named as Bax inhibitor- (BI-) 12 [25]. TMBIM6,
as a calcium channel-like protein, can reduce the calcium
release balance on the ER membrane and plays an important
role in regulating ER function and calcium homeostasis.
TMBIM6 can play a protective role against various types of
cell death caused by numerous stimuli [26]. Studies have
shown that overexpression of TMBIM6 in cells can inhibit
the activation of Bax, but its regulatory mechanism is
unclear. As TMBIM6 and SIRT1 can regulate programmed
cell death and autophagy, we predicted that TMBIM6 and
SIRT1 are related in the regulation of mitophagy and ER
stress.

Therefore, in this study, we examined the protective
mechanism of Que against hypoxia/reoxygenation (H/R)
stress in human cardiomyocytes and verified whether this
antioxidant can improve the vulnerability of cardiomyocytes
by regulating mitochondrial and ER functions through
SIRT1/TMBIM6.

2. Materials and Methods

2.1. Cell Culture. Human cardiomyocytes were provided by
the Chinese Academy of Medical Sciences (Institute of Basic
Medicine, Beijing, China). Que (purity ≥ 98%) was provided
by the Chinese Medicine Resource Center of the Chinese
Academy of Traditional Chinese Medicine (Beijing, China).
The cells were cultured in Dulbecco’s modified Eagle
medium (Gibco, Grand Island, NY, USA) containing 10%
fetal bovine serum (Gibco) and penicillin-streptomycin
(1%, Gibco) at 37°C (95% humidity and 5% CO2). The
medium was exchanged every 2 days.

Before use in experiments, human cardiomyocytes were
divided into four groups: (1) control group cells cultured
under the abovementioned conditions; (2) H/R group cells
cultured in fresh hypoxia medium (mM): CaCl2 1.8, HEPES
20, KCl 10, MgSO4 1.2, NaCl 98.5, NaHCO3 6, NaH2PO4
0.9, and sodium lactate 40 at 37°C; placed in an anoxic cham-
ber for 3 h to induce hypoxia; then cultured in reoxygenation
medium (mM): CaCl2 1.8, glucose 5.5, HEPES 20, KCl 5,
MgSO4 1.2, NaCl 129.5, NaHCO3 20, and NaH2PO4 0.9 at
37°C; and finally exposed to an atmosphere of 95% O2 and
5% CO2 for 2 h; (3) Que group cells were treated with Que
(50, 100, 150, 200, and 250mg/L) for 24 h before H/R treat-
ment; and (4) Que+SIRT1 short interfering RNA (siRNA)
group cells transfected with SIRT1 siRNA for 36 h and then
treated with 150mg/L Que for 24 h before H/R treatment.

2.2. Measurement of Cardiomyocyte Viability. Human cardi-
omyocytes were healthy and grown to a confluence of >90%.
Cells were digested with trypsin (0.25%; Sigma, St. Louis,
MO, USA) for 10min. Trypsin activity was terminated by
adding Dulbecco’s modified Eagle’s medium, and cell count-
ing was performed. The cells were then seeded into 12-well
plates (50,000 cells/well), cultured for 12h, and observed
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under an inverted microscope. Cell viability was measured by
the Cell Counting Kit-8 (CCK-8) method.

2.3. Evaluation of Apoptosis. The different groups of cardio-
myocytes were washed with phosphate-buffered saline. Using
an apoptosis detection kit, the percentage of nonapoptotic
cells was determined after biopsy staining. Cytomics FC
500 with CXP software (Beckman, Brea, CA, USA) was used
for flow cytometric analysis.

2.4. Measurement of ROS Levels. Cells from different groups
were collected and incubated with 2′,7′-dichlorofluorescin
(10μM) at 37°C (20min). ROS production was measured
by flow cytometry.

2.5. Measurement of Mitochondrial Membrane Potential
(MMP). The MMP was measured in human cardiomyocytes
by staining with JC-1 in the dark for 30min. Images were
acquired using a confocal microscope (Olympus, Tokyo,
Japan).

2.6. Measurement of Antioxidant Enzyme Activity in
Mitochondria. The activities of superoxide dismutase
(SOD), glutathione (GSH), glutathione peroxidase (GPX),
catalase (CAT), malondialdehyde (MDA), interleukin-10,
interleukin-18, and tumor necrosis factor-α were determined
using a total analysis kit.

2.7. Measurement of Mitochondrial Energy Metabolism. The
mitochondrial O2 consumption rate was analyzed in real
time in intact cells using an XFp Extracellular Flux Analyzer
(Agilent Technologies, Santa Clara, CA, USA). Human cardi-
omyocytes were seeded at a density of 5 × 105 cells/well, and
mitochondrial energy metabolism was measured.

2.8. Western Blotting. Total protein was extracted from the
cells in each group and resolved by electrophoresis (SDS-
PAGE). The resolved peptides were electrotransferred
onto polyvinylidene fluoride membranes and probed with
primary antibodies against SIRT1, LC3A/B, Beclin-1, and
Bcl-2 (Abcam, Cambridge, UK; diluted in 5% skim milk
powder prepared in Tris-buffered saline) and TMBIM6
(Thermo Fisher Scientific Waltham, MA, USA; diluted in
5% skim milk powder prepared in Tris-buffered saline) at
room temperature for 30min and then at 4°C overnight.
Goat anti-mouse IgG (H+L) conjugated with horseradish
peroxidase (diluted 1 : 5000 in Tris-buffered saline) (Abcam,
Cambridge, UK) served as the secondary antibody. The
membrane was washed three times with Tris-buffered saline
and incubated with electrochemiluminescence reagent for
3–5min. An eBlot exposure instrument was used to expose
the film for 60 s; images acquired after an appropriate expo-
sure time were selected and analyzed using the ImageJ soft-
ware (NIH, Bethesda, MD, USA).

2.9. Quantitative PCR. Total RNA extraction reagent (Tri-
Zol, Invitrogen, Carlsbad, CA, USA) was used to extract
RNA from the cells. A NanoDrop® ND-2000 spectrometer
(Wilmington, DE, USA) was used to determine the concen-
tration and purity of RNA, and a PrimeScript™ RT reagent

Kit with gDNA Eraser was used to reverse transcribe
the RNA into cDNA. The cDNA was used as a template
for real-time PCR, and the data were analyzed using the
2-△CT method [27].

2.10. Statistical Analysis. All experimental data are expressed
as the mean ± standard error of themean, and analysis of
variance was used for overall evaluation. The t-test was used
to analyze the differences between groups, and one-way or
two-way analysis of variance and Tukey-test were used to
analyze differences between multiple groups. p < 0:05 indi-
cated a significant difference.

3. Results

3.1. Que Improves the Vulnerability of Human Cardiomyocytes
to H/R. Hypoxia was established by treating human cardio-
myocytes with H/R, and the effect of Que on cell viability
and apoptosis was evaluated. The CCK-8 assay showed that
the viability of H/R-treated human cardiomyocytes was
decreased significantly compared to that of the control group
(Figure 1(a)). However, treatment of the cells with 50, 100,
150, 200, and 250mg/L Que improved the viability of human
cardiomyocytes after H/R treatment, with 150mg/L Que
inducing the most significant improvement (Figure 1(b)).
Therefore, 150mg/L Que was used in the apoptosis experi-
ment. H/R increased the number of apoptotic human cardio-
myocytes; 150mg/L Que pretreatment significantly reversed
this effect (Figures 1(c) and 1(d)). Moreover, transfection with
SIRT1 siRNA further reduced the viability of human cardio-
myocytes and increased apoptosis (Figures 1(c) and 1(d)).
These results indicate that H/R treatment promotes apoptosis
and seriously reduces the viability of human cardiomyocytes,
whereas Que can reverse these effects, ameliorating their vul-
nerability to H/R. Notably, the protective effect of Que was
eliminated after SIRT1 knockdown, suggesting that SIRT1
mediates Que-induced protection of human cardiomyocytes.

3.2. Que Regulates Mitochondrial Homeostasis in H/R-
Treated Human Cardiomyocytes through SIRT1. Energy
metabolism in cardiomyocytes mainly occurs in mitochon-
dria, which can synthesize ATP through oxidative phosphor-
ylation. As defects in mitochondrial energy metabolism and
respiratory function may affect mitochondrial homeostasis,
quality control of these organelles is critical. Therefore, we
examined whether Que improved mitochondrial quality
control through SIRT1 to ameliorate cardiomyocyte vulnera-
bility to H/R. Cells treated with H/R exhibited increased
mitochondrial ROS production compared to that in cells in
the control group, a phenomenon that was inhibited upon
pretreatment with Que (Figures 2(a) and 2(b)). Furthermore,
H/R treatment reduced MMP levels, whereas pretreatment
with Que reversed these effects (Figures 2(c) and 2(d)). H/R
also inhibited the activity of mitochondrial respiratory com-
plexes I/III (Figures 2(e) and 2(f)). Pretreatment with Que
prevented these phenomena in a SIRT1-dependent manner,
and SIRT1 knockdown eliminated the effect of Que on
mitochondrial function (Figures 2(e) and 2(f)). Our results
demonstrate that disruption of mitochondrial homeostasis

3Oxidative Medicine and Cellular Longevity



triggered by H/R results in an imbalance in the levels of mito-
chondrial respiratory complexes, further disturbing mito-
chondrial homeostasis, decreasing human cardiomyocyte
viability, and enhancing apoptosis. Thus, Que regulates mito-
chondrial homeostasis in human cardiomyocytes under H/R
conditions through SIRT1.

3.3. Que Improves Mitochondrial Respiratory Function under
Conditions of H/R through SIRT1. Mitochondria are
extremely sensitive to changes in their environment, such
as nutrition and O2 supplies, and respond through metabolic
adaptations, eventually inducing an imbalance in mito-
chondrial homeostasis. When accompanied by abnormal
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Figure 1: Quercetin (Que) ameliorates the vulnerability of human cardiomyocytes to hypoxia/reoxygenation (H/R): (a) viability of human
cardiomyocytes; (b) viability of human cardiomyocytes with different concentrations of Que; (c, d) apoptosis of human cardiomyocytes
before and after treatment. ∗p < 0:05. Con: control; SIRT1 siRNA: SIRT1 short interfering RNA.
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Figure 2: Quercetin (Que) regulates mitochondrial homeostasis in hypoxia/reoxygenation- (H/R-) stimulated human cardiomyocytes
through SIRT1: (a, b) ROS level analysis; (c, d) MMP analysis; (e, f) activity of mitochondrial (Mt) respiratory complexes I/III. ∗p < 0:05.
Con: control; SIRT1 siRNA: SIRT1 short interfering RNA.
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respiratory chain function, mitochondrial respiratory func-
tion progressively declines, which culminates in ATP deple-
tion, extensive cardiomyocyte damage, and apoptosis. To
determine whether Que ameliorates mitochondrial respira-
tory function under conditions of H/R, we performed a
mitochondrial stress test. The results revealed that compared
to the control group, basal mitochondrial respiration
(Figure 3(a)), maximum respiration (Figure 3(b)), respira-
tory reserve (Figure 3(c)), ATP production capacity
(Figure 3(d)), and coupling rate (Figure 3(e)) were all signif-
icantly inhibited in human cardiomyocytes exposed to H/R.
Moreover, proton leakage was significantly increased upon
H/R exposure (Figure 3(f)). However, Que pretreatment
reversed these effects (Figures 3(a)–3(f)). Interestingly,
SIRT1 knockdown abrogated the effects of Que on mito-
chondrial respiratory function in H/R-exposed human cardi-
omyocytes (Figures 3(a)–3(f)). These data indicate that Que
improves mitochondrial respiratory function and protects

mitochondria in human cardiomyocytes through SIRT1.
Mitochondrial respiration is central to energy production
because it controls the coupling reaction of electron transfer
in the respiratory chain complex in the inner mitochondrial
membrane. ROS are by-products of electron transfer and
the main cause of oxidative stress.

3.4. Que Ameliorates Mitochondrial Oxidative Stress Damage
in H/R-Exposed Human Cardiomyocytes. ROS-induced oxi-
dative stress can induce the development of mitochondrial
quality control disorders, which in turn lead to excessive
mitochondrial lysis and mitophagy imbalance, inducing car-
diomyocyte apoptosis. Next, we verified whether Que affects
oxidative stress damage through SIRT1 under H/R by
enzyme-linked immunosorbent assay. We found that Que
reduced oxidative stress damage in human cardiomyocytes.
Compared to the control group, the activities of SOD, CAT,
GSH, and GPX in the H/R group decreased (Figures 4(a)–
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Figure 3: Quercetin (Que) ameliorates mitochondrial respiratory function under conditions of hypoxia/reoxygenation (H/R) through SIRT1:
(a) basal mitochondrial respiration; (b) maximum respiration; (c) respiratory reserve; (d) ATP production capacity; (e) coupling rate;
(f) proton leakage. ∗p < 0:05. Con: control; SIRT1 siRNA: SIRT1 short interfering RNA.
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Figure 4: Quercetin (Que) ameliorates mitochondrial oxidative stress damage in hypoxia/reoxygenation- (H/R-) treated human
cardiomyocytes: (a) antioxidant activity of superoxide dismutase (SOD), (b) glutathione (GSH), and (c) glutathione peroxidase (GPX);
(d) myosin-VI detection by laser confocal microscopy; (e) activity of malondialdehyde (MDA); (f) antioxidant activity of catalase (CAT).
∗p < 0:05. Con: control; SIRT1 siRNA: SIRT1 short interfering RNA.
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4(c) and 4(f)) and those of MDA increased (Figure 4(e)) in
cells treated with H/R. Pretreatment of cells with Que inhib-
ited these H/R-induced effects (Figures 4(a)–4(c), 4(e), and
4(f)); however, SIRT1 knockdown blocked Que-induced
amelioration of oxidative stress damage (Figures 4(a)–4(c),
4(e), and 4(f)). Moreover, under hypoxia, myosin expression
in cardiomyocytes decreased significantly after H/R, but Que
reversed this phenomenon. The expression of myosin further
decreased after transfection with si-SIRT1 (Figure 4(d)).
These results suggest that H/R inhibits the activity of the
abovementioned antioxidant enzymes and causes oxidative
stress damage and that Que regulates the mitochondrial
redox state in hypoxic cardiomyocytes by activating SIRT1.
Que may regulate myosin expression by maintaining
mitochondrial/endoplasmic reticulum function, but further
experiments are needed to verify this.

3.5. Que Regulates Human Cardiomyocyte Mitophagy under
Conditions of H/R through SIRT1. Mitophagy is related to
energy metabolism in human cardiomyocytes. Under physi-
ological conditions, mitophagy can directly regulate mito-
chondrial numbers and ensure their normal function by
clearing damaged and dysfunctional mitochondria from
cells. These actions affect the physiological function of the
mitochondrial respiratory chain and energy metabolism. In
addition, mitophagy enables the removal of endogenous
ROS produced by mitochondria. To explore the protective
mechanism of Que in mitophagy, quantitative PCR was used
to analyze the expression of PINK1/parkin and ATG5/12,
which encode mitophagy-related proteins, and SIRT1. The
results revealed that the expression of PINK1/parkin,
ATG5/12, and SIRT1 in the H/R group was lower than that
in the control group (Figures 5(a)–5(c), 5(g), and 4(h)). How-
ever, under conditions of Que pretreatment, the expression
of these mRNA was significantly increased (Figures 5(a)–
5(c), 5(g), and 5(h)). Transmission electron microscopy
revealed that the number of mitochondria in cells from the
H/R group was lower than that in cells from the control
group; Que pretreatment significantly increased this number
(Figure 5(f)). Moreover, western blotting revealed that the
levels of SIRT1, LC3-I/II, Beclin-1, and Bcl-2 were lower in
the H/R group than in the control group, but Que reversed
the expression of these proteins (Figures 5(d) and 5(e)).
Notably, SIRT1 knockdown eliminated the regulatory effect
of Que on mitophagy (Figures 5(a)–5(h)).

3.6. Que Improves ER Stress in Human Cardiomyocytes under
H/R Conditions through SIRT1/TMBIM6. The above experi-
mental results suggest that Que can enhance mitophagy
and energy metabolism, inhibit oxidative stress damage,
and ameliorate the vulnerability of cardiomyocytes to H/R.
Additionally, the results demonstrate that SIRT1 plays a
key role in Que-mediated regulation of mitochondrial func-
tion. To verify whether mitophagy inhibition under H/R con-
ditions affects ER function and if Que-induced amelioration
of cardiomyocyte vulnerability to H/R involves the regulation
of ER function, we analyzed the mRNA levels of PERK and
CHOP, which are closely related to ER stress, and caspase-
12, which mediates ER stress-induced apoptosis. As shown

in Figures 6(b)–6(d), compared to the control group levels,
the mRNA and protein levels of PERK, CHOP, and
caspase-12 were increased in human cardiomyocytes from
the H/R group, whereas pretreatment of cells with Que inhib-
ited this upregulation (Figures 6(b)–6(d)). Nevertheless,
SIRT1 knockdown countered the protective effect of Que
(Figures 6(b)–6(d)). These results suggests that H/R upregu-
lates ER stress-related proteins. As shown in Figure 6(a), H/R
intervention can promote calcium release and lead to an
imbalance in calcium homeostasis. However, Que inhibited
calcium release from cardiomyocytes, and SIRT1 siRNA
abolished the ability of Que to regulate calcium homeostasis.
TMBIM6 is an independent protein that can play a very
important role in regulating ER function and Ca2+ homeosta-
sis. TMBIM6 can interact with Ca2+ signaling proteins,
inhibit apoptosis of the ER pathway, and regulate cell life
and death. As shown in Figure 6(h), the mRNA and protein
expression of TMBIM6, determined by qPCR and western
blotting, respectively, decreased significantly under the influ-
ence of H/R. Pretreatment with Que reversed the effect of
TMBIM6, and SIRT1 siRNA inhibited the regulatory func-
tion of Que on TMBIM6. These results demonstrate that
Que-mediated regulation of ER stress in human cardiomyo-
cytes involves SIRT1/TMBIM6. However, the interaction
mechanism between SIRT1 and TMBIM6 needs to be further
clarified.

4. Discussion

We found that hypoxia increases ROS production and fur-
ther induces oxidative stress damage, resulting in mitophagy
dysfunction and ER stress and culminating in decreased
myocardial cell viability. Que pretreatment can ameliorate
mitophagy and mitochondrial function, regulate ER stress-
and ROS-mediated oxidative stress damage, and restore
myocardial cell viability. To understand the effect of Que
on mitochondrial/ER function and to investigate whether
its protective effect on cardiomyocytes involves the SIRT1
signaling pathway, we transfected cells with SIRT1 siRNA.
Depletion of SIRT1 blocked the Que-induced regulation of
mitochondrial/ER function and the protection of cardiomyo-
cytes from H/R. Thus, we showed that Que regulates
mitophagy through the SIRT1 signaling pathway and amelio-
rates the activity of cardiomyocytes under hypoxia condi-
tions. Furthermore, H/R inhibited the mRNA and protein
expression of TMBIM6. Que restored the expression of
TMBIM6, whereas siSIRT1 further inhibited it. Therefore,
Que may regulate mitophagy and the ER through SIRT1/
TMBIM6 to stabilize intracellular calcium homeostasis and
improve cardiomyocyte activity.

Under physiological conditions in the vascular system,
ROS levels can be increased through mitochondrial and non-
mitochondrial pathways. Cells can then eliminate excessive
ROS through the antioxidant system [28], resulting in
reduced oxidative stress with respect to mitochondrial
DNA, respiratory chain complex proteins, and other impor-
tant molecules [29]. However, under hypoxic conditions,
mitochondrial/ER dysfunction induces increased mitochon-
drial damage and excessive ROS production, resulting in
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Figure 5: Continued.
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MMP loss, along with the release of caspase and other apo-
ptosis signaling molecules [30]. This is consistent with our
findings showing that hypoxia-mediated oxidative stress
damage increased ROS production, indirectly leading to
mitochondrial/ER dysfunction and further damage in human
cardiomyocytes.

Mitophagy is an autophagic process that selectively
removes excess or damaged mitochondria [31]. Overexpres-
sion of ATG5, ATG12, and LC3-II (mitophagy-related
proteins) significantly prolongs the lifespan of endothelial
cells. These effects are closely related to increased MMP
and ATP production, reduced mitochondrial DNA damage,
and improved mitochondrial function [32]. Moreover,
autophagy and mitophagy dysfunction may result in abnor-
mal cardiac and endothelial cell function, including vascular
aging and calcification [9]. Autophagy and selective mito-
phagy reverse endothelium-dependent diastolic dysfunction
by regulating the total redox state of blood vessels, inhibiting
ROS production, and increasing arterial stiffness [33].

These studies indicate that mitophagy plays a regulatory
role in vascular and myocardial tissues and cells. A study of
endothelial cells from elderly and young populations and
aged and young mice found that ATG and Beclin-1 in the
elderly groups were significantly decreased, suggesting
decreased autophagy in aged vessels. Furthermore, autoph-
agy inducers can reverse some changes in aging arteries and
inhibit oxidative stress by increasing the bioavailability of
nitric oxide [34]. In a mouse model of diabetic cardiomyop-
athy induced by a high-fat diet, parkin-mediated mitophagy
reduced myocardial hypertrophy and diastolic dysfunction
and protected cardiac function. In addition, pretreatment
with Tat-Beclin-1 (a mitophagy inducer) reduced myocardial
hypertrophy and diastolic dysfunction induced by continu-
ous high-fat diet feeding. In this study, we found that Que
upregulates Beclin-1 and LC3-I/II by regulating ATG, restor-
ing the mitophagy level and energy metabolism function, and
inhibiting ER stress and oxidative stress damage. These find-
ings also corroborate the protective mechanism of mitophagy
in cardiovascular diseases.

In addition to mitophagy dysfunction, ER dysfunction is
an important factor leading to cardiomyocyte apoptosis [35].
Combined ER stress and mitophagy disorders lead to an
imbalance in intracellular homeostasis [36]. When hypoxia-
induced excessive ROS production mediates oxidative stress
damage, unfolded proteins accumulate in the ER, exceeding
the ability to perform the unfolded protein reaction, affecting
mitophagy, and finally leading to increased myocardial
apoptosis [37]. Que was found to inhibit ER stress, promote
mitophagy, reduce mitochondrial dysfunction, and effec-
tively maintain the homeostasis of myocardial cells by regu-
lating SIRT1/TMBIM6 related to ER stress.

Previous research showed that Que regulates the SIRT1,
JNK/c-JUN/CYP7A1, MAPK, and PI3K/AKT pathways [38].
Although this study preliminarily confirmed that Que can
protect cardiomyocytes by regulating mitophagy and ER
stress, its specific molecular mechanism is unclear. Another
study showed that the axial shear stress of SIRT1-FOXO
induces upregulation of SIRT1 and activates autophagy [39].
Moreover, SIRT1 can play a protective role in various
cardiovascular diseases through diverse cellular functions.
For instance, the SIRT1 activator SRT1720 can activate
AMPK, enhance autophagy, and reduce myocardial apopto-
sis, whereas treatment with the SIRT1 inhibitor EX527
reverses the increase in autophagy. These findings suggest
that SIRT1 promotes mitophagy, reduces hypoxia-induced
apoptosis, and protects cardiomyocytes from oxidative
stress. To further verify the regulatory pathway of the effects
of Que on the ER through SIRT1, we examined the ability of
Que to regulate TMBIM6.

As an important organelle, the ER can activate multiple
ER stress signaling pathways to regulate protein folding, syn-
thesis, protein degradation, gene expression, apoptosis, and
bioenergy efficiency. Under various physiological and patho-
logical conditions, unfolded proteins can accumulate in the
ER, a cellular state known as ER stress. TMBIM6, as an
important regulatory protein of ER stress, can participate in
regulating ER stress signaling pathways. TMBIM6 can
directly inhibit IRE1-α activity by binding to its cytoplasmic
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Figure 5: Quercetin (Que) regulates human cardiomyocyte mitophagy under conditions of hypoxia/reoxygenation (H/R): (a, b, c, g, h) levels
of the SIRT1, PINK1/parkin, ATG5, and ATG12 mRNAs determined by qPCR; (d, e) protein levels of SIRT1, LC3-I/II, Beclin-1, Bcl-2, and
GAPDH determined by western blotting; (f) mitochondria observed by transmission electron microscopy. ∗p < 0:05. Con: control; SIRT1
siRNA: SIRT1 short interfering RNA.
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domain [40]. This protein is also responsible for controlling
calcium release and the ER apoptosis pathway in the ER
region [41]. Our results confirm that Que regulates mito-
phagy and ER stress through SIRT1/TMBIM6 and that the
protective effect of Que on cardiomyocytes under oxida-
tive stress damage caused by hypoxia is accomplished by
SIRT-1/TMBIM6.

Nevertheless, this study had some limitations. First,
although we inferred that Que regulates mitochondrial
function and ER stress through SIRT1/TMBIM6 activation,
the SIRT1–TMBIM6 interaction mechanism is not well-
understood. Whether TMBIM6, as a regulatory protein of
ER function, can directly regulate mitophagy is unknown.
Further studies of the molecular mechanisms underlying
these effects are needed to clarify the upstream and down-
stream processes regulating SIRT1/TMBIM6 expression.
Second, the mechanism by which Que inhibits oxidative
stress-induced damage in cardiomyocytes was only discussed
in the context of mitophagy and ER stress; phenomena such
as mitochondria–ER contact and calcium signal transduction
were not explored. Therefore, in-depth studies are needed to
determine the potential involvement of mitochondria–ER
contact disorders in cardiomyocyte or vascular endothelial
cell apoptosis. Finally, the therapeutic relevance of our
in vitro findings must be verified in vivo and in clinical trials.

5. Conclusions

Our research shows that Que ameliorates the vulnerability of
cardiomyocytes to H/R by inhibiting ROS production and
oxidative stress damage, thereby improving mitophagy and
energy metabolism, regulating mitochondrial/ER function,
and ultimately reducing apoptosis. Under Que pretreatment,
SIRT-1 and TMBIM6, which are closely related to the func-
tions of mitochondria and ER, both showed significant
improvement. The protective effect of Que on cardiomyo-
cytes can be eliminated by depleting SIRT1, suggesting that
Que regulates mitophagy and ER stress by activating
SIRT1/TMBIM6 and inhibiting oxidative stress damage.
These findings provide insights into the treatment of hypoxic

injury-induced cardiovascular diseases and the potential of
natural antioxidants for regulating mitochondrial and ER
function.
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Receptor-interacting protein 3- (RIPK3-) modulated necroptosis plays a critical role in cardiac remodelling after myocardial
infarction (MI). However, the precise regulatory mechanism is not fully elucidated yet. In the present study, we showed that
RIPK3 expression was upregulated in myocardial tissue after MI in a mouse model by coronary artery ligation, as well as in the
cardiomyocytes following hypoxic injury in vitro. The increase of RIPK3 expression was found to be accompanied by severe
cardiac remodelling, cardiac dysfunction, and higher mortality. Elevated RIPK3 expression subsequently abrogated the AMPK
pathway that was accompanied by inhibition of Parkin-mediated mitophagy. Loss of mitophagy increased the opening of
mitochondrial permeability transition pore (mPTP), which ultimately induced the cardiomyocyte necroptosis. In contrast,
genetic ablation of Ripk3 induced the AMPK/Parkin-mitophagy pathway, favouring a prosurvival state that eventually inhibited
mPTP opening and induced the necroptosis of cardiomyocytes in the post-MI cardiac remodelling. In conclusion, our results
revealed a key mechanism by which necroptosis could be mediated by RIPK3 via the AMPK/Parkin-mitophagy/mPTP opening
axis, which provides a potential therapeutic target in the management of heart failure after MI.

1. Introduction

Today, ischemic heart failure remains a major health concern,
accounting for high morbidity and mortality globally [1]. Myo-
cardial infarction (MI) has been found to be the leading cause of
ischemic heart failure. The loss of cardiomyocytes is confirmed
as essential in the pathogenesis of cardiac remodelling following
MI [2, 3], which is mainly due to necroptosis [4]. Thus, reduc-
ing cardiomyocyte necroptosis represents a very promising
strategy in treating ischemic heart failure.

Necroptosis is one subtype of necrosis that is regulated by
a specific pathway of cell death [5]. Specifically, the receptor-
interacting protein 3- (RIPK3-) mediated mitochondrial per-
meability transition pore (mPTP) opening signalling path-
ways are key in regulating necroptosis of cardiomyocyte
under different stimuli [4, 6, 7]. The mPTP opening causes
proton gradient dissipation, which thereby modulates the
oxidative phosphorylation and ATP synthesis, mitochondrial
swelling and rupture, and eventually cardiomyocyte necrop-
tosis [8, 9]. However, the precise mechanism by which RIPK3
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regulates mPTP opening in post-MI cardiac remodelling
remains elusive.

Mitochondria are intracellular organelles that are critical
in certain intracellular processes that are fundamental in
energy transformation with ATP [10]. Mitochondria are also
important in cell life and fate as they pay key roles in initiat-
ing apoptosis. Maintaining homeostatic control of the mito-
chondria, in terms of both quantity and quality, is essential
for cell fate and function [11]. Mitophagy is a protective
mechanism which degrades those damaged mitochondria
in the lysosomes under exposure to different stimuli [12–
14]. Recent studies have confirmed that mitophagy is criti-
cally involved in the regulation of cellular necroptosis. In
neuroblastic SH-SY5Y cells, activation of mitophagy by
UNBS1450 inhibited the dissipation of mitochondrial mem-
brane potential, mPTP opening, and cellular necroptosis.
However, another study showed that mitophagy can also
activate cellular necroptosis. During the progression in
chronic obstructive pulmonary disease (COPD), inhibition
of mitophagy was also shown to reduce the number of
human pulmonary arterial endothelial cells undergoing
necroptosis due to smoke exposure [15–17]. Thus, mito-
phagy appears to play different roles in the regulation of cell
necroptosis in different contexts, which may be related to the
cell type and pathological environment [18]. Accordingly, we
were interested in determining the role of mitophagy in car-
diomyocyte necroptosis during post-MI cardiac remodelling.

Numerous studies have shown that activation of mito-
phagy can inhibit mPTP opening [19–21]. The PINK1-
dependent recruitment of Parkin to damaged mitochondria
is crucial in the process of mitophagy [22, 23]. Parkin phos-
phorylation is necessary for the full activation of the protein’s
E3 ligase activity, which increases the capacity of Parkin to
interact with LC3. At the molecular level, Parkin-mediated
mitophagy inhibits mPTP opening by catalysing ubiquitina-
tion of CypD, a key component of the mPTP complex [24].
Furthermore, Parkin-dependent mitophagy was shown to
be essential for cardiomyocyte repair in ischemia and reper-
fusion (I/R) injury [25], hypoxic injury [26], and cardiac
hypertrophy [27], as well as diabetic cardiomyopathy [28].

Thus, we hypothesized that RIPK3 may cause Parkin-
dependent mitophagy to provoke mPTP opening and cardio-
myocyte necroptosis in the pathogenesis of cardiac remodelling
after MI. To test this hypothesis, RIPK3-deficient mice (Ripk3-
/-) were selected to establish an MI model with coronary artery
ligation.We also established an in vitromodel of hypoxic injury
by using of cardiomyocytes from wild-type (WT) and Ripk3-/-

mice cultured in hypoxic conditions. The impact of RIPK3
afterMI onmPTP opening and the expression of inflammatory
factors were assessed. To explore the mechanisms underlying
the influence of RIPK3 on post-MI heart remodelling, we eval-
uated the effects on angiogenesis, inflammation, oxidative
stress, and cardiomyocyte necroptosis and the potential role
of Parkin-mediated mitophagy on these effects.

2. Materials and Methods

2.1. Establishment of Animal Models. The present study was
officially approved by the Institutional Animal Care and

Use Committee, Chinese PLA General Hospital, Beijing.
Gene knockout mice (Ripk3-/-) with a C57BL/6 background
(male, 12wk old, n = 60) were generated as previously
described [19]. MI mouse models were established according
to a standard protocol: prior to surgery, wild-type (WT, male,
12wk old, n = 60) and Ripk3-/- mice were administered with
inhalation anaesthesia by using 1–2% isoflurane. The ligation
surgical procedure of left anterior descending coronary artery
was done as reported [29]. As a control, the specific artery
remained intact in the sham group in the operation. Blood
samples were collected 28 days after the surgery, emulating
MI. The size of infarction was measured in the post-MI
hearts using Masson’s trichrome staining. Interstitial fibrosis
in the noninfarct area was also investigated.

2.2. Determination of Cardiac Function. To monitor the car-
diac function (n = 6/group) of animal models, echocardiog-
raphy of all the mice was carefully examined by using a
14.0MHz echocardiogram (Sequoia C512; Acuson) from
Germany as reported in our previous study [19, 30].

2.3. Isolation of Cardiomyocytes and Primary Cell Culture, In
Vitro I/R Injury Induction. Primary cardiomyocytes were all
isolated from both Ripk3-/- and wild-type (WT) mice accord-
ing to our previous protocol [6]. The cells were subsequently
proliferated in the high glucose-containing Dulbecco’s mod-
ified Eagle medium (DMEM; Gibco) with 20% foetal bovine
serum (FBS, HyClone, USA) in a 37°C incubation chamber
supplied with 5% CO2 and 95% air. For the cardiomyocytes
under in vitro I/R injury induction, cells were incubated in
pure DMEM with no FBS and other ingredients in a hypoxia
chamber (95% N2 and 5% CO2) for 24h. The adenovirus
plasmid (Ad-Parkin) and control adenovirus plasmid (Ad-
ctrl) were purchased from Vigene Biosciences. The Ad-
Parkin and Ad-ctrl were used to infect the cardiomyocytes.

2.4. Cellular Necroptosis Detection. Cell suspension was
seeded in 6-well cell-culture plates at a density of 106 cells/-
well and incubated at 37°C for 24 h. To identify cells that
had undergone necroptosis, cardiomyocytes were stained
with 5μL of FITC Annexin V and PI at RT (25°C) for
15min in the dark with the FITC Annexin V Apoptosis
Detection Kit (556547, BD Bioscience) [6].

2.5. Reactive Oxygen Species (ROS) Assays. ROS were mea-
sured after staining with dihydroethidium (DHE; Invitrogen,
USA) [31]. The fluorescence was observed under micro-
scopes and further analysed by flow cytometry. DHE was
excited at 300 nm and 535nm based on the standard proto-
col. The malondialdehyde (MDA) and the total superoxide
dismutase (SOD) were detected as indicated by manufacturer
(Biotein, Shanghai, China).

2.6. Enzyme-Linked Immunosorbent Assay (ELISA) of
Cytokines. In addition to serum tumour necrosis factor-
alpha (TNF-α) and interleukin-6 (IL-6), monocyte chemoat-
tractant protein-1 (MCP-1) were also identified with com-
mercially available ELISA kits from Technology Co., Ltd.,
Boster Bio, China.
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2.7. RNA Isolation and Reverse Transcription-Quantitative
PCR. RNA samples were extracted from the blood of mice
or cells after treatment with hypoxia with routine laboratory
protocol [32]. Total RNA (1mg) was used for reverse tran-
scription to synthesise cDNA (Invitrogen). Quantitative
PCR was then run on a LightCycler 480 II system (Roche)
with the LightCycler 480 Probes Master kit (Roche,
04887301001) and TaqMan primer-probe mix for each target
gene. The reference gene 18S was used as an internal control.

2.8. Immunoblotting. For immunoblotting analysis, equal
amounts (20–35μg) of total protein were fractionated by
electrophoresis under denaturing conditions on a 4–20%
sodium dodecyl sulphate- (SDS-) polyacrylamide gel
(PAGE). The entire gel with protein bands was then trans-
ferred onto a piece of Immobilon-P polyvinylidene fluoride
(PVDF) membrane (EMDMillipore, IPV00010). Since a gra-
dient gel usually provides better separation of proteins with a
wide range of molecular weights, we aimed to blot 2-3 pro-
teins from the samemembrane by cutting the membrane into
small pieces. The target proteins were therefore ensured to
fall into the middle of truncated membranes. In brief, the
membranes were prestained with Pierce reversible protein
stain kit and cut into 2-3 pieces based on the predicted
molecular weights of target proteins according to direct visu-
alization using a prestained protein ladder as reference. The
PVDF membrane with proteins was blocked in 3% bovine
serum albumin (BSA) for 1 h at RT. The membranes were
further soaked overnight in primary antibodies at the desired
dilution ratio in 3% BSA/TBST at 4°C. Primary anti-bodies
for immunoblotting were as follows: PAGM5 (1 : 1000,
Abcam, #ab126534), GADPH (1 : 1000, Abcam, #ab8245),
p-MLKL (1 : 1000, Abcam, #ab196436), MLKL (1 : 1000, Cell
Signaling Technology, #37705), Ripk3 (1 : 1000, Cell Signal-
ing Technology, #95702), LC3II (1 : 1000, Cell Signaling
Technology, #3868), p62 (1 : 1000, Abcam, #ab56416),
Beclin1 (1 : 1000, Cell Signaling Technology, #3495), Atg5
(1 : 1000, Cell Signaling Technology, #12994), phospho-
AMPK (Thr172, 1 : 500, Cell Signaling Technology, #2535),
AMPK (1 : 1000, Cell Signaling Technology, #2532), Parkin
(1 : 500, Abcam, #ab15954), phospho-Parkin (Ser65)
(1 : 1000, Abcam, ab154995), and VDAC (1 : 1000, Abcam,
#ab14734). They were subsequently washed in 1x TBST
5min each for three times before incubating for 1 h with
species-relevant horseradish peroxidase-conjugated second-
ary antibodies (1 : 5000–10,000) at RT. The PVDFmembrane
was washed again before being incubated in an Amersham
ECL Prime Western Blotting Detection Reagent (GE Health-
care, RPN2232) or Clarity Max Western ECL Substrate (Bio-
Rad, 1705062) as per the manufacturer’s protocols, and tar-
get bands were detected on the ImageQuant LAS 400 system
(GE Healthcare). The intensity of protein bands was quanti-
fied with the built-in ImageQuant TL software (Version 7.0
GE Healthcare) and normalized to the level of GADPH.

2.9. Immunofluorescence. Immunofluorescence analysis was
performed on the cells as described previously. In brief, the
cells were washed in phosphate-buffered saline (PBS) for
three times prior to being fixed in 4% paraformaldehyde for

1 h at RT. Primary antibodies soaked with the cells were incu-
bated overnight at 4°C. Afterwards, washout of excess pri-
mary antibodies (3 × 10 min with 0.1% Triton-X100 in
PBS), the cells were further incubated for 2 h with secondary
antibodies diluted in 5% NDS buffer at RT. The cover slips
were subsequently washed with PBS-T (3 × 10 min) and
PBS (1 × 10 min) in the dark and mounted onto slides using
Fluoromount-G (SouthernBiothech, Birmingham, AL, USA).
Immunostained preparations were analysed using a Nikon
A1R confocal microscope (Melville, NY, USA) to determine
protein expression.

2.10. Determination of mPTP Opening. mPTP opening was
visualized by the rapid dissipation of tetramethylrhodamine
ethyl ester (TMRE) fluorescence. We determined the arbi-
trary time of mPTP opening as the time when the TMRE
fluorescence intensity was detected half-reduced between
the initial and residual fluorescence intensities as reported.
Cyclosporin A (CsA, 2μg/ml, Sigma Aldrich) was used as
the inhibitor for mPTP opening in the negative control [33].

2.11. Statistical Analysis. One-way analysis of variance and
the Student-Newman-Keuls test for post hoc comparisons
were used to test for differences between the means of three
or more independent groups. In addition, the Mann-
Whitney U test was applied between the two experimental
groups. The difference in the survival between two groups
after MI was determined by the Mantel-Cox test. Data were
all expressed as mean ± SEM. The statistical differences were
cut off at p < 0:05.

3. Results

3.1. RIPK3 Aggravated Cardiac Remodelling after MI. As
shown in Figures 1(a) and 1(b), the western blot results dem-
onstrated that expression of the myocardial RIPK3 protein
was significantly upregulated in the peri-infarct heart tissue
at 4 weeks after surgery compared to that of the sham-
operated mice. Masson’s trichrome staining of samples col-
lected 4 weeks after MI showed that loss of Ripk3 reduced
the infarct size and the degree of fibrosis compared with
those of the WT group after MI (Figures 1(c)–1(f)). Further-
more, Ripk3 genetic ablation led to a lower level of heart
weight-to-body weight ratio and lung weight-to-body weight
ratio (Figures 1(g) and 1(h)). Gene knockout of Ripk3 down-
regulated the mRNA expression in myocardial atrial natri-
uretic peptide (ANP), brain natriuretic peptide (BNP), and
plasma BNP (Figures 1(i)–1(k)).

Compared with theWT group, deletion of the Ripk3 gene
induced lower mRNA expression levels of some proinflam-
matory cytokines such as TNF-α and IL-6 in the peri-
infarcted areas of the heart tissue after MI (Figures 1(l) and
1(m)). DHE staining showed that the ROS content was ele-
vated in the WT group but was restored to normal levels in
the Ripk3-/- group after MI (Figure 1(n)). In addition,
decreased SOD enzymatic activity and increased content of
MDA in remodelled hearts was reversed by Ripk3 deletion
(Supplemental Fig. 1A–B). Ripk3 genetic deletion was also
found to show effects of attenuating cardiac necroptosis, as
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confirmed by the decreased levels of phosphoglycerate
mutase 5 (PGAM5) and phosphorylated mixed-lineage
kinase domain-like protein (p-MLKL) (Figures 1(o)–1(q)).
Collectively, these results indicated that RIPK3 contributed
to post-MI heart remodelling.

3.2. Ablation of Ripk3 Gene Enhanced the Cardiac Function
and Survival of MI Mice. Echocardiography analysis at 4
weeks after MI confirmed that knockout of Ripk3 signifi-
cantly improved the left ventricular ejection fraction (LVEF)

and left ventricular fractional shortening (LVFS) and also
reduced the internal diameter of the left ventricle at the end
of systole and diastole (Figures 2(a)–2(d)). In sham-
operated mice, the ablation of Ripk3 had no effects on the
above parameters in echocardiography scans. Furthermore,
Ripk3-/- mice had higher survival rates after MI compared
with that of WT mice (Figure 2(e)). Taken together, our
results strongly indicate that knockout of the Ripk3 gene
would help maintain the cardiac performance and survival
during the chronic phase of MI.
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Figure 1: RIPK3 upregulation promoted cardiac remodelling after MI (n = 6/group). (a, b) The change of RIPK3 expression after MI. The
infarct size (c, d) and the degree of fibrosis (e, f) of mice hearts were performed by Masson’s trichrome staining. Ripk3 genetic ablation
reduced both the heart weight-to-body weight ratio (g) and the lung weight-to-body weight ratio (h). (i, j) The mRNA expression levels of
myocardial atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP) were performed by RT-PCR. (k) The change of plasma
BNP levels was detected by ELISA. (l, m) Loss of Ripk3 reduced the mRNA levels of proinflammatory cytokines TNF-α and IL-6 in the
peri-infarcted areas of the heart tissue. (n) ROS content in the heart tissue was detected by DHE staining. (o–q) The change of protein
levels of phosphoglycerate mutase 5 (PGAM5) and phosphorylated mixed-lineage kinase domain-like protein (p-MLKL). Data are shown
as the means ± SEM, ∗p < 0:05.

5Oxidative Medicine and Cellular Longevity



3.3. RIPK3-Induced Necroptosis Is Mediated by mPTP
Opening in Cardiomyocytes. As shown in Figures 3(a) and
3(b), the cardiomyocyte necroptosis index was increased by
hypoxia treatment for 24h, based on the elevated expression
of PGAM5 and p-MLKL. However, this effect was reversed in
cardiomyocytes from Ripk3-/-mice. To probe the underlying
mechanism of Ripk3-mediated cardiomyocyte necroptosis,
we first evaluated the rate of mitochondrial mPTP opening.
Hypoxia treatment increased the mPTP opening time in
WT cells, which was reversed in the case of Ripk3 deficiency
(Figure 3(d)). Inhibition of mPTP opening with CsA reduced
necroptosis of WT cells under hypoxic stress, reaching a sim-
ilar level to that as observed under Ripk3 deletion
(Figures 3(e) and 3(f)). Thus, mPTP opening plays a role in
Ripk3-induced cardiomyocyte necroptosis.

3.4. RIPK3 Promoted mPTP Opening via Reducing Parkin-
Related Mitophagy. As shown in Figures 4(a)–4(f), hypoxia
reduced the levels of mitophagy markers in WT cells, includ-
ing mito-LC3II, Atg5, Beclin1, and p62, compared with those
of the control group cultured under normoxic conditions.
However, these changes were reversed by Ripk3 deletion.
Since Parkin is essential for cardiac repair in post-MI heart
remodelling, we further focused on the role of Parkin-
related mitophagy in the Ripk3-mediated regulation of mito-
phagy under hypoxic stress. A gain-of-function Parkin assay
was performed by overexpressing Parkin in the cardiomyo-
cytes via transfection with an adenovirus vector (Ad-Parkin).
Overexpression of Parkin reduced the hypoxic-induced
mPTP opening following hypoxia injury in WT cells, which
was consistent with the effect of Ripk3 ablation
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Figure 2: Genetic ablation of Ripk3 enhanced the cardiac function and survival of MI mice. (a–d) Cardiac function is evaluated through
echocardiography (n = 6/group). Data are shown as the means ± SEM, ∗p < 0:05. LVEF: left-ventricular ejection fraction; LVFS: left-
ventricular fractional shortening; LVEDd: left ventricular end-diastolic diameter; LVESd: left ventricular end-systolic diameter. (e) Survival
of WT or Ripk3-/- mice treated with sham or MI surgery (n = 20/group), ∗p < 0:05 vs. Sham+WT group, #p < 0:05 vs. MI+WT group.
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Figure 3: RIPK3 initiated necroptosis via promoting mPTP opening (n = 6/group). (a–c) The expression change of PGAM5 and p-MLKL was
determined by western blot in vitro. (d) The change of mPTP opening time. (e) The cardiomyocyte necroptosis was measured flow cytometry
with Annexin V/PI staining. Necroptosis group: the percentage of PI+ cells. Data are shown as the means ± SEM, ∗p < 0:05.
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(Figure 4(g)). These data confirmed that RIPK3 regulates
mPTP opening via Parkin-related mitophagy.

3.5. RIPK3 Regulated Parkin-Related Mitophagy via the
AMPK Pathway. Hypoxic injury reduced the level of Parkin
phosphorylation. However, this change was prevented with
Ripk3 deletion. To further investigate AMPK regulation of
Parkin phosphorylation, we also observed the levels of
AMPK activation under hypoxia. As shown in Figure 5(a),
AMPK phosphorylation was suppressed under hypoxic con-
ditions; this was reversed by Ripk3 knockout. Treatment of
the cardiomyocytes with the AMPK pathway activator
(AICAR, AI) facilitated the phosphorylation of AMPK in
the hypoxia group, together with increased Parkin phosphor-
ylation (Figures 5(a)–5(c)). Costaining of the mitochondria
and lysosome revealed that AMPK activation declined the
association between the mitochondria and lysosome under
hypoxic injury (Figure 5(d)). These data confirmed our
hypothesis that RIPK3 regulates Parkin-related mitophagy
via the AMPK pathway.

4. Discussion

Loss of cardiomyocytes after myocardial infarction promotes
cardiac remodelling. RIPK3 supposedly plays a key role in
cardiomyocyte necroptosis after MI. In our study, it was
found that (i) RIPK3 could be activated after MI and would
facilitate the development of post-MI cardiac remodelling;
(ii) genetic ablation of Ripk3 alleviated cardiac remodelling
and promoted the cardiac function and survival of MI mice;
(iii) Ripk3 upregulation in cardiomyocytes inhibited AMPK
phosphorylation, which reduced Parkin activation, thereby
inhibiting mitophagy; and (iv) inactivation of mitophagy
promoted opening of the mPTP, leading to cardiomyocyte
necroptosis.

Mechanistically, formation of the “necrosome” by
RIPK1, RIPK3, and p-MLKL results in necroptosis in various
types of cells. However, myocardial necroptosis was reported
to be the prominent mode of cell death, which is dependent
on RIPK3 and mPTP opening [4, 6, 19]. Although the poten-
tial mechanism of how the mPTP opening triggers
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Figure 4: RIPK3 induced mPTP opening via Parkin-related mitophagy (n = 6/group). (a–f) Western blots were used to analyse the protein
related to mitophagy. The gain-of-function assay about Parkin was carried out via adenovirus vector (Ad-Parkin) transfection. (g) The change
of mPTP opening time. Data are shown as the means ± SEM, ∗p < 0:05.
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cardiomyocyte necroptosis is well understood due to exten-
sive research, the precise mechanism by which RIPK3 trig-
gers mPTP opening has remained elusive, especially during
cardiac remodelling after MI. Therefore, this study fills this
gap in knowledge by confirming that RIPK3 induces necrop-
tosis via the AMPK/Parkin-mitophagy/mPTP opening path-
way, representing a novel signalling pathway involving post-
MI cardiac remodelling as well as cardiomyocyte necroptosis.

The current study identified that mitophagy could act as
a negative regulator of cardiomyocyte necroptosis in post-MI
cardiac remodelling. Although accumulating evidence has
hinted at a potential association between mitophagy and
necroptosis, the regulatory role of mitophagy in necroptosis
activation remains controversial. In patients with COPD,
activation of both mitophagy and necroptosis has been
observed in lung epithelial cells under persistent cigarette
smoke extract (CSE) stimulation [34]. However, in Crohn’s
disease, activation of mitophagy was found to inhibit

RIPK3-dependent necroptosis in the intestinal epithelium
[35]. Therefore, the cross-talk between mitophagy and
necroptosis might differ depending on the stimulus exposure
and disease model.

Extensive research on Parkin-dependent mitophagy has
been carried out in the field of cardiac injury [24, 36]. Our
results demonstrated that an increase in Parkin-related mito-
phagy was accompanied by a decrease in mPTP opening and
cardiomyocyte death, which was consistent with previous
studies. In addition, mitophagy could be activated by specific
receptors such as Fundc1, Bnip3, and Parkin [37, 38]. The
role of other mitophagy-related receptors in regulating car-
diomyocyte necroptosis should be taken into consideration
for further research.

In addition, AMPK plays a protective role in a variety of
pathophysiological processes in cardiac functions [39].
AMPK activates Parkin-mediated mitophagy through the
phosphorylation of PINK1 and thus modulates Parkin
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Figure 5: RIPK3 inactivated Parkin via inhibiting AMPK-mediated Parkin phosphorylation (n = 6/group). (a–c) Parkin and AMPK
phosphorylation was analysed by western blots. AICAR (AI), the AMPK pathway activator, was used to activate AMPK pathways in WT
cell under hypoxia injury. (d) The coimmunofluorescence of mitochondria and lysosomes in cardiomyocyte. AMPK activation facilitated
the disassociation between the mitochondria and lysosome under hypoxia injury. Data are shown as the means ± SEM, ∗p < 0:05.
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recruitment/activation from the cytoplasm to the outer
membrane of mitochondria [18, 40, 41]. In the current study,
we identified RIPK3 as a negative regulator of Parkin-
mediated mitophagy via inhibiting the AMPK pathway in
cardiomyocytes, thereby revealing a novel myocardial
necroptosis regulation model. However, the regulation
mechanism of AMPK by RIPK3 warrants further
investigation.

5. Conclusion

In conclusion, hypoxic injury and MI were associated with
increased RIPK3 expression, leading to inactivation of
AMPK. The reduction in AMPK in turn inhibited Parkin
activation, which suppressed mitophagy and promoted
mPTP opening and cellular necroptosis after MI. Thus,
genetic ablation of Ripk3 could activate the AMPK/Parkin-
mitophagy pathway and subsequently prevent mPTP open-
ing and cardiomyocyte necroptosis, ultimately preventing
cardiac remodelling. Our results provide a potential thera-
peutic target to treat ischemic heart failure after MI.
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Impaired function of the endoplasmic reticulum (ER) is followed by evolutionarily conserved cell stress responses, which are
employed by cells, including cardiomyocytes, to maintain and/or restore ER homeostasis. ER stress activates the unfolded
protein response (UPR) to degrade and remove abnormal proteins from the ER lumen. Although the UPR is an intracellular
defense mechanism to sustain cardiomyocyte viability and heart function, excessive activation initiates ER-dependent
cardiomyocyte apoptosis. Myocardial ischemia/reperfusion (I/R) injury is a pathological process occurring during or after
revascularization of ischemic myocardium. Several molecular mechanisms contribute to the pathogenesis of cardiac I/R injury.
Due to the dual protective/degradative effects of ER stress on cardiomyocyte viability and function, it is of interest to understand
the basic concepts, regulatory signals, and molecular processes involved in ER stress following myocardial I/R injury. In this
review, therefore, we present recent findings related to the novel components of ER stress activation. The complex effects of ER
stress and whether they mitigate or exacerbate myocardial I/R injury are summarized to serve as the basis for research into
potential therapies for cardioprotection through control of ER homeostasis.

1. Introduction

Myocardial ischemia/reperfusion (I/R) injury occurs when
myocardial tissues or cardiomyocytes are resupplied with
fresh blood flow following a period of ischemia. In that situ-
ation, tissues/cells not only fail to recover from the ischemic
damage but also develop additional injury caused by the
reperfusion itself [1, 2]. This phenomenon is particularly
prominent in the heart, liver, and brain [3–5]. Clinically,
cardiac surgery and coronary artery bypass graft may cause
myocardial I/R injury [6–8]. It is now generally believed that
the main mechanisms of reperfusion injury are excessive
formation of free radicals within the tissue and intracellular
calcium overload [9–11]. Among the various biochemical
mechanisms and signal pathways that may be involved
[12–14], endoplasmic reticulum (ER) stress has been found
to be associated with reperfusion-mediated oxidative stress
and cardiomyocyte death [15, 16]. ER stress refers to a path-
ological process associated with hypoxia, starvation, calcium
imbalance, and free radical overproduction that disrupts the

physiological functions of the ER [17, 18]. These stimuli may
cause signaling from the ER to the cytoplasm and nucleus,
where adaptive responses or the apoptotic program will be
ultimately activated [19, 20].

Recent studies have reported a close relationship between
ER stress and cardiac I/R injury [21, 22]. This suggests reduc-
ing ER stress through genetic approaches or pharmacological
treatments could potentially reduce myocardial I/R injury
[23–25], thereby bringing clinical benefits on many patients
with cardiovascular disease. This review focuses on the cur-
rent research investigating the role played by ER stress in
myocardial I/R injury with the aim of identifying clinical
approaches that may be applied to reduce cardiac I/R injury
in the future.

2. Overview of Myocardial I/R Injury

Nutrients are supplied to tissues and metabolic waste carried
away by the circulation. Insufficient blood flow to a tissue,
such as the myocardium, results in ischemia [26, 27], which
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can lead to cell death and tissue damage. Myocardial ische-
mia is usually caused by occlusion of one or more coronary
arteries, which is followed by a decline in oxygen tension
within the myocardium [2, 28, 29]. Myocardial ischemia
severely hinders oxidative metabolism of fatty acids, glucose,
pyruvate, and lactic acid, which causes energetic stress within
cardiomyocytes [30, 31]. It also slows or even stops
mitochondrial respiration [32, 33], diminishing oxidative
phosphorylation and ATP production. In the absence of
sufficient oxygen, ATP production through glycolysis is
enhanced, which leads to overproduction of lactic acid
[34, 35] and, in turn, intracellular acidosis. In addition,
ischemia interrupts β-oxidation of fatty acids and thus pro-
motes accumulation of incomplete fatty acid metabolites in
the cytoplasm [36, 37]. The most important change within
the ischemic myocardium is the reduced generation of
high-energy phosphoric compounds (e.g., ATP) and cardio-
myocyte death due to ATP deficiency [38, 39]. As a result
of the ATP undersupply, the calcium pump within cardio-
myocytes cannot effectively remove calcium from the
cytoplasm, resulting into calcium overload [40, 41]. The
resultant abnormal calcium signal blunts ventricular con-
traction and promotes the development of cardiac dys-
function [42–44].

From the perspective of treatment, timely restoration of
blood flow to the myocardium is an effective way to relieve
tissue ischemia and insufficient nutrient supply [45, 46].
Interestingly, however, reperfusion of ischemic tissue can
cause additional damage due to I/R injury [47, 48]. This
concept was first proposed in 1955 by Sewell et al., based
on observations made in dogs after coronary artery ligation
[49]. They reported that removing the coronary ligation,
and thus restoring of myocardial perfusion, induced ventric-
ular fibrillation and death [50, 51]. This concept was further
validated in 1960 by Jennings et al. [52], who reported that
when tissue or cells regain a blood supply after transient
ischemia, they undergo I/R injury. It was also shown that
myocardial ischemia and subsequent reperfusion injury are
independent but interrelated pathophysiological processes
[53, 54]. Consequently, the prevention and treatment of
reperfusion injury should start during the ischemic period,
and the ischemia must be removed as soon as possible
[55, 56]. The shorter the duration of ischemia, the smaller
are the ischemic changes and the possibility of injury after
reperfusion [57, 58]. At present, there is no particularly
effective way to cope with myocardial I/R injury [59–61].
Several studies have been conducted to understand the
molecular mechanisms underlying myocardial I/R injury.
Oxidative stress, microvascular damage, inflammatory
responses, autophagy inhibition, immune disorders, platelet
activation, cardiomyocyte metabolic disturbance, ER stress,
and mitochondrial dysfunction are all reported to be poten-
tial pathological factors contributing to the development of
cardiac I/R injury [62–66].

3. Molecular Basis of ER Stress

3.1. Overview of the ER. The ER is a membranous tubular
organelle within eukaryotic cells [67]. It is found in two

forms: rough and smooth [68]. Rough ER localizes with ribo-
somes and is mainly responsible for protein folding and post-
translational modification [69, 70]. Smooth ER, on the other
hand, functions to maintain lipid biosynthesis and calcium
storage [71]. ER stress is a state in which an external stimulus
disrupts ER homeostasis and triggers the accumulation of
unfolded or misfolded proteins within the ER lumen [72].
Calcium overload and abnormal lipid metabolism, due to
ER dysregulation, will further promote ER stress [73]. The
stimuli thought to cause ER stress include nutritional defi-
ciency, hypoxia, ischemia, oxidative stress, and DNA damage
[74–76]. When ER stress occurs, the cell reduces protein syn-
thesis and promotes degradation of misfolded proteins [77].
However, under continuous strong stimulation, excessive
ER stress is associated with cell apoptosis [78].

3.2. Activation of ER Stress. ER stress in mammals has four
components: inhibition of protein translation, upregulation
of molecular chaperones, activation of the protein degrada-
tive program, and induction of apoptosis [79]. ER stress sig-
nal transduction is mediated via three crucial enzymes
(Figure 1) [80]: protein kinase R-link ER kinase (PERL), acti-
vating transcription factor-6 (ATF-6), and inositol-requiring
enzyme-1 (IRE1). ER molecular chaperones acting as sensors
of ER homeostasis play a key role in monitoring the accumu-
lation of unfolded proteins within the ER [81]. Under
physiological conditions, GRP78 (also known as binding
immunoglobulin protein; BiP) binds to PERK, ATF-6, and
IRE1 [82] within the ER. However, GRP78 has greater affin-
ity for unfolded proteins; consequently, when ER homeosta-
sis is disrupted, leading to accumulation of unfolded proteins
within the ER, GRP78 dissociates from PERK, ATF-6, and
IRE1, which results in the activation of ER stress signaling
transduction pathways [83].

3.3. The Transduction Pathways of ER Stress

3.3.1. PERK Pathway. PERK is a transmembrane protein in
the ER membrane [84]. After dissociation of GRP78, it forms
a homodimer and is then activated by autophosphorylation.
Phosphorylated PERK catalyzes the phosphorylation of
eukaryotic initiation factor-2α (elF2α) [85], which inacti-
vates eIF2α-mediated translation. This effect significantly
represses the transcription of most mRNA and, in turn,
protein synthesis, which reduces the protein load on the
ER [86]. Interestingly, elF2α phosphorylation is associated
with an increase in the transcription of activating transcrip-
tion factor-4 (ATF-4), which, after translation, translocates
the cell nucleus and functions to upregulate ER molecular
chaperones [87]. However, if ER homeostasis cannot be
restored, the continuous overexpression of ATF-4 will pro-
mote the upregulation of C/EBP homologous protein
(CHOP), a potential proapoptotic protein regulating cell
death [88].

3.3.2. ATF-6 Pathway. Like PERK, ATF-6 is an ER
transmembrane protein [89]. After dissociation of GRP78,
ATF-6 translocates to the Golgi apparatus where it is cleaved
and activated by the proteases Sit-1/2. The activated ATF-6
migrates into the nucleus where it forms homodimers or
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heterodimers with other transcription factors, leading to the
upregulation of ER chaperone genes [90].

3.3.3. IRE1 Pathway. Upon dissociation of GRP78, the ER
transmembrane protein IRE1 forms a homodimer and
undergoes autophosphorylation activation [91]. Activated
IRE1 has endoribonuclease activity [92], which can cut the
mRNA encoding XBP1 (x-box binding protein-1) to form a
new transcript encoding a second XBP1 isoform [93]. When
abundant, the translated XPB1 protein migrates into the
nucleus, where it upregulates the expression of genes related
to ER stress [94]. Long-term activation of the IRE1 is associ-
ated with apoptosis activated via the TRAF2/ASK1/JNK
pathway.

3.4. Unfolded Protein Response. After synthesis on the
ribosomes, proteins must be folded and packaged correctly
within the ER. Protein folding is carried out under redox
conditions and requires two ER stress reactive proteins
[95]: ER stress oxidoreductase (ERO) and disulfide proteo-
lytic enzyme. After dissociation of GRP78 and their autoacti-
vation (as described above), IRE1, ATF-6, and PERK respond
to the presence of incorrectly folded proteins associated with
ER stress [96, 97]. This is called the “unfolded protein
response” (UPR) [98]. A key function of the ER is identifica-
tion, control, and correction of protein quality. Proteins that

cannot be folded correctly will be transferred from ER to the
cytoplasm for degradation by the 26S proteasome [99]. The
early stage of the URP is the activation of proteasome-
induced degradation of unfolded proteins and the upregula-
tion of XBP1 and ATF-4 [100]. These alterations are aimed
at reducing the load of unfolded or misfolded proteins within
ER. Later, an inflammatory response is activated via NF-κB
and JNK [101], which enhances defensive responses within
the cytoplasm. If these responses are unable to restore ER
function or cell homeostasis, the cell apoptosis program will
be activated as the final stage of the UPR.

4. Role of ER Stress in Myocardial I/R Injury

4.1. ER Stress and Calcium Overload.Myocardial contraction
relies on the oscillation of cytoplasmic free calcium concen-
tration. Within cardiomyocytes, smooth ER (termed sarco-
plasmic reticulum; SR) contains the primary calcium store.
Excessive calcium release from SR into the cytoplasm leads
to intracellular calcium overload, which is closely associated
with cardiomyocyte contraction dysfunction and cell death
[102–104]. ER dysfunction-mediated calcium overload plays
an important role in myocardial I/R injury. During reper-
fusion, the function of the sodium-calcium exchanger and
L-type calcium channels is impaired as a result of the
insufficient oxygen supply during the ischemia [105]. By
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contrast, the expression of calcium-sensitive receptors,
such as 1,4,5-inositol trisphosphate receptor (IP3R), is sig-
nificantly increased due to hypoxic stress or upregulation
of hypoxia-inducible factor-1 (HIF1) [106]. These effects
enhance calcium release from SR into the cytoplasm under
conditions where physiological extrusion of calcium from
the cell is suppressed. Thus, ER stress is an upstream trig-
ger of cardiomyocyte calcium overload.

4.2. ER Stress and Cardiomyocyte Apoptosis. Once UPR fails
to control the level of unfolded or misfolded proteins, ER
stress will trigger the activation of apoptotic signaling. It is
currently believed that ER stress can cause cardiomyocyte
apoptosis via three pathways (Figure 2).

4.2.1. CHOP Pathway. CHOP is a transcription factor
belonging to the C/EBP family. Under normal circumstances,
CHOP expression is very low. The transcription and transla-
tion of CHOP are primarily regulated by IRE1α, ATF-6, and
PERK [107, 108], and CHOP plays a key role in ER-induced
apoptosis, such as that induced by I/R injury [109]. Upregu-
lation of CHOP induces the expression of a variety of
downstream proapoptotic and antiapoptotic genes, including
Bcl-2, Bax, Bim, growth arrest and DNA damage-inducible
protein 34 (GADD34), ER oxidoreductase-1α (ERO1α),
and the death receptor 5 (DR5) [110]. Among those,
GADD34 promotes the expression of protein phosphatase-
1 (PP1), which in turn augments transcription of genes
related to UPR [111]; ERO1α triggers calcium leakage from
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ROS, metabolic disorder, or inflammation response, which is featured by GRP78 isolation from ER. Then, unfolded protein accumulation
in ER will activate the unfolded protein response (UPR) which is followed by calcium disorder, apoptotic gene upregulation, and
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the ER through IP3Rs, which leads to calcium overload-
dependent cell apoptosis [112, 113]; and DR5 triggers apo-
ptosis through activation of caspase-8 [114].

4.2.2. IRE1α/JNK Pathway. IRE1α is a component of the
most conserved pathway in mammalian UPR [115]. It has
two active enzyme domains: a serine/threonine kinase
domain and an endoribose nuclease (RNase) domain. When
ER stress is induced, unfolded or misfolded proteins in the
ER lumen directly bind to and activate IRE1α. Once acti-
vated, IRE1α recruits tumor necrosis factor receptor-related
factor-2 (TRAF2) and apoptotic-signaling kinase-1 (ASK1)
[116], after which JNK is phosphorylated by the resultant
IRE1α-TRAF2-ASK1 signaling complex [117, 118]. Follow-
ing cardiac I/R injury, activated JNK may promote cardio-
myocyte apoptosis through phosphorylation of various
members of the Bcl-2 family [119, 120]. For example, JNK
catalyzes phosphorylation of the antiapoptotic protein Bcl-
2, which impairs its activity. At the same time JNK catalyzed,
phosphorylation enhances the proapoptotic activity of Bim
[121]. These alterations work together to mediate apoptosis
in cardiomyocytes.

4.2.3. The Caspase-12 Pathway. The caspase-12 pathway
is considered to be an ER-specific, nonmitochondrial-
dependent apoptotic pathway [122]. Caspase-12 activation
is also a feature of ER stress-mediated cardiomyocyte apopto-
sis [123]. Under normal circumstances, caspase-12 binds to
the ER membrane and forms a complex with TRAF2. ER
stress directly induces caspase-12 dissociation from the ER
membrane, enabling it to be activated by calpain [124, 125]
or the IRE1α-TRAF2 complex [126]. Once activated,
caspase-12 cleaves and activates caspase-9, which in turn
cleaves and activates caspase-3 to promote apoptosis [127].

5. Summary and Outlook

ER stress arises via multiple signaling pathways, expression
of multiple genes, and participation of multiple stress factors.
In cases of mild or early myocardial injury, ER stress involves
a variety of protective proteins, which reduce the pathologi-
cal stress on cardiomyocytes. However, excessive ER stress
is associated with protein quality control disorder, resulting
in the upregulation of apoptotic proteins. Notably, the role
of ER stress during ischemia differs from that during
reperfusion. It remains unclear whether ER stress is pro-
tective in the ischemic heart and only becomes lethal fol-
lowing reperfusion. In addition, although the molecular
mechanisms underlying ER stress and its role in I/R injury
have been characterized, the interactive effects of ER stress
and other pathological alterations that occur during car-
diac I/R injury, such as oxidative stress and mitochondrial
dysfunction, are still not fully understood. Moreover, there
are still no specific drugs targeting ER stress available in
clinical practice. Additional investigations are therefore
required to help us better understand the role of ER stress
in myocardial I/R injury.
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The molecular mechanisms underlying the cardiotoxicity associated with bevacizumab, a first-line immunotherapeutic agent used
to treat lung cancer, are not fully understood. Here, we examined intracellular signal transduction in cardiomyocytes after exposure
to different doses of bevacizumab in vitro. Our results demonstrated that bevacizumab significantly and dose-dependently reduces
cardiomyocyte viability and increases cell apoptosis. Bevacizumab treatment also led to mitochondrial dysfunction in
cardiomyocytes, as evidenced by the decreased ATP production, increased ROS production, attenuated antioxidative enzyme
levels, and reduced respiratory complex function. In addition, bevacizumab induced intracellular calcium overload, ER stress,
and caspase-12 activation. Finally, bevacizumab treatment inhibited the ERK signaling pathway, which, in turn, significantly
reduced cardiomyocyte viability and contributed to mitochondrial dysfunction. Together, our results demonstrate that
bevacizumab-mediated cardiotoxicity is associated with mitochondrial dysfunction, ER stress, and ERK pathway inactivation.
These findings may provide potential treatment targets to attenuate myocardial injury during lung cancer immunotherapy.

1. Introduction

Bevacizumab is a first-line immunotherapeutic agent used for
the treatment of lung cancer [1]. The cancer-suppressing
effects of bevacizumab are associated with inhibition of vascu-
lar endothelial growth factor signaling, which leads to
decreased tumor growth and impaired invasion [2, 3]. How-
ever, bevacizumab is also associated with cardiovascular toxic-
ities, including decreased left ventricular ejection fraction,
vasculitis, hypertension, arrhythmias, vascular bed degenera-
tion, and limited angiogenesis response [4–8]. Several mecha-
nisms, including accumulation of toxic metabolites, cardiac
microvascular vasospasm, and excessive activation of the
renin-angiotensin system, might underlie the adverse effects
of bevacizumab on the heart [4–7]. However, the intracellular

molecular mechanisms underlying bevacizumab-associated
cardiotoxicity are not fully understood.

At the molecular level, cardiomyocyte viability and func-
tion are greatly affected by mitochondrial performance [9,
10]. Mitochondria regulate cardiomyocyte contraction and
relaxation by controlling ATP production [11, 12]. As the
primary site of protein manufacturing, the endoplasmic
reticulum (ER) controls protein synthesis, folding, and
release [13, 14]. Previous studies have reported that targeted
cancer therapies, such as doxorubicin [15], anthracycline
[16], and cantharidin [17], can result in cardiovascular toxic-
ities. The adverse effects of chemotherapy drugs may result
from impaired mitochondrial function, increased oxidative
stress [15, 18], increased mitochondria-proteasome interac-
tions [19], impaired mitochondrial autophagy [20, 21],
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activation of mitochondrial inflammation signaling path-
ways such as NF-κB [22], mitochondrial energy metabolic
dysfunction [23], and mitochondrial apoptosis [24]. In
addition, ER-mediated abnormalities in intracellular cal-
cium signaling, protein misfolding as a result of ER stress,
and ER-dependent cell apoptosis [25–27] can also contrib-
ute to cardiomyocyte damage during chemotherapy.
Whether bevacizumab-mediated cardiovascular disorders
are attributable to mitochondrial damage and/or ER stress
remains to be determined.

The MAPK/ERK signaling pathway plays an important
role in cardiomyocyte survival under stress conditions [28,
29]. Activated ERK attenuates oxidative stress in cardiomyo-
cytes by promoting the transcription of antioxidative stress
genes [30]. In addition, ERK alleviated chronic cardiac
hypertrophy by improving mitochondrial metabolism [31].
As in cardiomyocytes, ERK promotes growth during tumor
proliferation and invasion, and upregulation of the ERK
pathway increased angiogenesis [32]. The ERK pathway also
affects immune response in various tumors [33, 34]. In this
study, we examined whether mitochondrial dysfunction, ER
stress, and the ERK pathway are involved in bevacizumab-
induced cardiotoxicity.

2. Materials and Methods

2.1. Cell Culture.H9C2 cell lines purchased from ATCC were
grown in DMEM supplemented with 10% fetal bovine
serum. The cells were maintained at 37°C and 5% carbon
dioxide in a humidified environment. Cardiomyocytes were
incubated with 0.1 or 5mM bevacizumab as described in pre-
vious studies. Cardiomyocytes were also incubated with
PD98059, an ERK pathway inhibitor, as described in previ-
ous reports to examine the influence of ERK inhibition on
cardiomyocyte viability.

2.2. Cell Viability Assay. A total of 3000 treated cells per well
were seeded in 96-well culture plates and incubated with or
without bevacizumab for the indicated times; fresh media
containing 50μl of CCK8 solution (5mg/ml) (Dojindo Labo-
ratories, Kumamoto, Japan) was then added followed by
incubation at 37°C for 3 hours according to the manufac-
turer’s protocol [35]. Absorbance was measured at 450nm
using an enzyme e-linked immunosorbent assay reader [36].

2.3. Mitochondrial ROS Detection. Cardiomyocytes were
treated with bevacizumab and then washed with cold PBS
three times. Then, 0.5 ng/ml MitoSOX Red mitochondrial
superoxide indicator (Molecular Probes, USA) was added
to the cardiomyocyte medium and incubated for 30 minutes
in the dark. Cells were then washed with cold PBS three times
[37]. Mitochondrial ROS production was observed under a
confocal laser scanning microscope (LSM780; Carl Zeiss,
Oberkochen, Germany, or TCS SP8; Leica, Wetzlar, Ger-
many) and an Axio Zoom V16 stereo microscope (Carl
Zeiss) [38].

2.4. Intracellular Calcium Content. Intracellular calcium
measurements were performed as previously described with
minor modifications [39]. Briefly, H9C2 cells were loaded

with 5μM Fluo4-AM calcium probe for 30 minutes at 37°C
[40]. Cells were then washed with PBS, and intracellular
calcium was observed under a confocal laser scanning micro-
scope (LSM780; Carl Zeiss, Oberkochen, Germany, or TCS
SP8; Leica, Wetzlar, Germany) and an Axio ZoomV16 stereo
microscope (Carl Zeiss) [41].

2.5. Immunofluorescence. For fluorescence microscopy-based
detection of target proteins, 5μm thick cryosections were
deparaffinized in xylene and rehydrated through graded eth-
anol [42]. Antigen retrieval was performed for 20min at 95°C
with 0.1% sodium citrate buffer (pH 6.0). After endogenous
peroxidase activity was quenched with 3% H2O2·dH2O and
nonspecific binding was blocked with 1% bovine serum albu-
min buffer, sections were incubated overnight at 4°C with
primary antibodies using an Alexa 594 TSA Kit (Invitrogen)
according to the manufacturer’s instructions [43]. Stained
sections were observed under a confocal laser scanning
microscope (LSM780; Carl Zeiss, Oberkochen, Germany, or
TCS SP8; Leica, Wetzlar, Germany) and an Axio Zoom
V16 stereo microscope (Carl Zeiss) [44].

2.6. Detection of GSH, SOD, and GPX Activities. GSH, SOD,
and GPX activities were detected using a Zymography Assay
Kit (Applygen Technologies, China) according to the manu-
facturer’s protocol [45]. GSH, SOD, and GPX were separated
by SDS-PAGE. SDS was then extracted from the gel by incu-
bating with Triton X-100 for 48 hours at 37°C. Finally, the
gels were stained with Coomassie Brilliant Blue G250 and
decolorized. A bright band against the blue background indi-
cated the activity of targeted proteins. A Gel Image System
(image master 1D analysis software, Pharmacia) was used
to image the band [46].

2.7. Western Blot Analysis. Cell lysate was boiled in a sample
buffer (62.5mM Tris-HCl, pH 6.8, 2% sodium dodecyl sul-
fate, 20% glycerol, and 10% 2-mercaptoethanol), and protein
concentration was determined using a Bradford protein assay
kit (Thermo Fisher Scientific, Waltham, MA, USA) with
bovine serum albumin as the standard [47]. Following pro-
tein transfer, the membrane was blocked with 5% skim milk
in PBS Tween- (PBST-) 20 for 2 h at room temperature and
then incubated overnight with antibodies at 4°C (the primary
antibodies include Bcl2, 1 : 1000, Cell Signaling Technology,
#3498; Bax, 1 : 1000, Cell Signaling Technology, #2772; cas-
pase-9, 1 : 1000, Cell Signaling Technology, #9504; c-IAP,
1 : 1000, Cell Signaling Technology, #4952). The membranes
were then washed with PBST containing 0.1% Tween. After
three washes in PBST, each blot was incubated with
peroxidase-conjugated secondary antibody for 1 h at 37°C.
Labeled proteins were visualized using the Odyssey infrared
scanner (LI-COR, Lincoln, NB, USA) [48]. Signals were den-
sitometrically assessed and normalized to the β-actin signals,
and an enhanced chemiluminescence detection system
(Amersham, Piscataway, NJ, USA) was used to visualize the
antibody-specific proteins in accordance with the manufac-
turer’s recommended protocol [49].

2.8. Reverse Transcription-Quantitative Polymerase Chain
Reaction (RT-qPCR). Total RNA was isolated from samples
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according to miRNeasy Mini Kit (217004, Qiagen Company,
Hilden, Germany) instructions [50]. All primers were syn-
thesized by Takara Holdings Inc., Kyoto, Japan. RNA was
then reverse transcribed into cDNA using the PrimeScript
RT kit (RR036A, Takara). Next, fluorescence quantitative
PCR was conducted using the SYBR® Premix ExTaq™ II kit
(RR820A, Takara) on an ABI 7500 quantitative PCR instru-
ment (7500, ABI Company, Oyster Bay, N.Y., USA). All sam-
ples were normalized to U6 and GAPDH using the 2- ΔΔCT

method [51].

2.9. Mitochondrial Respiratory Chain Complex Activity
Analysis. Mitochondrial respiratory chain activity was
assessed using the Mitochondrial Respiratory Chain Com-
plex Activity Assay Kit (Solarbio, Beijing, China) according
to the manufacturer’s instructions [52]. Briefly, the mito-
chondrial complex was extracted from cells and 10μl of the
extract was added to each well of a 96-well plate. Detection
reagents were then added to the wells followed by gentle mix-
ing and incubation at 37°C for 2min. Absorbance values were
measured before and after the reaction using a microplate
reader (BioTek, Vermont, VT), and the difference was calcu-
lated [53]. Respiratory complex enzyme activity was then
calculated using the formula provided in the kit manual [54].

2.10. Measurement of ATP Levels. ATP production was mea-
sured using the luminometric ATP Assay kit (AAT Bioquest,
Sunnyvale, CA) according to the manufacturer’s instructions
[55]. Briefly, H9C2 cells were seeded in a 96-well white plate
and 200μl ATP assay solution was added. After mixing
gently and incubating for 20min at room temperature, lumi-
nescence intensity was measured using the luminometer
mode on a plate reader (Tecan, Zurich, Switzerland) [56].
The readings were normalized to the total protein content.

2.11. Statistical Analysis. All results were confirmed in three
independent experiments, and all quantitative data are
expressed as the mean ± SD. Differences in quantitative
variables between two groups were analyzed using Student’s
t-test, and differences in quantitative variables for three or
more groups were analyzed by one-way ANOVA. p < 0:05
was considered statistically significant.

3. Results

3.1. Bevacizumab Reduces Cardiomyocyte Viability and
Function. After H9C2 cells were treated with low and high
concentrations of bevacizumab, cell viability was measured
through a CCK-8 assay. As shown in Figure 1(a), compared
to the control group, bevacizumab treatment significantly
reduced cardiomyocyte viability in a dose-dependent man-
ner. Moreover, an LDH release assay, which measures
levels of LDH released into the culture medium as a result
of cell membrane breakage, showed that bevacizumab-
treated H9C2 cells released more LDH than control cells
(Figure 1(b)). Because decreased cardiomyocyte viability
is strongly associated with impaired cardiomyocyte func-
tion, we next examined single-cell contraction function in
primary cardiomyocytes. While the average length of pri-
mary cardiomyocytes was not affected by bevacizumab

(Figures 1(c)–1(h)), peak heights and maximal shortening
velocity decreased after bevacizumab treatment, suggesting
that bevacizumab disturbs cardiomyocyte contraction
(Figures 1(c)–1(h)). In addition, maximal relengthening
velocity and time-to-peak values increased after bevacizu-
mab treatment (Figures 1(c)–1(h)), suggesting that bevaci-
zumab also inhibits cardiomyocyte relaxation. Together,
these results indicate that bevacizumab treatment dose-
dependently reduces cardiomyocyte viability and impairs
cardiomyocyte contraction/relaxation index.

3.2. Bevacizumab Induces Cell Apoptosis. Next, we examined
alterations in cardiomyocyte apoptosis after bevacizumab
treatment. First, TUNEL staining was used to observe cell
apoptotic rate. As shown in Figures 2(a) and 2(b), compared
to the control group, bevacizumab treatment significantly
increased the number of TUNEL-positive cells in a dose-
dependent manner; the low concentration of bevacizumab
increased cardiomyocyte apoptosis rates to ~15%, while the
high concentration increased rates to ~30%. Western blots
were also performed to analyze changes in proapoptotic pro-
tein levels in cardiomyocytes. As shown in Figures 2(c)–2(e),
compared to the control group, Bax, Bad, and caspase-9 pro-
tein levels increased dramatically in response to bevacizumab
treatment in a dose-dependent manner (Figures 2(c)–2(e)).
In contrast, Bcl-2 and c-IAP1 levels decreased significantly
after bevacizumab treatment in a dose-dependent manner
(Figures 2(f)–2(h)). Together, these results indicate that bev-
acizumab induces cardiomyocyte apoptosis.

3.3. Bevacizumab Treatment Is Associated with Mitochondrial
Dysfunction.Mitochondrial dysfunction is considered the pri-
mary mechanism underlying chemotherapy-mediated myo-
cardial injury. The subsequent experiments were therefore
performed to analyze the effects of bevacizumab on mito-
chondrial function. Mitochondrial metabolism was exam-
ined first due to the importance of ATP production for
cardiomyocyte viability and function. Bevacizumab treat-
ment significantly decreased ATP production in a dose-
dependent manner (Figure 3(a)). Reduced mitochondrial
ATP production can result from oxidative stress and respi-
ration dysfunction. A mitochondrial ROS probe was there-
fore used to analyze changes in mitochondrial oxidative
stress. As shown in Figures 3(b) and 3(c), compared to
the control group, mitochondrial ROS levels were signifi-
cantly increased after bevacizumab treatment in a dose-
dependent manner. In contrast, concentrations of antioxida-
tive enzymes such as GSH and SOD were significantly
lower after bevacizumab treatment (Figures 3(d) and 3(e)),
confirming increased oxidative stress within mitochondria.
In addition to mitochondrial oxidative stress, an ELISA
assay also demonstrated that mitochondrial respiration
complex activity (including COX-I and COX-III) decreased
significantly in cardiomyocytes treated with bevacizumab
(Figures 3(f) and 3(g)). These findings indicate that bevaci-
zumab induces mitochondrial dysfunction characterized by
ROS production, respiration impairments, and reduced
metabolism in cardiomyocytes.
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3.4. Bevacizumab Treatment Induces ER Stress in
Cardiomyocytes. Next, we examined alterations in ER stress
in cardiomyocytes treated with bevacizumab. ER stress is
associated with intracellular calcium overload. An immu-
nofluorescence assay was therefore used to examine alter-
ations in intracellular calcium concentration. As shown
in Figures 4(a) and 4(b), compared to the control group,
bevacizumab treatment significantly increased intracellular
calcium concentration in a dose-dependent manner. Abnor-
mal calcium signaling activates ER stress, which is character-
ized by increased expression of CHOP and PERK. qPCR
demonstrated that CHOP and PERK expression increased sig-
nificantly in response to bevacizumab treatment (Figures 4(c)
and 4(d)), indicative of ER stress activation. Excessive ER
damage activates caspase-12, an upstream activator of
caspase-3. An ELISA showed that caspase-12 activity
increased dramatically after bevacizumab treatment in a
dose-dependent manner (Figure 4(e)). Taken together, these
results demonstrate that bevacizumab can induce ER stress
in cardiomyocytes.

3.5. Bevacizumab Inactivates the ERK Pathway in
Cardiomyocytes. The ERK pathway, a classical signaling
pathway responsible for cardiomyocyte survival, is a poten-
tial target of many chemotherapy drugs. We therefore exam-
ined whether ERK pathway activity was affected by
bevacizumab. Western blots demonstrated that the ERK
pathway was inactivated, as indicated by decreased ERK
phosphorylation, in cardiomyocytes after bevacizumab treat-
ment (Figures 5(a) and 5(b)). These results demonstrated
that the ERK pathway was a downstream target of bevacizu-
mab. To understand whether ERK inactivation contributed
to bevacizumab-induced cardiomyocyte death and mito-
chondrial dysfunction, cardiomyocytes were incubated with
an ERK inhibitor (PD98059). Cell viability was measured
using an CCK-8 assay, and mitochondrial function was
examined by measuring ATP production. As shown in
Figure 5(c), compared to the control group, PD98059 treat-
ment significantly reduced cardiomyocyte viability, and this
effect was accompanied by a drop in mitochondrial ATP pro-
duction (Figure 5(d)). This finding confirmed that ERK
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Figure 1: Bevacizumab reduces cardiomyocyte viability and function. (a) Cell viability was determined using a CCK-8 assay. (b) An LDH
release assay was performed to examine whether bevacizumab induced cardiomyocyte damage. (c–h) The following single cardiomyocyte
contractile properties were measured: peak height, maximal shortening velocity, maximal relengthening velocity, and time-to-peak. ∗p <
0:05.
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Figure 2: Bevacizumab induces cell apoptosis. (a, b) TUNEL staining was used to observe cell apoptosis. (c–h) Western blots were used to
analyze alterations in expression of apoptosis-related proteins such as Bax, Bad, caspase-9, Bcl-2, and c-IAP1. ∗p < 0:05.
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Figure 3: Bevacizumab treatment is associated with mitochondrial dysfunction. (a) ATP production was measured via ELISA in
cardiomyocytes treated with bevacizumab. (b, c) Immunofluorescence staining was used to quantify mitochondrial ROS levels. (d, e)
Changes in GSH, SOD, and GPX levels were analyzed in an ELISA. (f, g) Mitochondrial respiration complex activity was examined in an
ELISA. ∗p < 0:05.
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Figure 4: Bevacizumab treatment induces ER stress in cardiomyocytes. (a, b) Intracellular calcium levels were measured using
immunofluorescence. (c, d) qPCR was used to analyze changes in CHOP and PERK levels. (e) ELISA was used to detect changes in
caspase-12 activity. ∗p < 0:05.
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inhibition plays a role in cardiomyocyte damage associated
with bevacizumab treatment.

4. Discussion

The cardiotoxic effects of chemotherapy have been well
documented. Although chemotherapy and immunotherapy
improve the prognoses of lung cancer patients, these treat-
ments also significantly increase the risk of myocardial
injury and heart failure. In the present study, we found
that bevacizumab treatment induces cardiomyocyte dam-
age as indicated by decreased cell viability, impaired con-
traction/relaxation, attenuated ATP production, elevated
mitochondrial ROS production, decreased mitochondrial
respiration complex transcription, increased intracellular
calcium concentration, and activation of ER stress. These
alterations are similar to pathological changes observed
in various cardiovascular disorders such as myocardial
infarction, heart failure, diabetic cardiomyopathy, and
hypertension, suggesting that common molecular mecha-
nisms and signaling pathways may be involved. Furthermore,
we found that the ERK pathway is inactivated by bevacizu-
mab, and decreased ERK activity promotes cardiomyocyte
death and mitochondrial damage. Overall, this study helps
to explain the intracellular molecular mechanisms, including

mitochondrial dysfunction, ER stress, and inhibition of the
ERK pathway, that underlie bevacizumab-induced cardio-
vascular toxicity.

Mitochondrial damage has been proposed as the pri-
mary cause of cardiomyocyte death and dysfunction [57].
Induction of mitochondrial fission promotes cardiomyo-
cyte death by activating the caspase-9-related mitochon-
drial apoptotic pathway [58]. Additionally, inhibition of
mitophagy leads to the accumulation of damaged mito-
chondria [59]. Chemotherapy drugs also contribute to
cardiomyocyte dysfunction and death by affecting mitochon-
drial function. For example, doxorubicin-induced upregula-
tion of p53 inhibits protective mechanisms in cardiac
fibroblast mitochondria [20], and administration of
mitochondria-associated protein LRPPRC protects against
doxorubicin-induced cardiac injury by inhibiting ROS
production [60]. Anthracycline-mediated cardiotoxicity is
also associated with dysregulation of mitochondrial metabo-
lism, although the detailed molecular mechanisms involved
are not fully understood [23]. In the present study, bevacizu-
mab treatment resulted in mitochondrial injury associated
with metabolic dysregulation in cardiomyocytes. As far as
we know, this is the first study to explore the influence of bev-
acizumab on mitochondrial homeostasis. While recent stud-
ies have examined the relationship between morphological
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Figure 5: The ERK pathway is inactivated in cardiomyocytes treated with bevacizumab. (a, b) Western blots were used to analyze changes in
ERK phosphorylation. (c) Cell viability was measured in a CCK-8 assay. Cardiomyocytes were treated with PD98059 to inhibit ERK activity.
(d) ATP production was measured using an ELISA after PD98059 treatment. ∗p < 0:05.
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alterations in mitochondria and chemotherapy-induced
cardiovascular damage, additional studies are required to
determine whether bevacizumab also alters mitochondrial
morphology.

ER stress can act as an adaptive response in cardio-
myocytes [61]. Mild ER stress is characterized by increased
intracellular calcium levels, which accelerate calcium-
dependent ATP metabolism [62]. However, excessive ER
stress is associated with the activation of CHOP and
PERK, transcription factors that promote expression of
apoptosis-related genes such as Bax and Bad [63]. Irrevers-
ible ER stress promotes the activation of caspase-12, which
in turn directly induces caspase-3 cleavage that ultimately
leads to cell apoptosis [64]. ER stress has also been identified
as a potential intracellular signaling transduction mechanism
underlying cardiotoxicity associated with chemotherapy
drugs [65, 66]. In the present study, we found that bevacizu-
mab treatment is associated with intracellular calcium over-
load, ER stress, and caspase-12 activation, suggesting that
ER stress contributes to bevacizumab-mediated cardiomyo-
cyte damage. Notably, while our data do not establish a causal
relationship between ER stress and mitochondrial dysfunc-
tion, many studies have reported that ER stress may contrib-
ute to mitochondrial damage [67]. We also did not explore
the possibility of interactive effects between ER stress and
mitochondrial dysfunction.

Taken together, our results demonstrate that
bevacizumab-mediated myocardial injury is associated with
mitochondrial damage, ER stress, and ERK pathway inacti-
vation. However, some limitations of this study should be
considered when interpreting these results. First, only
in vitro experiments were performed, and in vivo studies
are needed to confirm our findings on the cardiotoxic effects
of bevacizumab. Second, although we found that ERK inacti-
vation is associated with cardiomyocyte death andmitochon-
drial damage, it remains unclear whether bevacizumab
induces mitochondrial damage and ER stress specifically by
directly inhibiting the ERK pathway. Third, additional beva-
cizumab concentrations beyond those tested here may have
different effects on cardiomyocyte viability and function,
and further study is needed to determine the dose threshold
beyond which bevacizumab triggers cardiomyocyte damage.
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Atherosclerosis (AS) is one of the most serious and common cardiovascular diseases affecting human health. AS is featured by the
accumulation of plaques in vessel walls. The pathophysiology of AS is relevant in the low-density lipoprotein (LDL) uptake by
macrophages, as well as the conversion of macrophages to foam cells. However, the mechanisms about how macrophages
regulate AS have not been fully elucidated. In this study, we aimed to illuminate the roles of ZBTB20 and to excavate the
underlying regulative mechanisms of ZBTB20 in AS. The microarray analysis revealed that ZBTB20 was a hub gene in the
oxidative stress and inflammatory responses induced by oxidized LDL (ox-LDL) in AS. Correspondingly, our validation studies
showed that ZBTB20 increased in either the human atherosclerotic lesion or the ox-LDL-stimulated macrophages. Moreover,
the knockdown of ZBTB20 decreased M1 polarization, suppressed the proinflammatory factors, inhibited mitochondrial fission,
and reduced the oxidative stress level of macrophages induced by ox-LDL. The mechanistic studies revealed that the ZBTB20
knockdown suppressed NF-κB/MAPK activation and attenuated the mitochondrial fission possibly via regulating the nucleus
translocation of NRF2, a pivotal transcription factor on redox homeostasis. Our in vivo studies showed that the sh-ZBTB20
adenovirus injection could reduce the progression of AS in apolipoprotein E-deficient (ApoE-/-) mice. All in all, these results
suggested that ZBTB20 positively regulated the oxidative stress level, mitochondrial fission, and inflammatory responses of
macrophages induced by ox-LDL, and the knockdown of ZBTB20 could attenuate the development of AS in ApoE-/- mice.

1. Introduction

AS is a chronic vascular disease featured by the accumulation
of plaques within the vessel wall of the large- and middle-
sized arteries [1, 2]. Up to date, various factors including
hypertension, diabetes mellitus, high cholesterol level, smok-
ing, and adiposity have been found to be associated with the
development of AS [3, 4]. The pathophysiology of AS is

closely related to the LDL uptake by macrophages and subse-
quent differentiation into foam cells. The plaques formed by
macrophages have different subtypes based on the activation
stimuli and protein expression patterns. Thus, macrophages
may exert either harmful effects or beneficial effects in the
progression of AS [5, 6]. Recent studies have proposed that
targeting of the macrophage may be a crucial target to ame-
liorate vulnerable plaques and subsequently alleviate AS [7].
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However, the underlying mechanistic role of macrophages in
the pathophysiology remains unclear. Hence, it is of para-
mount importance to further elucidate the underlying mech-
anisms of macrophage-mediated AS, which may provide
novel therapies for the treatment.

Recently, studies demonstrated that mitochondria not
only can regulate innate immune responses [8] but also can
modulate the level of reactive oxygen species (ROS) to affect
the homeostasis and inflammatory status of macrophages
[9]. There is growing evidence showing that AS may be
associated with the dysregulated mitochondrial function
and bioenergetics [10]. Chen et al. demonstrated that CD36
signaling regulated mitochondrial metabolic reprogram-
ming, which subsequently drives macrophage inflammatory
responses in AS [11]. Besides, Dicer in macrophages was
found to prevent AS by promoting mitochondrial oxidative
metabolism [12]. Recently, myeloperoxidase-derived oxidant
hypothiocyanous acid (HOSCN) was found to induce mito-
chondrial dysfunction in macrophages, which may be associ-
ated with the pathophysiology of AS [13]. Xin et al. also
demonstrated that ox-LDL activates the dynamin-related
protein 1 (DRP1) level as well as the mitochondrial fission
status of macrophages [14].

ZBTB20, mainly known as a transcriptional repressor, is a
member of the POZ and Krüppel family, with a zinc finger
domain and an intact BTB domain [15, 16]. Up to date, the
diverse functions of ZBTB20 have been reported, and studies
demonstrated that ZBTB20 could regulate ion channels,
remodeling, immunity, and inflammation [17–20]. In vascular
diseases, especially in the development of AS, NF-κB signaling
functions as a key modulator in AS plaque initiation and evolu-
tion [21]. Emerging evidence suggests that the NF-κB pathway
was activated during the transformation of cholesterol-rich
foam cells after taking in LDL, as well as the oxidation of LDL
[22]. As for ZBTB20, in vascular diseases, it can regulate cardiac
remodeling after myocardial infarction via ROS/TNF-α signal-
ing [23]. Recently, a study by Liu et al. showed that ZBTB20
was able to inhibit the transcription of the IκBα gene, which is
a key element in NF-κB signaling. Our study has also found that
during the macrophage-mediated osteolysis, ZBTB20 could
adjust the inflammatory response and polarization of macro-
phages via regulating IκBα transcription and NF-κB activation
[18]. However, the roles of macrophage ZBTB20 during the
progression of AS remain to be examined.

Here, we examined the expression of ZBTB20 in the mac-
rophages stimulated by ox-LDL and the human AS lesions.
Furthermore, the loss-of-function studies were carried out to
determine the roles of ZBTB20 on the inflammatory responses,
oxidative stress, and mitochondrial fission of the ox-LDL-
stimulated macrophages. Besides, the subsequent signaling
pathways were also examined. Finally, the effects of ZBTB20
on the AS progression were evaluated in the ApoE-/- mice. In
brief, the present study may provide novel insights into the
roles of ZBTB20 in the pathophysiology and progression of AS.

2. Materials and Methods

2.1. Clinical Samples. Clinical samples were collected from 16
patients, including 9 males and 7 females (average age: 57:1

± 13:1 years). These patients have accepted bypass operation
of the coronary artery because of coronary diseases from
2017 to 2019. Those coronary artery tissues containing AS
were collected. The internal mammary artery tissues without
ASwere used as the control group. All procedures were carried
out with the approval of the Ethics Committee of Sun Yat-sen
University, Sun Yat-sen Memorial Hospital (SYSEC-KY-KS-
2020-090).

2.2. Cell Lines and Cell Culture. The macrophages, RAW264.7,
were from Procell Life Science & Technology. The RAW264.7
macrophages were cultured in high-glucose DMEM, contain-
ing 10% fetal bovine serum (FBS) [24]. Cells were cultured at
37°C and 5% CO2. The macrophages were seeded 24h before
the experiments.

2.3. Small Interfering RNA (siRNA), Cell Transfections, and
Treatments. The siRNA targeting ZBTB20 was synthesized by
the RiboBio company (Guangzhou, China), and the scrambled
siRNA was served as the negative control (NC). For the cell
transfections, the ZBTB20-siRNA or the scrambled siRNA was
transfected into the macrophages with RNAiMAX (Thermo
Fisher Scientific) [25]. Forty-eight hours later, the transfected
macrophages were collected for further experimentation.

The ox-LDL was from Yeasen Biotech Co., Ltd., and a
concentration of 50μg/ml was adopted for respective time
durations. After that, the macrophages were subjected to fur-
ther experimental assays. The NRF2 inhibitor (ML385) was
purchased from Selleck, and a concentration/duration of
5μM/24h was used before further experimental assays [26].

2.4. Oil Red O Staining. After treatment, the RAW264.7 mac-
rophages were treated with 4% PFA for 15min and stained
with oil red O solution for 60min. For the mouse aortas,
the adipose tissues were stripped from the aortas [27]. After
washing with PBS three times, the aortas were stained with
oil red O solution for 60min. The stained macrophages and
tissues were imaged using a biomicroscope (DM2000, Leica).

2.5. Dil-ox-LDL Uptake of Macrophages. The macrophages
were incubated with red fluorescence-labeled Dil-ox-LDL
(50μg/ml; Yeasen Biotech Co., Ltd.) for 24h at 37°C [28].
After that, the macrophages were washed by PBS three times,
and a biomicroscope (DM2000, Leica) was used.

2.6. PPI Network Construction and Identification of Hub
Genes. A microarray data of the GSE54666 dataset was
obtained from the GEO database. The STRING database and
Cytoscape software were used to construct a protein-protein
interaction network (PPIN) of differentially expressed genes
(DEGs). The topology property of the network was analyzed
using the MCODE application of Cytoscape software. The
functional clustering of the DEGs was performed using the
Metascape online tool (https://metascape.org).

2.7. RNA Extraction and qRT-PCR. RNAiso Plus (TaKaRa) was
used to collect the RNA of RAW264.7 macrophages. A
NanoDrop instrument was used to measure the concentrations
of RNA [29]. After that, cDNA was obtained by reverse-
transcribing RNA with PrimeScript RT Mix (TaKaRa). Then,
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qRT-PCR was carried out on a Roche Real-Time PCR System
using SYBR Green Mix (Yeasen Biotech Co., Ltd.). Table 1
shows the primers used.

2.8. Western Blot Assay and ELISA. The total protein from
RAW264.7 macrophages was obtained by using the RIPA
buffer (Beyotime). A nuclear and cytoplasmic extraction kit
(CWbiotech) was used to, respectively, obtain the cytosolic
protein and nuclear protein. A total of 30μg protein in each
lane was prepared, followed by separating in a 10% polyacryl-
amide SDS-PAGE gel [30]. After transferring, the PVDF
membranes were then blocked with 5% BSA, then incubated
with different antibodies including NRF2, Histone H3, p-
JNK, KEAP1, DRP1, p-ERK, FIS1, ZBTB20, p-p65, IκBα, p-
p38, IRF3, p-IRF3, and GAPDH (Cell Signaling Technology)
[31]. After the incubation, a secondary antibody with linked
HRP (Cell Signaling Technology), an ECL detection kit (Yea-
sen Biotech Co., Ltd.), and a digital imaging system (Kodak)
were used.

To detect the cytokines, including TNF-α, IL-6, and IFN-β,
themacrophage supernatants were collected, followed by detec-
tion with ELISA kits (Neobioscience Technology Co., Ltd.).

2.9. Flow Cytometry for Macrophage Polarization and ROS
Detection. For the detection of macrophage polarization,
iNOS and CD206 were adopted as M1 and M2 polarization
markers [32]. Briefly, after incubating in the fixation buffer
and washing by the perm/wash buffer, the RAW264.7 macro-
phages were then incubated in the iNOS antibody or CD206
antibody for 20min, respectively. After that, these macro-
phages were washed three times, resuspended in 200μl PBS
for each sample, and analyzed with BD Biosciences flow
cytometry.

The ROS production was evaluated using a 2′,7′-DHE-
DA staining kit (KeyGen Biotech). A concentration of 2μM
and an incubation duration of 20min were adopted [33].
After the incubation, the ROS-positive cell numbers were
detected by BD Biosciences flow cytometry, and the fluores-
cence intensity of the ROS probe was observed on an Olym-
pus fluorescence microscope.

2.10. Mitochondrial Staining of Macrophages. The mito-
chondrial staining of the macrophages was performed using
the MitoTracker Red CMXRos reagent (Beyotime). Briefly,
RAW264.7 macrophages after different treatments were
incubated with the MitoTracker Red CMXRos reagent for
30min [34]. Then, the cells were counterstained with DAPI
for 10min and imaged under an Olympus fluorescence
microscope.

2.11. In Vivo Animal Models of Atherosclerosis and
Atherosclerotic Lesion Analysis. Adenovirus expressing sh-
ZBTB20 or sh-NC was purchased from GeneChem. The
ApoE-/- mice (20-30 grams, 8-10 weeks) were purchased
from GemPharmatech Co. Ltd. To study the effects of the
ZBTB20 knockdown on the AS mouse model, the animals
were injected with adenovirus expressing sh-ZBTB20 or
sh-NC via the tail, and then the ApoE-/- mice were fed with
a high-fat diet for 12 weeks. At the end of the experiments
[35], the animals were killed by an overdose of pentobarbi-

tone (80mg/kg, intravenous injection), and the tissues were
collected for further experimental assays. All the guidelines
of the Institutional Animal Care and Use Committee of Sun
Yat-sen University were followed during the animal exper-
iments [36].

The collected tissues were fixed and embedded, then sliced
into sections using a microtome. The sections were then
dewaxed using the xylene. The H&E staining kit (Beyotime),
CD68 antibody (Servicebio), Masson stain kit (Solarbio), α-
SMA antibody (Beyotime), and EVG stain kit (Abcam) were
used to evaluate the AS lesions [37].

2.12. Immunofluorescent Staining of Macrophages. For the
immunofluorescent staining of the macrophages, the macro-
phages with different treatments were fixed with 4% PFA,
followed by incubation with 0.1% Triton X-100 and blocking
with 1% BSA. Then, the macrophages were incubated with
TNF-α, IL-6, p65, IRF3, or NRF2 antibodies (Cell Signaling
Technology) overnight at 4°C [38]. Alexa Fluor 555 conjugate
immunofluorescent secondary antibodies and a Carl Zeiss
confocal microscope were used to observe the macrophages.

2.13. Statistical Analysis. Data are presented as mean ±
standard deviation. The data normality was analyzed by the
Kolmogorov–Smirnov test. Two-sided Student’s t-test and
one-way analysis of variance followed by Fisher’s least signif-
icant difference test were performed with the SPSS 20.0 soft-
ware. The differences between means were considered
significant when P < 0:05.

3. Results

3.1. TNF-α and IL-6 Were Upregulated in the AS Lesions and
the ox-LDL-Stimulated Macrophages. Firstly, we examined
the expression levels of CD68, TNF-α, and IL-6 in the lesion
area from the patients with AS by IHC staining. The protein
expression of CD68, TNF-α, and IL-6 was significantly upreg-
ulated in the lesion area from the patients with AS compared to
the control group (Figures 1(a) and 1(b)). We further treated
the macrophages with ox-LDL for 24h, and the differentiation
ofmacrophages into foam cells was observed by oil red O stain-
ing (Figure 1(c)). In addition, the fluorescence microscope
showed that the macrophages could directly take in Dil-ox-
LDL, which was red fluorescence-labeled (Figure 1(d)). The
ELISA results showed that inflammatory cytokines were also
significantly elevated in the macrophages induced by ox-LDL

Table 1: Primers used in this study.

ZBTB20
Forward GTGGACCGAATCTACTCCGC

Reverse CATGAATGCGTGTGATCCAGC

iNOS
Forward GGAGTGACGGCAAACATGACT

Reverse TCGATGCACAACTGGGTGAAC

COX-2
Forward TGCACTATGGTTACAAAAGCTGG

Reverse TCAGGAAGCTCCTTATTTCCCTT

GAPDH
Forward TGTGTCCGTCGTGGATCTGA

Reverse TTGCTGTTGAAGTCGCAGGAG
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for 24h and 48h (Figure 1(e)). In addition, the mRNA levels of
TNF-α and IL-6 were upregulated and induced by ox-LDL
(Fig. S1A). Consistently, the fluorescent signaling intensities
of these two inflammatory proteins significantly increased in
macrophages because of the treatment of ox-LDL (Figure 1(f)).

3.2. ox-LDL Increased the Oxidative Stress and Mitochondrial
Injury via Modulating NRF2.Here, ox-LDL treatment signif-
icantly enhanced the ROS production in the macrophages
and also raised the number of ROS-positive macrophages
(Figures 2(a) and 2(b) and Fig. S1B). TheWestern blot results
showed that ox-LDL stimulation significantly raised the pro-
tein level of NRF2 in the nucleus of macrophages but
decreased NRF2 and KEAP1 protein levels in the cytoplasm
of the macrophages (Figures 2(c) and 2(d) and Fig. S1C-
S1D). Moreover, the MitoTracker staining showed that ox-
LDL stimulation significantly induced the mitochondrial
injury of the macrophages (Figure 2(e)). Besides, the ox-
LDL stimulation for 4 and 8h both increased the protein
levels of DRP1 and FIS1 in the macrophages (Figure 2(f)
and Fig. S1E).

3.3. ZBTB20 Was Identified as the Hub Gene Associated with
Oxidative Stress and Inflammation in ox-LDL-Stimulated
Macrophages. The DEGs between the treatment group and
the control group from the GSE54666 dataset were illustrated
in the volcano plot and heat map, respectively (Figures 3(a)
and 3(b)). A total of 642 DEGs were identified, including
357 upregulated DEGs and 285 downregulated DEGs. The
DEGs were then subjected to the PPI network construction
by using the STRING database, and a total of 538 nodes
and 2037 edges were identified in the PPI network. The top
15 significant GO terms and KEGG pathways from the GO
categories and KEGG database were shown in Fig. S2A, and
the four most significant KEGG pathways analyzed with
GSEA were shown in Fig. S2B. Furthermore, the hub genes

were extracted using the MCODE application in the
Cytoscape software. Eighty-six hub genes were identified,
and the ZBTB20 gene had a high score among them
(Figure 3(c)). Besides, the hub gene network was obtained
according to the core gene scores by the cytoHubba plug-in
(Figure 3(d)). The functional clustering of the hub genes
showed that ZBTB20 was associated with oxidative stress,
inflammation, and cytokines (Figure 3(e)).

3.4. ZBTB20 Promoted the Inflammatory Responses of the ox-
LDL-Stimulated Macrophages. The expression of ZBTB20 as
illustrated by the IHC staining was significantly upregulated
in the lesion area from the patients with AS compared to
the control group (Figure 4(a)). Western blot as well as
qRT-PCR showed that ox-LDL time-dependently increased
the expression of ZBTB20 in the macrophages not only in
the mRNA level but also in the protein level (Figures 4(b)
and 4(c) and Fig. S3A). The Western blot result of
ZBTB20-siRNA knockdown efficiency was shown in Fig.
S3B. The ELISA results showed that the knockdown of
ZBTB20 significantly reduced the inflammatory cytokine levels
secreted by ox-LDL-induced macrophages (Figure 4(d)).
Consistently, the ZBTB20 knockdown significantly reduced
the fluorescent signaling intensities of TNF-α and IL-6 proteins
in ox-LDL-induced macrophages (Figure 4(e)).

3.5. ZBTB20 Knockdown Suppressed the NK-κB and MAPK
Signaling Activities in the ox-LDL-Stimulated Macrophages.
Here, the effects of the ZBTB20 knockdown on the ox-LDL
uptake of macrophages were determined by fluorescent
staining and flow cytometry. As shown in Figures 5(a) and
5(b) and Fig. S3C, the ZBTB20 knockdown had no significant
effects on the Dil-ox-LDL-positive macrophage ratios as
determined by flow cytometry. Consistently, there was no
significant difference in the fluorescent signaling intensity
of Dil-ox-LDL in the macrophages between the NC-siRNA

Control

ox-LDL

TNF-𝛼 IL-6

(f)

Figure 1: TNF-α and IL-6 were upregulated in the atherosclerotic aorta and the ox-LDL-stimulated macrophages. (a) The protein expression
of CD68, TNF-α, and IL-6 in the normal aorta and atherosclerotic aorta was determined by immunofluorescent staining. (b) The
immunostaining scores in the normal aorta and atherosclerotic aorta were determined. (c) The uptake of ox-LDL by macrophages was
assessed by oil red O staining. (d) The uptake of Dil-ox-LDL by macrophages was assessed by immunofluorescent staining. (e) The TNF-α
and IL-6 cytokines secreted by macrophages after being treated with ox-LDL for 0, 24, and 48 h, respectively, were determined by ELISA.
(f) The TNF-α and IL-6 protein expression levels in the macrophages after being treated with ox-LDL for 24 h were determined by
immunofluorescent staining. N = 3; significant differences between treatment groups were shown as ∗P < 0:05.
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and ZBTB20-siRNA groups as determined by flow cytometry
(Figure 5(c)).

The effects of the ZBTB20 knockdown on the protein
levels of the NK-κB-related mediators in the macrophages
were determined by the Western blot assay. Interestingly,
the ZBTB20 knockdown significantly reduced the protein
level of p-p65 but increased that of IκBα in the ox-LDL-
stimulated macrophages when compared to the PBS-treated
macrophages (Figure 5(d) and Fig. S3D). Consistently, the
fluorescent staining showed that the ZBTB20 knockdown
suppressed the nucleus translocation of p65 in the ox-LDL-
stimulated macrophages (Figure 5(e)). In addition, the
MAPK-related mediators were also examined, and as shown
in Figure 5(f) and Fig. S3E, the ZBTB20 knockdown signifi-

cantly downregulated the phosphorylation levels of JNK,
ERK, and p38 induced by ox-LDL in macrophages.

3.6. ZBTB20 Knockdown Suppressed M1 Polarization,
Increased M2 Polarization, and Inhibited the Phosphorylation
and Nucleus Translocation of IRF3. Here, the effects of the
ZBTB20 knockdown on M1/M2 polarization of macrophages
were determined by flow cytometry, and as presented in
Figure 6(a) and Fig. S4A-S4B, the percentage of macrophages
with M1 polarization significantly decreased, and the percent-
age of macrophages with M2 polarization increased in the
ZBTB20-siRNA group compared to the NC-siRNA group.
The qRT-PCR results showed that the ZBTB20 knockdown
downregulated the mRNA level of iNOS, an M1 polarization
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Figure 2: ox-LDL increased the oxidative stress and mitochondrial injury via modulating NRF2. (a) The ROS level of the PBS- or ox-LDL-
treated macrophages was determined by immunofluorescent staining. (b) The ROS-positive rates of the PBS- or ox-LDL-treated macrophages
with different treatments were determined by flow cytometry. (c) The protein level of NRF2 in the nucleus of the PBS- or ox-LDL-treated
macrophages was assessed by Western blot assay. (d) The protein level of NRF2 and KEAP1 in the cytoplasm of the PBS- or ox-LDL-
treated macrophages was assessed by Western blot assay. (e) The mitochondrial injury of the PBS- or ox-LDL-treated (6 h) macrophages
was assessed by MitoTracker staining. (f) The protein level of DRP1 and FIS1 in the PBS- or ox-LDL-treated (6 h) macrophages with
respective treatments was assessed by Western blot assay. N = 3; significant differences between treatment groups were shown as ∗P < 0:05.
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marker, but upregulated the mRNA level of COX-2, an M2
polarization marker, in the ox-LDL-stimulated macrophages
(Figure 6(b)). Interestingly, the Western blot results showed
that the ZBTB20 knockdown significantly suppressed the
phosphorylation of the IRF3 in the ox-LDL-stimulatedmacro-
phages, but not in the PBS-treated macrophages (Figure 6(c)
and Fig. S4C). In addition, the fluorescent staining results
showed that the ZBTB20 knockdown repressed the nucleus
translation of IRF3 in the ox-LDL-stimulated macrophages
(Figure 6(d)). ELISA showed that the ZBTB20 knockdown
reduced the cytokine levels of IFN-β in the ox-LDL-
stimulated macrophages (Figure 6(e)).

3.7. ZBTB20 Regulated Oxidative Stress and Mitochondrial
Fission in ox-LDL-Stimulated Macrophages via Modulating
NRF2. The ROS production in the macrophages with respec-
tive treatments was analyzed using fluorescent staining and
flow cytometry. The fluorescent staining results showed that
the treatment of ox-LDL significantly increased the ROS level
in the macrophages, which was significantly attenuated by the
ZBTB20 knockdown (Figure 7(a)). Consistently, the ZBTB20
knockdown attenuated the ox-LDL-induced increase of ROS-
positive macrophages, and more importantly, the effects of
the ZBTB20 knockdown on the number of ROS-positive mac-
rophages were antagonized by the treatment of ML385, a novel
NRF2 inhibitor (Figures 7(b) and 7(c) and Fig. S4D). The
fluorescent staining results showed that the knockdown of
ZBTB20 enhanced the nucleus translocation of NRF2 induced
by ox-LDL, which was also attenuated by ML385 treatment
(Figure 7(d)). Consistently, the ZBTB20 knockdown increased
the nuclear expression level of NRF2 protein in ox-LDL-
stimulated macrophages as determined by the Western blot

assay (Figure 7(e) and Fig. S4E). Furthermore, MitoTracker
staining showed that the ZBTB20 knockdown prevented the
mitochondrial injury in the macrophages (Figure 7(f)), and
the increased protein expression levels of DRP1 and FIS1
induced by ox-LDL were significantly attenuated by the
ZBTB20 knockdown as well (Figure 7(g) and Fig. S4F-S4G).

3.8. Knockdown of ZBTB20 Attenuates the Development of AS
in ApoE-/- Mice. The effects of the ZBTB20 knockdown on
the progression of AS were evaluated in ApoE-/- mice, which
were fed with a high-fat diet for 12 weeks. As shown in
Figure 8(a), the tail vein injection of the adenovirus express-
ing sh-ZBTB20 significantly reduced the aorta lesion in the
ApoE-/- mice when compared to animals treated with control
adenovirus. The H&E staining showed consistent results
(Figure 8(b)). Furthermore, the foam cells in the aorta were
stained by the oil red, and the lesion area significantly
decreased in the sh-ZBTB20 group (Figure 8(c)). Besides, we
performedMasson staining for collagen content, IHC staining
for smooth muscle cell (SMC) content (α-SMA (α-smooth
muscle actin)), and macrophage accumulation (CD68) in
whole aortas from sh-NC-treated ApoE-/- mice and sh-
ZBTB20-treated ApoE-/- mice (Figure 8(d)), and the results
showed that the knockdown of ZBTB20 attenuated themacro-
phage accumulation in the progression of AS but had no
effects on collagen or SMC content.

4. Discussion

AS progression is closely related to proinflammatory and
proatherogenic mediators, which can promote plaque forma-
tion and stenosis progression [39]. In the initiation of AS, high
levels of ox-LDL can recruit monocytes, promoting the
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Figure 3: ZBTB20 was identified as the hub gene associated with oxidative stress, inflammation, and cytokines in the ox-LDL-stimulated
macrophages. (a) Volcano plots and (b) heat map illustration of the differentially expressed genes between control macrophages and ox-
LDL-stimulated macrophages. (c) The hub genes from the PPI network were further identified using the MCODE app from Cytoscape
software. (d) The cytoHubba plug-in from Cytoscape software was used, and the hub gene network was obtained according to the core
gene scores. (e) The functional clustering of genes associated with oxidative stress, inflammation, and cytokines was performed using the
Metascape database.
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Figure 4: ZBTB20 promotes the inflammatory responses of the ox-LDL-stimulated macrophages. (a) The protein expression of ZBTB20 in
the normal aorta and atherosclerotic aorta was determined by immunofluorescent staining. The (b) mRNA and (c) protein expression levels
of ZBTB20 in the macrophages after being treated with ox-LDL for 0, 4, 8, or 24 h were determined by qRT-PCR and Western blot assays,
respectively. (d) The TNF-α and IL-6 protein expression levels in the PBS- or ox-LDL-treated macrophages after being transfected with
scrambled siRNA (NC) or si-ZBTB20 were determined by ELISA. (e) The TNF-α and IL-6 protein expression levels in the ox-LDL-treated
macrophages after being transfected with scrambled siRNA (NC) or si-ZBTB20 were evaluated by immunofluorescent staining. N = 3;
significant differences between treatment groups were shown as ∗P < 0:05.
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Figure 5: ZBTB20 knockdown suppresses the NF-κB and MAPK signaling activities in the ox-LDL-stimulated macrophages. (a, b) The ox-
LDL uptake of macrophages after being transfected with scrambled siRNA (NC) or si-ZBTB20 was determined by flow cytometry. (c) The ox-
LDL uptake of macrophages after being transfected with scrambled siRNA (NC) or si-ZBTB20 was determined by immunofluorescent
staining. (d) The protein expression levels of the NF-κB-related mediators in the PBS- or ox-LDL-treated macrophages after being
transfected with scrambled siRNA (NC) or si-ZBTB20 were determined by Western blot assay. (e) The protein expression level of p65 in
ox-LDL-treated (1 h) macrophages after being transfected with scrambled siRNA (NC) or si-ZBTB20 was determined by
immunofluorescent staining. (f) The protein expression levels of the MAPK-related mediators in the PBS- or ox-LDL-treated (1 h)
macrophages after being transfected with scrambled siRNA (NC) or si-ZBTB20 were determined by Western blot assay. N = 3.
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Figure 6: ZBTB20 knockdown suppresses the M1 polarization, increases the M2 polarization, and inhibits the phosphorylation and nucleus
translocation of IRF3 in the ox-LDL-stimulated macrophages. (a) The M1 and M2 polarization of the ox-LDL-treated (24 h) macrophages
after being transfected with scrambled siRNA (NC) or si-ZBTB20 was determined by flow cytometry. (b) The mRNA expression level of
the iNOS in the PBS- or ox-LDL-treated (24 h) macrophages after being transfected with scrambled siRNA (NC) or si-ZBTB20 was
determined by qRT-PCR. (c) The phosphorylation level of the IRF3 in the PBS- or ox-LDL-treated (8 h) macrophages after being
transfected with scrambled siRNA (NC) or si-ZBTB20 was determined by Western blot assay. (d) The nucleus translocation of IRF3 in the
ox-LDL-treated (8 h) macrophages after being transfected with scrambled siRNA (NC) or si-ZBTB20 was determined by
immunofluorescent staining. (e) The cytokine level of IFN-β in the ox-LDL-treated macrophages after being transfected with scrambled
siRNA (NC) or si-ZBTB20 was determined by ELISA. N = 3; significant differences between treatment groups were shown as ∗P < 0:05.
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Figure 7: Continued.
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adhesion molecule expression on the endothelium and the
subsequent adhesion of the monocytes to the intima [40].
Here, our microarray analysis revealed that ZBTB20 was iden-
tified as the hub gene in the ox-LDL-stimulated macrophages.
The validation studies showed that ZBTB20 was upregulated
in the human AS lesions and ox-LDL-stimulated macro-
phages. The loss-of-function studies showed that the ZBTB20
knockdown suppressed the proinflammatory cytokine levels,
decreased the M1 polarization, and reduced the oxidative
stress and mitochondrial fission in the ox-LDL-stimulated
macrophages. The mechanistic studies showed that the
ZBTB20 knockdown not only suppressed the NK-κB and
MAPK signaling activities but also inhibited the nucleus trans-
location of NRF2 in the ox-LDL-stimulatedmacrophages. Our
in vivo data showed that the ZBTB20 knockdown attenuated
the development of AS in ApoE-/- mice.

The present study showed the increased expression levels
of proinflammatory factors in the human AS lesions and ox-
LDL-stimulated macrophages, which was consistent with pre-
vious studies [41, 42]. These results indicated the increased
inflammatory response in the macrophages during AS. The
upregulation of ZBTB20 in human AS lesions and ox-LDL-
stimulated macrophages suggested that ZBTB20may promote
the initiation and progression of AS. Thus, we performed the
loss-of-function studies by silencing the ZBTB20 gene. In this
study, the knockdown of ZBTB20 suppressed proinflamma-
tory protein levels in ox-LDL-induced macrophages, which
was consistent with studies by Qiu et al., showing that ZBTB20
silencing suppressed the inflammatory responses in titanium
particle-stimulated or lipopolysaccharide- (LPS-) stimulated
macrophages [18]. In addition, the ZBTB20 knockout was
reported to decrease the serum levels of IL-6 and TNF-α in
LPS-treated mice [20]. AS is an inflammatory disease, and
NF-κB functions as a major transcription factor in inflamma-

tory and immune responses [43, 44]. Thus, we further
examined the roles of the ZBTB20 knockdown on NF-κB
activities, and we found that the ox-LDL stimulation increased
the activities of macrophage NF-κB signaling, which was con-
sistent with findings from previous studies [45, 46]. ZBTB20
was also found to promote the activity of NF-κB in the gastric
cancer cells and human dental pulp stem cells [47, 48].
Besides, the present study showed that ox-LDL enhanced the
activity of MAPK, another inflammatory signaling, in macro-
phages, which was consistent with previous reports from
Taketa et al. [49]. Here, our further results revealed that the
ZBTB20 knockdown reduced MAPK activity in ox-LDL-
stimulated macrophages. However, studies from Liu et al.
showed that ZBTB20 had no effects on Toll-like receptor-
triggered activation of MAPK [20]. The inconsistent effects
of ZBTB20 on the activity of MAPK in macrophages among
different studies might be attributed to the different stimuli
used. Collectively, in this study, the inhibitory effects of the
ZBTB20 knockdown on the inflammatory responses in the
macrophages may be related to the impaired activity of NF-
κB and MAPK.

Macrophages can be divided into M1 or M2 type,
depending on the polarization state, all of which were derived
frommonocytes [50]. Recent studies showed that M2 macro-
phages could clear dying cells and debris and secrete anti-
inflammatory factors, which can attenuate the formation of
AS plaques [51]. Our results showed that the ZBTB20
knockdown increased the M2 macrophage polarization but
decreased the M1 macrophage polarization, implying that
the ZBTB20 knockdown may attenuate AS by activating
M2 macrophages. IRF3 is a key interferon-regulator factor
in regulating the M2 polarization of macrophages, and
IRF3 can cooperate with NF-κB to launch IFN-β gene
transcription [52]. Consistently, our data showed that the
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Figure 7: ZBTB20 positively regulates oxidative stress and mitochondrial fission in ox-LDL-stimulated macrophages via modulating NRF2.
(a) The ROS level in the PBS- or ox-LDL-treated macrophages after being transfected with scrambled siRNA (NC) or si-ZBTB20 was
determined by immunofluorescent staining. (b, c) The ROS-positive rates of the macrophages with different treatments were determined
by flow cytometry. (d) The nucleus translation of NRF2 in the ox-LDL-stimulated macrophages with respective treatments was
determined by immunofluorescent staining. (e) The protein level of NRF2 in the nucleus of the macrophages with respective treatments
was assessed by Western blot assay. (f) The mitochondrial injury of the macrophages with respective treatments was assessed by
MitoTracker staining. (g) The protein level of DRP1 and FIS1 in the macrophages with respective treatments was assessed by Western
blot assay. N = 3; significant differences between treatment groups were shown as ∗P < 0:05.
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Figure 8: Knockdown of ZBTB20 attenuates the progression of the atherosclerosis of the ApoE-/- mice. (a) Representative images of the oil
red O staining in whole aortas from sh-NC-treated ApoE-/- mice or sh-ZBTB20-treated ApoE-/- mice fed with a high-fat diet for 16 weeks.
ImageJ software was used to quantify the lesion coverage of the entire aorta (%). (b) Representative images of H&E staining in cross-
sections of the aortic root from mice in different groups. ImageJ software was used to quantify areas of the necrotic core. (c)
Representative images of oil red O staining in cross-sections of the aortic root from mice in different groups. ImageJ software was used to
assess the lesion areas. (d) Representative images of Masson staining for collagen content, IHC staining for SMC content, and macrophage
accumulation (CD68) in whole aortas from sh-NC-treated ApoE-/- mice or sh-ZBTB20-treated ApoE-/- mice fed with a high-fat diet for 16
weeks. N = 8; significant differences between treatment groups were shown as ∗P < 0:05.
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ZBTB20 knockdown suppressed the phosphorylation and
nucleus translocation of IRF3 and reduced the IFN-β cyto-
kine level in the ox-LDL-stimulated macrophages, suggesting
that ZBTB20 regulated the phenotype switching of macro-
phages by targeting IRF3 and regulating IFN-β. Similarly,
in the clinic, it may be possible to use macrophage polariza-
tion as a target to treat macrophage-related inflammatory
diseases, such as aseptic loosening and immune rejection.

It has been widely reported that ox-LDL induced oxidative
stress in macrophages [53, 54], and our results consistently
elucidated that ox-LDL increased the ROS production and
DRP1/FIS1 protein. NRF2 is a crucial transcription factor that
regulates oxidative stress responses, and it is required for the
antioxidant responses in macrophages [47]. Our results showed
that the ZBTB20 knockdown attenuated the ox-LDL-induced
ROS production and increased the nucleus translocation of
NRF2 in the macrophages, which was significantly antagonized
by the NRF2 inhibitor ML385. In addition, the ZBTB20 knock-
down also rescued the ox-LDL-induced mitochondrial injury in
the macrophages. Collectively, these results suggested that the
ZBTB20 knockdown exerted antioxidative stress effects via
enhancing the nucleus translocation of NRF2 and preventing
themitochondrial injury inmacrophages. Some previous studies
suggested that ZBTB20 ablation could protect mice from liver
steatosis and improve hepatic lipid metabolism, the dysregula-
tion of whichmay lead to AS [55]. Here, our in vivo data showed
that the knockdown of ZBTB20 attenuated AS in ApoE-/- mice.
Hence, it is possible to selectively target ZBTB20 using novel
viral vectors, such as adenovirus and adeno-associated virus, to
slow the progression of clinical immune-inflammatory diseases.
However, the in vivo effects of ZBTB20 on the AS progression,
as well as how ZBTB20 regulates other cell types in AS, such
as endotheliocytes, still require further investigations.

Mitochondria are well known for their roles in integrating
redox, efferocytosis, epigenetic, and apoptotic regulations [56].
How mitochondria function will depend on the shape and
density, which are modulated by the fusion/fission balances
[57, 58]. These functions have been found to be disturbed in
macrophages from the AS plaques [59]. In this study, we
found that ox-LDL stimulation caused ROS production and
mitochondrial injury, which were significantly attenuated by
ZBTB20 silencing. Our findings were consistent with studies
from Peng et al., showing that ox-LDL induced mitophagy
in mitochondria [60]. DRP1 and FIS1 are two key mediators
relevant to the mitochondrial fission process [61, 62], and
our results showed that the ZBTB20 knockdown attenuated
the ox-LDL-induced activation of DRP1/FIS1 protein. Besides,
our results showed that the knockdown of ZBTB20 enhanced
the nucleus translocation of NRF2 in the ox-LDL-stimulated
macrophages, which was counteracted by ML385, a novel
NRF2 inhibitor. Nevertheless, the NRF2 transcription factor
might be one of the signaling pathways through which
ZBTB20 regulated the oxidative stress level, and the deeper
mechanisms remain to be explored.

Collectively, our results may imply that ZBTB20 silenc-
ing reduced oxidative stress by reducing ROS production
and mitochondrial injury via NRF2 signaling. In the clinic,
it may be possible to use adenovirus or adeno-associated
virus targeting ZBTB20 to prevent and treat AS.

5. Conclusions

In conclusion, this study demonstrated that the ZBTB20
knockdown could attenuate the progression of AS, and
ZBTB20mediated ox-LDL-induced AS possibly via modulat-
ing the inflammatory responses, oxidative stress, and mito-
chondrial fission of macrophages.
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Fig. S1: (A) The mRNA levels of TNF-α and IL-6 after being
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Mitochondrial dysfunction has been suggested to be the key factor in the development and progression of cardiac hypertrophy. The
onset of mitochondrial dysfunction and the mechanisms underlying the development of cardiac hypertrophy (CH) are
incompletely understood. The present study is based on the use of multiple bioinformatics analyses for the organization and
analysis of scRNA-seq and microarray datasets from a transverse aortic constriction (TAC) model to examine the potential role
of mitochondrial dysfunction in the pathophysiology of CH. The results showed that NADH:ubiquinone oxidoreductase core
subunit S1- (Ndufs1-) dependent mitochondrial dysfunction plays a key role in pressure overload-induced CH. Furthermore,
in vivo animal studies using a TAC mouse model of CH showed that Ndufs1 expression was significantly downregulated in
hypertrophic heart tissue compared to that in normal controls. In an in vitro model of angiotensin II- (Ang II-) induced
cardiomyocyte hypertrophy, Ang II treatment significantly downregulated the expression of Ndufs1 in cardiomyocytes. In vitro
mechanistic studies showed that Ndufs1 knockdown induced CH; decreased the mitochondrial DNA content, mitochondrial
membrane potential (MMP), and mitochondrial mass; and increased the production of mitochondrial reactive oxygen species
(ROS) in cardiomyocytes. On the other hand, Ang II treatment upregulated the expression levels of atrial natriuretic peptide,
brain natriuretic peptide, and myosin heavy chain beta; decreased the mitochondrial DNA content, MMP, and mitochondrial
mass; and increased mitochondrial ROS production in cardiomyocytes. The Ang II-mediated effects were significantly
attenuated by overexpression of Ndufs1 in rat cardiomyocytes. In conclusion, our results demonstrate downregulation of
Ndufs1 in hypertrophic heart tissue, and the results of mechanistic studies suggest that Ndufs1 deficiency may cause
mitochondrial dysfunction in cardiomyocytes, which may be associated with the development and progression of CH.

1. Introduction

Cardiac hypertrophy (CH) is a pathophysiological response
characterized by increased thickness of the ventricular wall,
greater myocardial cell volume, and enhanced myocardial

contractility during the early stage of overload pressure [1].
Primarily, CH is the compensatory response for preservation
of cardiac function; however, persistent CH is often associ-
ated with disturbed energy metabolism, deteriorated cardiac
function, and interstitial fibrosis, which will eventually
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progress into heart failure [2, 3]. Heart failure caused by CH
has been shown to be an independent risk factor for various
cardiovascular diseases [4, 5]. To date, the pathophysiology
underlying the progression of myocardial hypertrophy
remains elusive. Thus, determination of potential molecular
mechanisms is necessary for identification of novel and effec-
tive therapies to attenuate myocardial hypertrophy.

The contraction and relaxation of cardiomyocytes
require a sufficient energy supply to meet the workload
demand, and mitochondria are important primary organ-
elles for energy production in cardiomyocytes [6–8]. Mito-
chondrial dysfunction was shown to be closely associated
with the development of heart failure [9–11]. Under patho-
logical conditions of CH, the activities of ATP synthase and
mitochondrial oxidative phosphorylation complex are atten-
uated, which results in reduced production of ATP [12, 13].
Moreover, attenuated mitochondrial dynamics, reduced
mitochondrial volume, and abnormal mitochondrial mor-
phology were detected in cardiomyocytes in CH [14, 15].
Mitochondrial dysfunction was shown to increase the pro-
duction of reactive oxygen species (ROS) via impaired elec-
tron transport chains, which can lead to increased oxidative
stress and decreased energy production in cardiomyocytes
[9, 16, 17]. Thus, restoration of impaired mitochondrial
functions will provide novel strategies to attenuate the pro-
gression of CH. NADH:ubiquinone oxidoreductase core
subunit S1 (Ndufs1) is one of the core subunits of mitochon-
drial complex I that regulates mitochondrial oxidative phos-
phorylation and ROS production [18–20]. However, the
detailed role of Ndufs1 in the pathophysiology of CH is
largely unknown.

In the present study, we initially demonstrated the dereg-
ulation of Ndufs1 in heart tissue of mice with CH by analyz-
ing the GSE95140 scRNA-seq dataset. The expression of
Ndusf1 was confirmed in heart tissue in a mouse model of
CH. Furthermore, in vitro studies determined the molecular
mechanisms of Ndusf1-mediated CH. The present study
may provide novel insight into the role of Ndusf1 in the path-
ophysiology of CH.

2. Materials and Methods

2.1. Analysis of scRNA-seq and Microarray Datasets. RNA
sequencing data for single cardiomyocytes were downloaded
from the GSE95140 dataset of the GEO database [21]. This
dataset is based on the GPL17021 platform and contains
396 single-cardiomyocyte transcriptomes of mice after trans-
verse aortic constriction (TAC) or sham operation assayed
on day 3 (D3), week 1 (W1), week 2 (W2), week 4 (W4),
and week 8 (W8). The expression in each cell was detected
by using the “DropletUtils” package. Gene expression in
the cells was calculated using the “QC-Metrics” function in
the “scater” package [22]. Ribosomal genes ≥ 10% and
mitochondrial genes ≤ 5% were used for subsequent filtering.
After filtering, the expression matrix of each sample was
normalized by using the “NormalizeData” function of the
“Seurat” package (version 3.0) [23]. The genes with the most
pronounced differences between the cells were selected using
the “FindVariableFeatures” function of the “Seurat” package.

The “ScaleData” function was used to convert the expression
data to linear scale. Then, principal component analysis
(PCA) was performed using the “RunPCA” function of the
“Seurat” package. Principal components (PCs) with standard
deviations > 70% were selected. “RunUMAP” of the “Seurat”
package was employed to perform UMAP dimensionality
reduction analysis. The “FindAllMarkers” function of the
“Seurat” package was used to define the criteria for identifica-
tion of differentially expressed genes (DEGs) as follows: cell
population expression ratio > 0:25, log ∣ fold change ðFCÞ ∣ >
0:25, and p ≤ 0:05.

The differentially expressed genes were validated using
the GSE24454 microarray dataset. In this dataset, mice were
sacrificed 4 weeks after aortic banding (AB) or sham proce-
dure (sAB) and subsequent debanding, including banding
and subsequent debanding (DB3) or sham procedure and
subsequent debanding (sDB3); the data were obtained at var-
ious time points up to day 3 [24]. Thus, the CEL raw data and
corresponding annotation platform file were downloaded
and preprocessed by background adjustment, normalization,
probe summarization, and log2 transformation of the expres-
sion values using the “Affy” package in R.

2.2. Gene Ontology (GO) Term Enrichment Analysis. GO
enrichment analysis was performed using the “clusterProfi-
ler” package in R [25]. Notably, the major GO terms of
DE genes in biological processes, molecular functions,
cellular components, and pathways were evaluated. The
Benjamini-Hochberg method was used to adjust the original
p values. The GO terms corresponding to the DE genes were
enriched with the threshold of correction p value < 0.05.
Additionally, the enrichment analyses of the biological pro-
cesses of the hub genes were carried out with the ToppGene
tool (https://toppgene.cchmc.org/), which is a web-based
analytic tool used for functional enrichment analysis of the
gene lists [26]. Additionally, the cellular compartment-
specific protein-protein interaction network was constructed
by the ComPPI database (https://comppi.linkgroup.hu/) [27].

2.3. Gene Set Enrichment Analysis (GSEA). GSEA was used to
assess the Kyoto Encyclopedia of Genes and Genomes
(KEGG) maps involved in TCA-induced CH development
based on time series analysis [28]. Initially, the Kolmogorov-
Smirnov method was used to determine the enrichment score
(ES); then, the statistical significance of ES was assessed using
the empirical phenotype replacement test procedure. The
enrichment score (NES) was derived by normalization of
ES for each gene set. The false discovery rate (FDR) of each
NES was determined.

2.4. Gene Set Variation Analysis (GSVA). The GSVA package
of R was used to analyze the activation of the gene sets by
unsupervised and nonparametric scoring calculations [29].
The hub pathway-related scores were calculated by the
GSVAmethod in each cell based on the transcription expres-
sion matrix after assigning various groups in the TACmodel.
Significant differences in GSVA scores between various
groups were assessed by one-way ANOVA.
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2.5. Animals and Surgical Intervention. All animal experi-
ments were approved by the Animal Ethics Committee of
Sun Yat-sen University (SYSU-IACUC-2020-000469). Six-
teen male C57BL/6 mice (8 weeks old) were purchased from
Sun Yat-sen University, and the mice were randomly divided
into two groups, including the sham (n = 8) and TAC groups
(n = 8). Before operation, the animals were anaesthetized by
intraperitoneal injection with 100mg/kg ketamine + 5mg/
kg xylazine. After the animals reached general anesthesia, a
small incision was made in the second intercostal space at
the left upper sternal border to open the chest cavity, and
the animals were subjected to respiratory ventilation. After
exposure of the aortic arch, TAC was performed by tying a
7-0 nylon suture ligature against a 27-gauge needle between
the left common carotid artery and the brachiocephalic
artery. Then, the needle was quickly retracted to complete
the partial constriction procedure. Sham-operated mice were
subjected to the same surgical procedures without transverse
aortic constriction. The chest was closed with 5-0 nonabsorb-
able sutures. Postoperatively, the animals were subcutane-
ously injected with 1.0mg/kg buprenorphine to relieve
postoperative pain every 12 h for 3 consecutive days. The
mice were closely monitored every day for body weight and
any signs of labored breathing or postoperative pain.

2.6. Echocardiography. Four weeks after ascending TAC
operation, the animals from the sham and TAC groups were
subjected to echocardiography examination. Briefly, the mice
were anaesthetized by 3% isoflurane using an anesthesia
machine. The hair on the left chest was carefully removed,
and cardiac geometry was determined from the parasternal
long axis view with a probe frequency of 30MHz using a
small animal color ultrasonic diagnostic apparatus (Vevo
2100, VisualSonics, Toronto, Canada). The images of the left
ventricular area were captured using M-type echocardiogra-
phy. The interventricular septum (IVS) thickness and left
ventricular posterior wall (LVPW) thickness were measured.

2.7. Evaluation of Cardiac Index. After assessment by echo-
cardiography, the animals were sacrificed by an overdose of
5% isoflurane. The heart was immediately dissected and
rinsed with ice-cold saline to remove blood clots. After drain-
ing the heart tissue on sterile paper, the whole weight of the
heart was measured using a digital balance. The left ventric-
ular weight (LVW) was determined by removing the atrium
and right ventricle from the whole heart. The heart mass
index (HMI) and left ventricular mass index (LVMI) were
calculated as follows: HMI = LVW/body weight; LVMI =
LVW/body weight. The length of the medial malleolar dis-
tance on the right hindlimb to the tibial plateau edge was
defined as the tibia length (TL). The ratios of LVW to TL
were used as an index of cardiac hypertrophy.

2.8. Hematoxylin and Eosin (H&E) Staining. After animals
were sacrificed by an overdose of 5% isoflurane, a part of
the heart tissue was fixed with 4% paraformaldehyde and
embedded in paraffin. The paraffin-embedded heart tissue
was sectioned into 5μm sections and stained by hematoxylin

and eosin. The stained sections were examined under a light
microscope (Nikon, Tokyo, Japan).

2.9. Transmission Electron Microscopy (TEM). The mito-
chondria in the heart tissue were evaluated by TEM. Briefly,
the heart tissue was sectioned into 1mm3 pieces, which were
fixed with 4% glutaraldehyde and 1% osmic acid. Then, the
tissue was dehydrated with acetone, embedded in Epon
821, and cut into 70 nm sections. Then, the sections were
double stained with uranyl acetate and lead citrate. The mito-
chondria were examined using TEM (JEM-1230, Tokyo,
Japan). Mitochondrial volume and mitochondrial number
were evaluated based on the TEM images.

2.10. Rat Cardiomyocyte Culture. Neonatal Sprague-Dawley
rats (1-2 days old) were sacrificed by cervical dislocation,
and the heart was immediately dissected under sterile condi-
tions. Ventricular tissue was isolated from the atria and
digested in Hanks balanced salt solution containing 0.25%
trypsin (Sigma-Aldrich, St. Louis, USA) at 37°C for 5min,
and the digestion cycle was repeated 10 times. After diges-
tion, the supernatants were pooled and mixed with an equal
volume of DMEM supplemented with 10% fetal bovine
serum (FBS; Thermo Fisher Scientific, Waltham, USA). After
centrifugation at 1,000 × g for 5min, the supernatant was
discarded, and the cell pellet was resuspended in DMEM sup-
plemented with 10% FBS. After incubation for 4 h at 37°C in
a humidified 5% CO2 incubator, cardiomyocytes were col-
lected from the medium. Cardiac fibroblasts adhered to the
walls of the dishes. Cardiomyocytes were cultured in 6-well
plates for 24 h and in fresh DMEM supplemented with 10%
FBS for 2-3 days before in vitro assays.

2.11. Construction of the Ndusf1 siRNA and Overexpression
Vectors and Ang II Treatment. The siRNAs targeting Ndusf1
(si-Ndusf1) and the corresponding scrambled siRNAs were
designed and synthesized by RiboBio (Guangzhou, China).
The vector for Ndusf1 overexpression was constructed by
cloning the full-length Ndusf1 sequence into the pcDNA3.1
vector, and the empty pcDNA3.1 vector was used as the cor-
responding negative control. All plasmids were purchased
from RiboBio. For transfections, rat cardiomyocytes were
seeded in 12-well plates and cultured for 24 h; then, cardio-
myocytes were transfected with various plasmids or siRNAs
by using Lipofectamine 2000 reagent (Invitrogen, Carlsbad,
USA) according to the manufacturer’s protocol. Cardio-
myocytes were collected for the experiments 24 h after the
transfection. For angiotensin II (Ang II; Sigma-Aldrich)
treatment, cardiomyocytes were seeded in 12-well plates
and cultured for 24h; then, cardiomyocytes were treated
with 100nM Ang II for 24 h and harvested for subsequent
experiments.

2.12. Quantitative Real-Time PCR (qRT-PCR). Total RNA
from cardiomyocytes and heart tissue was extracted using
TRIzol reagent (Invitrogen, Carlsbad, USA) according to
the manufacturer’s protocol. RNA was reverse transcribed
using a PrimerScript RT kit with gDNA eraser (Takara,
Dalian, USA). Real-time PCR was performed using a SYBR
Premix Ex Taq II kit (Takara) on an ABI7900 instrument
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(Applied Biosystems, Foster City, USA). The parameters for
thermal cycling were as follows: 95°C for 15 s, 55°C for 15 s,
and 72°C for 15 s for 40 cycles. The relative mRNA expres-
sion levels were determined by the comparative Ct method,
and β-actin was used as the internal control.

2.13. Western Blot Assay. Proteins from cardiomyocytes or
heart tissue were isolated using RIPA buffer supplemented
with proteinase inhibitors (Sigma-Aldrich). The concentra-
tions of the protein samples were measured by the BCA
method. Equal amounts of proteins (50μg) were resolved
by gel electrophoresis and transferred to a polyvinylidene
difluoride (PVDF) membrane. After blocking with 5% nonfat
milk at room temperature for 1 h, the membranes were incu-
bated with primary antibodies against NDUFS1 (1 : 1,000;
CST, Danvers, USA), atrial natriuretic peptide (ANP;
1 : 1,000; CST), brain natriuretic peptide (BNP; 1 : 1,000;
CST), myosin heavy chain beta (β-MHC; 1 : 1,000; CST),
and β-actin (1 : 2,000; CST) at 4°C overnight. Then, the mem-
brane was incubated with horseradish peroxidase-conjugated
secondary antibodies (1 : 2,000; CST) for 2 h at room temper-
ature. The immunoreactive bands were analyzed by using a
chemiluminescence system (Bio-Rad).

2.14. Assessment of mtDNA Copy Number. The
mtDNA/nDNA ratio was evaluated by using the qRT-PCR
assay as described previously. The primers were designed
to target mtDNA (NADH dehydrogenase: 1,5′-AAACGC
CCTAACAACCAT-3′ and 5′-GGATAGGATGC TCGG
ATT-3′) and nDNA (β-actin: 5′-ATGGTGGGAATGGG
TCAGAA-3′ and 5′-CTTTTCACG GTTGGCCTTAG-3′).
The relative mtDNA copy number was calculated by nor-
malizing the mtDNA content to the expression of the β-
actin gene.

2.15. Assessment of Mitochondrial Membrane Potential
(MMP). MMP of cardiomyocytes was evaluated using a JC-
1 mitochondria staining kit (Thermo Fisher Scientific).
Briefly, cardiomyocytes (5 × 103 cells/well) were plated in
96-well plates, treated for 24, and incubated with JC-1 fluo-
rescent dye for 20min at room temperature in the dark.
The fluorescent staining by JC-1 was evaluated by fluores-
cence microscopy. JC-1 monomers were imaged at excitation
and emission wavelengths of 490nm and 530 nm, respec-
tively; JC-1 aggregates were imaged at excitation and emis-
sion wavelengths of 525nm and 590 nm, respectively.

2.16. Detection of Mitochondrial ROS. The production of
mitochondrial ROS was determined by using a MitoSOX
fluorescent staining kit (Thermo Fisher Scientific, Waltham,
USA) according to the manufacturer’s protocol. Confocal
laser scanning microscopy was used to capture fluorescent
images, which were further analyzed using ImageJ software.

2.17. Flow Cytometry Analysis of ROS-Positive Cells. ROS
production in cardiomyocytes was evaluated using the 2′,7′
-dichlorofluorescein diacetate (DCF-DA) staining assay
(Thermo Fisher Scientific). Briefly, the cells were incubated
with DCF-DA for 30min at 37°C in the dark, washed, resus-

pended in PBS, and maintained on ice for immediate assay by
flow cytometry (BD Biosciences). The data were analyzed
using FACSDiva software (BD) to calculate the number of
ROS-positive cardiomyocytes.

2.18. Mitochondrial Mass Analysis Using MitoTracker Red
Staining. MitoTracker Red staining was performed to assess
mitochondrial mass. Briefly, cardiomyocytes were incubated
with 100nM MitoTracker Red for 30min at 37°C. Fluores-
cence was detected at excitation and emission wavelengths
of 490 and 516 nm, respectively, using an ELx-800 microplate
reader (BioTek; Winooski, VT, USA).

2.19. Statistical Analysis. The data are presented as the
mean ± standard deviation. All data analyses were performed
using GraphPad Prism software (version 8; GraphPad
Software, La Jolla, USA). Statistical significance of differences
between various treatment groups was assessed using
unpaired Student’s t-test or one-way ANOVA followed by
the Bonferroni multiple comparison test. p < 0:05 indicated
statistical significance.

3. Results

3.1. scRNA-seq Clustering by the Seurat Package and
Functional Enrichment Analysis. The number of principal
components was set as 12, and cardiomyocytes were classi-
fied into six clusters based on UMAP visualization after
batch correction (Figure 1(a)). A total of 3,408 highly vari-
able genes were detected after normalization. Consequently,
a total of 288 markers were identified by the Wilcoxon
signed-rank test. These markers were then subjected to GO
enrichment analysis. As shown in Figure 1(b) and Table S1,
the genes were significantly enriched in “ribonucleotide
metabolic process” (enriched genes = 97, p value = 1:44E −
48), “mitochondrion organization” (enriched genes = 77, p
value = 3:35E − 29), “muscle cell development” (enriched
genes = 43, p value = 1:72E − 20), “heart contraction”
(enriched genes = 42, p value = 2:16E − 19), and “proton
transmembrane transport” (enriched genes = 77, p value =
7:66E − 17) in the biological process category. Additionally,
DE genes were significantly enriched in “mitochondrial
protein complex” (enriched genes = 104, p value = 2:18E −
78), “myelin sheath” (enriched genes = 65, p value = 4:38E −
41), “respiratory chain” (enriched genes = 43, p value = 2:76
E − 37), “intercalated disc” (enriched genes = 18, p value =
6:72E − 12), and “chaperone complex” (enriched genes = 11,
p value = 4:69E − 11) in the cellular component category.
For molecular function, the terms “structural constituent
of ribosome” (enriched genes = 37, p value = 2:43E − 17),
“electron transfer activity” (enriched genes = 24, p value =
2:73E − 17), “proton transmembrane transporter activity”
(enriched genes = 29, p value = 5:49E − 16), “coenzyme
binding” (enriched genes = 41, p value = 1:63E − 13), and
“ubiquitin protein ligase binding” (enriched genes = 39, p
value = 2:34E − 11) were also enriched.

As shown in Figure 1(c) and Table S2, GSEA was used to
analyze the CH-related KEGG pathways, and the KEGG: oxi-
dative phosphorylation pathway was significantly enriched in
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the progression of CH based on time series analysis (ES = 0:96,
S = 2:79, nominal p value < 0.01, FDR q value = 0.035). Fur-
thermore, the GSVA calculated scores of the KEGG: oxidative
phosphorylation (OxP score) pathway at various stages of CH
were distinctly different from those in the sham operation
group. Specifically, CH-related scores were significantly lower
in the TAC W1 and W4 groups compared to those in the
sham group (all p value < 0.05; Figure 1(d) and Table S3).
Moreover, the patterns of GSVA calculated based on the cor-
responding OxP scores across various cell clusters showed that
the scores were significantly lower in cluster 2 than those in
cluster 0 (p value < 0.05; Figure 1(e)).

3.2. Identification of Candidate Biomarkers Involved in TAC-
Induced CH.DE genes in cluster 2 are illustrated by a volcano
plot (Ndusf1: average LogFC = 2:21, adjusted p value = 1:78
E − 38; Figure 2(a)). These genes included genes with log
fold change > 1, which were used for Spearman correlation
analysis; the results showed that Ndusf1 was highly corre-
lated with the OxP score (R = 0:74, p value < 0.05;
Figure 2(b)). The validation of Ndusf1 using GSE24454
showed that Ndusf1 was significantly downregulated in
the heart tissue from aortic banding mice compared to that
in sham-operated mice (Figure 2(c)). Additionally, NDUSF1
was identified as a key interactor in the protein-protein
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Figure 1: scRNA-seq clustering by the Seurat package and functional enrichment analysis. (a) UMAP visualization after batch correction.
Cells are colored according to the clusters. (b) GO enrichment analysis of differentially expressed genes, including biological process,
cellular component, and molecular function categories. (c) KEGG: oxidative phosphorylation pathway enrichment map of time series
analysis during the development of a TAC model. (d) The patterns of the GSVA-calculated scores of the KEGG: oxidative
phosphorylation pathway at various stages of cardiac hypertrophy and after sham operation. (e) The patterns of the GSVA-calculated
scores of the KEGG: oxidative phosphorylation pathway across various cell clusters.
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interaction network using ComPPI analysis and shared a
close relationship with mitochondrial functional proteins,
including STAT3, COX6B1, and ATP5PF (Figure 2(d),
Figure 2(e), and Table S4). The biological process
enrichment analysis showed that proteins that potentially
interact with Ndusf1 were significantly associated with key
mitochondrial functions, such as “mitochondrial electron
transport, NADH to ubiquinone” (p value = 2:78E − 4),
“mitochondrial respiratory chain complex I assembly”
(p value = 1:52E − 3), and “NADH dehydrogenase complex
assembly” (p value = 1:15E − 2) (Figure 2(f) and Table S5).
Based on the results of bioinformatics analysis, Ndusf1 was
selected for subsequent validation and functional analysis.

3.3. Ndufs1 Was Downregulated in the Hypertrophic Mouse
Heart. As shown in Figures 3(a) and 3(b), the results of
H&E staining indicated that cardiomyocytes were signifi-
cantly enlarged in the TAC group compared to those in

the sham group (p < 0:05). Examination of the dissected
heart tissue indicated that the heart weight, HMI, LVMI,
and LV/TL were significantly higher in the TAC group than
those in the sham group (Figures 3(c)–3(f); all p < 0:05). The
results of echocardiography examination showed that the
thickness of IVS and LVPW was significantly higher in the
TAC group than that in the sham group (Figures 3(g)–3(i);
all p < 0:05). qRT-PCR analysis showed that the mRNA
expression levels of ANP, BNP, and β-MHC were signifi-
cantly higher in heart tissue from the TAC group than
those in the sham group (Figures 3(j)–3(l); all p < 0:05).
Importantly, the expression levels of Ndusf1 mRNA and
protein were significantly reduced in the heart tissue from
the TAC group compared to those in the sham group
(Figures 3(m) and 3(n); all p < 0:05). TEM examination
showed that the mitochondrial volume was significantly
increased, and the number of mitochondria was significantly
decreased in the heart tissue from the TAC group compared
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to those in the control group (Figures 3(o)–3(q); all p < 0:05).
The sarcomeres were enlarged, and myofibrils were disor-
dered in the TAC group. Comparison with the sham group
indicated that mitochondria in TAC-induced CH cardio-
myocytes showed mild to moderate swelling, intact adventi-
tia, edema of the matrix, disappearance of partial cristae,
and aggregation between myofibrils.

3.4. Effects of Ang II on the Expression Levels of ANP, BNP, β-
MHC, and Ndusf1. As shown in Figure 4, Ang II treatment
caused a significant increase in the mRNA and protein
expression levels of ANP, BNP, and β-MHC in cardiomyo-
cytes compared to those in the control group (Figures 4(a)–
4(f); all p < 0:05). On the other hand, the mRNA and protein
expression levels of Ndusf1 in cardiomyocytes were signifi-
cantly reduced by Ang II treatment compared to those in
the control group (Figures 4(g) and 4(h); all p < 0:05). These
results indicated that Ndusf1 may have certain biological
functions in Ang II-stimulated cardiomyocytes.

3.5. Effects of Ndusf1 Knockdown on the Expression Levels of
ANP, BNP, and β-MHC and on Mitochondrial Functions.

Ndusf1 was silenced by transient transfection of cardiomyo-
cytes with Ndusf1 siRNA. As shown in Figures 5(a) and
5(b), Ndusf1 siRNA transfection (si-Ndusf1) significantly
reduced the expression levels of Ndusf1 mRNA and protein
in cardiomyocytes compared to that in cells transfected with
scrambled siRNA (si-NC; all p < 0:05). The size of cardiomyo-
cytes was significantly increased in the si-Ndufs1 group com-
pared with that in the si-NC group (Figure 5(c); p < 0:01). The
results of qRT-PCR and western blot indicated that the expres-
sion levels of mRNA and protein of ANP, BNP, and β-MHC
were significantly downregulated in si-Ndusf1-transfected
cardiomyocytes compared to those in si-NC-transfected car-
diomyocytes (Figures 5(d)–5(i); all p < 0:05). Furthermore,
the effects of Nudsf1 knockdown on mitochondrial functions
were determined by measuring mitochondrial DNA content,
ROS production, and MMP. As shown in Figure 5(j), Ndusf1
knockdown significantly reduced the mitochondrial DNA
content in cardiomyocytes compared to that in the si-NC
group (p < 0:01). Consistently, the levels of ROS production
in cardiomyocytes were significantly elevated after Ndusf1
silencing (Figures 5(k) and 5(l); all p < 0:05). Moreover, the
fluorescent staining results showed that Ndufs1 knockdown
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Figure 3: Ndufs1 was downregulated in the hypertrophic heart of mice. (a) H&E staining of mouse heart tissue in the sham and TAC groups.
(b) The cardiomyocyte area was evaluated in the sham and TAC groups. The heart was dissected, and the heart weight (c), HMI (d), LVMI (e),
and LV/TL (f) in the sham and TAC groups were determined. (g) Representative images of echocardiography in the sham and TAC groups,
and the thickness of IVS (h) and LVPW (i) in the sham and TAC groups according to echocardiography. (j–l) The mRNA expression levels of
ANP, BNP, and β-MHC in the heart tissue of the sham and TAC groups determined by qRT-PCR. (m, n) The mRNA and protein expression
levels of Ndufs1 in the heart tissue of the sham and TAC groups were determined by qRT-PCR and western blot assays, respectively. (o)
Representative TEM images of the heart tissue of the sham and TAC groups. (p, q) The mitochondrial volume and number were analyzed
based on TEM images. N = 6. ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001.
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dramatically increased MMP and mitochondrial mass of
cardiomyocytes compared to those in the si-NC group
(Figures 5(m) and 5(n); all p < 0:05). These results indicate
that silencing Ndusf1 gene expression may aggravate MMP
damage in Ang II-induced myocardial hypertrophy.

3.6. Effects of Ndusf1 Overexpression on Ang II-Induced
Hypertrophy of Cardiomyocytes. Initially, we constructed
the vector for Ndusf1 overexpression using the pcDNA3.1
plasmids. Cardiomyocytes transfected with the vector for
Ndusf1 overexpression exhibited a significant increase in
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Figure 4: Ang II induced downregulation of Ndufs1 in rat cardiomyocytes. The mRNA and protein expression levels of ANP (a, b), BNP (c, d),
β-MHC (e, f), and Ndufs1 (g, h) in control and Ang II-treated cardiomyocytes were determined by qRT-PCR and western blot assay. N = 3.
∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001.
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the levels of Ndusf1 mRNA and protein compared with
those in the cells transfected with pcDNA3.1 (NC group;
Figures 6(a) and 6(b); all p < 0:05). As expected, Ang II
treatment increased the cardiomyocyte area compared with
that in the control group, and Ndusf1 overexpression atten-
uated Ang II-induced increase in the cardiomyocyte area
(Figure 6(c); p < 0:05). Consistently, Ang II treatment
caused a significant increase in the levels of mRNA and pro-
tein of ANP, BNP, and β-MHC (all p < 0:05), and Ndusf1
overexpression partially counteracted the stimulatory effects
of Ang II on ANP, BNP, and β-MHC expression in cardio-
myocytes (Figures 6(d)–6(i); all p < 0:05). The mitochon-
drial DNA content of cardiomyocytes was significantly
reduced by Ang II, and this effect was attenuated by Ndusf1
overexpression (Figure 6(j); all p < 0:05). Moreover, Ndusf1
overexpression attenuated Ang II-induced elevation in the
ROS production levels in cardiomyocytes (Figures 6(k) and
6(l); all p < 0:05). Importantly, Ang II treatment significantly
repressed MMP and mitochondrial mass in cardiomyocytes,

and the effect was significantly alleviated by overexpression
of Ndusf1 (Figures 6(m) and 6(n)). In turn, these results indi-
cate that Ndusf1 overexpression may protect against MMP
disorder in Ang II-induced mitochondrial dysfunction.

4. Discussion

CH is a pathophysiological response characterized by
increased thickness of the ventricular wall, greater myocar-
dial cell volume, and enhanced myocardial contractility in
the early stage of overload pressure [1, 3]. The pathophysiol-
ogy of CH is complex and involves multiple cellular events,
and the mechanisms of the development of CH are not fully
understood [1, 3, 30]. Growing evidence indicates that mito-
chondrial dysfunction is closely related to the development
and progression of CH. In the present study, we explored
the GSE95140 datasets by using integrated bioinformatics
analysis and demonstrated downregulation of Ndusf1 in
heart tissue of mice with CH. The expression of Ndusf1 was
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further validated in amouse TACmodel; our data showed that
Ndusf1 expression was significantly downregulated in hyper-
trophic heart tissue compared to that in normal controls.
Moreover, in vitro mechanistic studies showed that Ndusf1
knockdown induced cardiomyocyte hypertrophy, decreased
mitochondrial DNA content and MMP, and increased mito-
chondrial ROS production in cardiomyocytes. On the other
hand, Ang II treatment upregulated the expression levels of
ANP, BNP, and β-MHC, decreased mitochondrial DNA

content and MMP, and increased mitochondrial ROS pro-
duction in cardiomyocytes; moreover, Ang II-mediated
effects were significantly attenuated by overexpression of
Ndusf1 in rat cardiomyocytes. Overall, our results indicate
the important roles of Ndusf1 in the development and pro-
gression of CH.

In the present study, TAC surgery was performed to
establish a CH mouse model. Enlarged cardiomyocytes and
increases in the heart weight, HMI, LVMI, LV/TL, and
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Figure 6: Ndufs1 overexpression attenuated Ang II-induced cardiac hypertrophy and mitochondrial dysfunction in cardiomyocytes. (a, b)
The mRNA and protein expression levels of Ndufs1 in cardiomyocytes transfected with pcDNA3.1 or pcDNA3.1-Ndufs1 were determined
by qRT-PCR and western blot assays. (c) The relative cardiomyocyte area was determined in cardiomyocytes subjected to various
treatments. The mRNA and protein expression levels of ANP (d, e), BNP (f, g), and β-MHC (h, i) in cardiomyocytes subjected to various
treatments were determined by qRT-PCR and western blot assays. The mitochondrial DNA content (j), mitochondrial ROS production
(k), ROS-positive cardiomyocytes (l), MMP (m), and mitochondrial mass (n) were evaluated in cardiomyocytes subjected to various
treatments. N = 3. ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001.
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thickness of IVS and LVPW were detected in mice subjected
to TAC compared with those in sham-operated mice; these
findings are consistent with the results of previous studies
[31]. Additionally, the mRNA expression levels of ANP,
BNP, and β-MHC were elevated in the heart tissue of the
mice with CH. ANP, BNP, and β-MHC are commonly used
cardiac hypertrophic biomarkers, and elevated levels of these
biomarkers have been demonstrated in heart tissue in clini-
cal studies and animal models [32–35]. Overall, these results
suggest successful establishment of CH in mice subjected to
TAC treatment. Further validation by qRT-PCR and western
blot showed that the expression levels of Ndusf1 mRNA and
protein were downregulated in hypertrophic heart tissue.
The data suggest that Ndusf1 may play an important role
in CH.

Mitochondria are considered to be dynamic “energy sta-
tions”, and these morphological changes are characterized by
fragmented disconnection and elongated interconnection of
mitochondria, which are regulated by activation of mito-
chondrial fission and fusion proteases or posttranslational
modifications of proteins during the development of CH [1,
36]. Ndusf1 (NADH:ubiquinone oxidoreductase core sub-
unit S1) is the largest subunit of complex I; the corresponding
gene encodes a 75 kDa subunit of NADH-ubiquinone oxido-
reductase [37] and thus has gained particular attention due to
its significant role in the activity of mitochondrial oxidative
phosphorylation. Mutations or deficiency of this gene can
destabilize complex I assembly and result in defects of the
activity of the electron transport chain (ETC) and elevated
ATP production, which can cause mitochondrial fusion and
fission to restore damaged mitochondrial DNA and remove
damaged mitochondrial fragments, respectively [38–40].
However, the role of Ndusf1 in the pathophysiology of CH
has not been reported; however, the importance of Ndusf1
in cardiovascular diseases has been emphasized by several
research groups. Qi et al. showed that Akap1 deficiency
exacerbates diabetic cardiomyopathy in mice by Ndusf1-
mediated mitochondrial dysfunction and apoptosis [19].
Ndusf1 was shown to be upregulated in cardiac cells upon
cyclic stretch, which may be associated with mitochondrial
biogenesis [41]. Sato et al. showed that Ndusf1 is associated
with the cardiac response to iron deficiency [42]. Addition-
ally, the cardiac levels of acetylated forms of Ndusf1 are
decreased in caloric restriction [43]. Impaired electron trans-
port chains in mitochondria contribute to the development
and progression of CH [44, 45]. Ndusf1 is one of the key reg-
ulators of the electron transport chain; thus, we speculate that
Ndusf1 may be a key factor in CH. The results of our in vitro
studies indicated that the Ang II-induced increase of the
expression of hypertrophic biomarkers was accompanied by
downregulation of Ndusf1 in cardiomyocytes. Ang II is
widely used to induce a cellular model of CH in cardiomyo-
cytes [46, 47]. Schwartz et al. used serial analysis of gene
expression to demonstrate that continuous Ang II treatment
induces downregulation of Ndusf1 in the mouse heart [48].
The activation of the endogenous renin-angiotensin aldoste-
rone system increases the protein levels of Ndusf1 in urine in
hypertensive patients [49]. Additionally, Ang II exacerbates
mitochondrial dysfunction and oxidative stress to cause heart

failure [50]. Thus, in combination with these findings, our
results may imply that Ang II-induced CH in cardiomyocytes
may be associated with downregulation of Ndusf1.

To gain additional insight into the mechanism of action
of Ndusf1 in Ang II-induced CH, we performed loss- and
gain-of-function studies in cardiomyocytes. Our results
showed that Ndusf1 knockdown decreased the mitochon-
drial DNA content and MMP and increased mitochondrial
ROS production; in addition, Ndusf1 knockdown increased
the expression levels of hypertrophic biomarkers in cardio-
myocytes, possibly indicating that Ndusf1 knockdown
promoted CH by impairing mitochondrial functions. Down-
regulation of Ndusf1 inhibits the neuroprotective effects of
pyrroloquinoline against rotenone injury in cultured SH-
SY5Y cells and cultured midbrain neurons, and rotenone
can impair mitochondrial dysfunction [51]. Lopez-Fabuel
et al. showed that Ndusf1 knockdown impairs mitochon-
drial O2 consumption and increases ROS production in
neurons [52]. On the other hand, our results showed that
overexpression of Ndusf1 attenuated Ang II-mediated
effects in cardiomyocytes. Thus, Ndusf1 may be involved
in Ang II-mediated CH by modulating mitochondrial func-
tions in cardiomyocytes.

Balanced regulation of mitochondrial fusion and fission
is very delicate and susceptible to the development of CH
and heart failure; thus, efficient myocardial therapies that
target mitochondrial lesions and dysfunction may be a new
strategy to suppress susceptibility to myocardial remodeling
and attenuate myocardial fibrosis; however, these possibili-
ties are poorly characterized [1, 5, 11]. Ndufs1 has been
illustrated to play a central role in the regulation of morpho-
logical dynamics and oxidative stress and may play an
important role in mitochondrial crista remodeling, cyto-
chrome release, and mitochondrial respiration in the develop-
ment of CH and heart failure. A decrease in the expression of
Ndufs1, in turn, contributes to aggravated mitochondrial
membrane potential disorder, mitochondrial ROS produc-
tion, and mitochondrial DNA damage.

In conclusion, our results demonstrated downregula-
tion of Ndusf1 in hypertrophic heart tissue, and the results
of the mechanistic studies suggest that Ndusf1 deficiency
causes mitochondrial dysfunction in cardiomyocytes, which
may be associated with the development and progression
of CH.

5. Limitations

There are several limitations in the present study. First, the
expression of Ndusf1 in the mouse cardiac tissue was deter-
mined 4 weeks after TAC surgery in mice, which cannot
reflect the changes in Ndusf1 during the progression of CH.
Thus, future studies may determine the expression of
Ndusf1 at various time points to confirm the role of Ndusf1
in the progression of CH. Second, the expression of Ndusf1
was validated only in mouse cardiac tissue and cardiomyo-
cytes, and future studies should determine the expression
of Ndusf1 in the clinical samples of hypertrophic hearts.
Third, loss- and gain-of-function studies were only per-
formed in vitro, and the functional role of Ndusf1 in vivo
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in the pathophysiology of CH should be determined. Fourth,
the downstream signaling pathways mediated by Ndusf1
should be further explored.

Data Availability

Both of the GSE95140 and GSE24454 datasets were obtained
from the GEO (https://www.ncbi.nlm.nih.gov/geo/) data-
base, and the analysis scripts would be accessed from Dr.
Rongjun Zou on a request.

Conflicts of Interest

The authors have no conflict of interest to disclose.

Authors’ Contributions

RZ, JT, and JQ take the responsibility for all aspects of the
reliability and freedom from bias of the data presented and
their discussed interpretation, and drafting the article. WS,
MZ,WC,WL, NZ, and SW take the responsibility for the sta-
tistical analyses and interpretation of data. LM and XC take
the responsibility for the full-text evaluation and guidance
and final approval of the version to be submitted. All authors
read and approved the final manuscript.

Acknowledgments

This study was funded by the Guangdong Peak Project
(DFJH201802) and the Key Project of the Natural Science
Foundation of Guangdong Province (2017B030311010).

Supplementary Materials

Additional file 1 Table S1: Gene Ontology enrichment terms
for differentially expressed genes identified based on the
scRNA-seq of pressure overload-induced myocardial hyper-
trophy. Additional file 2: Table S2: pathways correlated with
pressure overload-induced myocardial hypertrophy based on
time series-related GSEA. Additional file 3: Table S3: the oxi-
dative phosphorylation score of single cardiomyocytes was
calculated by GSVA. Additional file 4: Table S4: the cellular
compartment-specific protein-protein interaction network
of NDUFS1. Additional file 5: Table S5: biological process
enrichment analyses of NDUFS1. (Supplementary Materials)

References

[1] M. Nakamura and J. Sadoshima, “Mechanisms of physiologi-
cal and pathological cardiac hypertrophy,” Nature Reviews
Cardiology, vol. 15, no. 7, pp. 387–407, 2018.

[2] M. Samak, J. Fatullayev, A. Sabashnikov et al., “Cardiac hyper-
trophy: an introduction to molecular and cellular basis,”Med-
ical Science Monitor Basic Research, vol. 22, pp. 75–79, 2016.

[3] I. Shimizu and T. Minamino, “Physiological and pathological
cardiac hypertrophy,” Journal of Molecular and Cellular Cardi-
ology, vol. 97, pp. 245–262, 2016.

[4] Y. K. Tham, B. C. Bernardo, J. Y. Ooi, K. L. Weeks, and J. R.
McMullen, “Pathophysiology of cardiac hypertrophy and
heart failure: signaling pathways and novel therapeutic tar-

gets,” Archives of Toxicology, vol. 89, no. 9, pp. 1401–1438,
2015.

[5] C. J. Oldfield, T. A. Duhamel, and N. S. Dhalla, “Mechanisms
for the transition from physiological to pathological cardiac
hypertrophy,” Canadian Journal of Physiology and Pharmacol-
ogy, vol. 98, no. 2, pp. 74–84, 2020.

[6] H. D. Facundo, R. E. Brainard, F. R. de Lemos Caldas, and
A. M. Lucas, “Mitochondria and cardiac hypertrophy,”
Advances in Experimental Medicine and Biology, vol. 982,
pp. 203–226, 2017.

[7] M. G. Rosca, B. Tandler, and C. L. Hoppel, “Mitochondria in
cardiac hypertrophy and heart failure,” Journal of Molecular
and Cellular Cardiology, vol. 55, pp. 31–41, 2013.

[8] G. Heusch, “Coronary microvascular obstruction: the new
frontier in cardioprotection,” Basic Research in Cardiology,
vol. 114, no. 6, 2019.

[9] H. Tsutsui, S. Kinugawa, and S. Matsushima, “Oxidative stress
and heart failure,” American Journal of Physiology. Heart and
Circulatory Physiology, vol. 301, no. 6, pp. H2181–H2190,
2011.

[10] B. Zhou and R. Tian, “Mitochondrial dysfunction in patho-
physiology of heart failure,” The Journal of Clinical Investiga-
tion, vol. 128, no. 9, pp. 3716–3726, 2018.

[11] W. E. Hughes, A. M. Beyer, and D. D. Gutterman, “Vascular
autophagy in health and disease,” Basic Research in Cardiol-
ogy, vol. 115, p. 41, 2020.

[12] T. Pham, D. Loiselle, A. Power, and A. J. Hickey, “Mitochon-
drial inefficiencies and anoxic ATP hydrolysis capacities in
diabetic rat heart,” American Journal of Physiology. Cell Physi-
ology, vol. 307, no. 6, pp. C499–C507, 2014.

[13] A. Power, N. Pearson, T. Pham, C. Cheung, A. Phillips, and
A. Hickey, “Uncoupling of oxidative phosphorylation and
ATP synthase reversal within the hyperthermic heart,” Physio-
logical Reports, vol. 2, no. 9, p. e12138, 2014.

[14] J. Marín-García, A. T. Akhmedov, and G.W.Moe, “Mitochon-
dria in heart failure: the emerging role of mitochondrial
dynamics,” Heart Failure Reviews, vol. 18, no. 4, pp. 439–
456, 2013.

[15] J. A. Garza-Cervantes, M. Ramos-González, O. Lozano,
C. Jerjes-Sánchez, and G. García-Rivas, “Therapeutic applica-
tions of cannabinoids in cardiomyopathy and heart failure,”
Oxidative Medicine and Cellular Longevity, vol. 2020, Article
ID 4587024, 17 pages, 2020.

[16] B. Martín-Fernández and R. Gredilla, “Mitochondria and oxi-
dative stress in heart aging,” Age (Dordrecht, Netherlands),
vol. 38, no. 4, pp. 225–238, 2016.

[17] T. L. Capasso, B. Li, H. J. Volek et al., “BMP10-mediated ALK1
signaling is continuously required for vascular development and
maintenance,” Angiogenesis, vol. 23, no. 2, pp. 203–220, 2020.

[18] Y. Ni, M. A. Hagras, V. Konstantopoulou, J. A. Mayr, A. A.
Stuchebrukhov, and D. Meierhofer, “Mutations in NDUFS1
cause metabolic reprogramming and disruption of the electron
transfer,” Cell, vol. 8, no. 10, p. 1149, 2019.

[19] B. Qi, L. He, Y. Zhao et al., “Akap1 deficiency exacerbates dia-
betic cardiomyopathy in mice by NDUFS1-mediated mito-
chondrial dysfunction and apoptosis,” Diabetologia, vol. 63,
no. 5, pp. 1072–1087, 2020.

[20] Y. Zhu, Z. Wang, J. Ni et al., “Genetic variant in NDUFS1 gene
is associated with schizophrenia and negative symptoms in
Han Chinese,” Journal of Human Genetics, vol. 60, no. 1,
pp. 11–16, 2015.

19Oxidative Medicine and Cellular Longevity

https://www.ncbi.nlm.nih.gov/geo/
http://downloads.hindawi.com/journals/omcl/2021/5545261.f1.zip


[21] S. Nomura, M. Satoh, T. Fujita et al., “Cardiomyocyte gene
programs encoding morphological and functional signatures
in cardiac hypertrophy and failure,” Nature Communications,
vol. 9, no. 1, p. 4435, 2018.

[22] D. J. McCarthy, K. R. Campbell, A. T. Lun, and Q. F. Wills,
“Scater: pre-processing, quality control, normalization and
visualization of single-cell RNA-seq data in R,” Bioinformatics,
vol. 33, no. 8, pp. 1179–1186, 2017.

[23] A. Butler, P. Hoffman, P. Smibert, E. Papalexi, and R. Satija,
“Integrating single-cell transcriptomic data across different
conditions, technologies, and species,” Nature Biotechnology,
vol. 36, no. 5, pp. 411–420, 2018.

[24] J. L. Bjørnstad, I. Sjaastad, S. Nygård et al., “Collagen isoform
shift during the early phase of reverse left ventricular remodel-
ling after relief of pressure overload,” European Heart Journal,
vol. 32, no. 2, pp. 236–245, 2011.

[25] G. Yu, L. G. Wang, Y. Han, and Q. Y. He, “clusterProfiler: an R
package for comparing biological themes among gene clus-
ters,” OMICS, vol. 16, no. 5, pp. 284–287, 2012.

[26] J. Chen, E. E. Bardes, B. J. Aronow, and A. G. Jegga, “Topp-
Gene Suite for gene list enrichment analysis and candidate
gene prioritization,” Nucleic Acids Research, vol. 37,
pp. W305–W311, 2009.

[27] D. V. Veres, D. M. Gyurkó, B. Thaler et al., “ComPPI: a cellular
compartment-specific database for protein-protein interaction
network analysis,” Nucleic Acids Research, vol. 43, no. D1,
pp. D485–D493, 2015.

[28] A. Subramanian, P. Tamayo, V. K. Mootha et al., “Gene set
enrichment analysis: a knowledge-based approach for inter-
preting genome-wide expression profiles,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 102, no. 43, pp. 15545–15550, 2005.

[29] S. Hänzelmann, R. Castelo, and J. Guinney, “GSVA: gene set
variation analysis for microarray and RNA-seq data,” BMC
Bioinformatics, vol. 14, no. 1, p. 7, 2013.

[30] M. di Somma, M. Vliora, E. Grillo et al., “Role of VEGFs in
metabolic disorders,” Angiogenesis, vol. 23, no. 2, pp. 119–
130, 2020.

[31] S. Mishra, H. Ling, M. Grimm, T. Zhang, D. M. Bers, and J. H.
Brown, “Cardiac hypertrophy and heart failure development
through Gq and CaM kinase II signaling,” Journal of Cardio-
vascular Pharmacology, vol. 56, no. 6, pp. 598–603, 2010.

[32] A. Fulgencio-Covián, E. Alonso-Barroso, A. J. Guenzel et al.,
“Pathogenic implications of dysregulated miRNAs in propio-
nic acidemia related cardiomyopathy,” Translational Research,
vol. 218, pp. 43–56, 2020.

[33] D. Kar and A. Bandyopadhyay, “Targeting peroxisome prolif-
erator activated receptor α (PPAR α) for the prevention of
mitochondrial impairment and hypertrophy in cardiomyo-
cytes,” Cellular Physiology and Biochemistry, vol. 49, no. 1,
pp. 245–259, 2018.

[34] J. Yim, H. Cho, and S. W. Rabkin, “Gene expression and gene
associations during the development of heart failure with pre-
served ejection fraction in the Dahl salt sensitive model of
hypertension,” Clinical and Experimental Hypertension,
vol. 40, no. 2, pp. 155–166, 2018.

[35] C. Zhang, Y. Wang, Z. Ge et al., “GDF11 attenuated ANG II-
induced hypertrophic cardiomyopathy and expression of
ANP, BNP and beta-MHC through down-regulating CCL11
in mice,” Current Molecular Medicine, vol. 18, no. 10,
pp. 661–671, 2018.

[36] J. Wang, P. Zhu, R. Li, J. Ren, and H. Zhou, “Fundc1-depen-
dent mitophagy is obligatory to ischemic preconditioning-
conferred renoprotection in ischemic AKI via suppression of
Drp1-mediated mitochondrial fission,” Redox Biology,
vol. 30, article 101415, 2020.

[37] A. Iuso, S. Scacco, C. Piccoli et al., “Dysfunctions of cellular
oxidative metabolism in patients with mutations in the
NDUFS1 and NDUFS4 genes of complex I,” The Journal of
Biological Chemistry, vol. 281, no. 15, pp. 10374–10380, 2006.

[38] J. Hirst, “Mitochondrial complex I,” Annual Review of Bio-
chemistry, vol. 82, no. 1, pp. 551–575, 2013.

[39] A. Jusic and Y. Devaux, “Mitochondrial noncoding RNA-
regulatory network in cardiovascular disease,” Basic Research
in Cardiology, vol. 115, no. 3, pp. 1–7, 2020.

[40] M. G. Signorello, S. Ravera, and G. Leoncini, “Lectin-induced
oxidative stress in human platelets,” Redox Biology, vol. 32,
article 101456, 2020.

[41] H. K. Kim, Y. G. Kang, S. H. Jeong et al., “Cyclic stretch
increases mitochondrial biogenesis in a cardiac cell line,” Bio-
chemical and Biophysical Research Communications, vol. 505,
no. 3, pp. 768–774, 2018.

[42] T. Sato, H. C. Chang, M. Bayeva et al., “mRNA-binding pro-
tein tristetraprolin is essential for cardiac response to iron defi-
ciency by regulating mitochondrial function,” Proceedings of
the National Academy of Sciences of the United States of Amer-
ica, vol. 115, no. 27, pp. E6291–e6300, 2018.

[43] K. Shinmura, K. Tamaki, M. Sano et al., “Caloric restriction
primes mitochondria for ischemic stress by deacetylating spe-
cific mitochondrial proteins of the electron transport chain,”
Circulation Research, vol. 109, no. 4, pp. 396–406, 2011.

[44] E. R. Griffiths, I. Friehs, E. Scherr, D. Poutias, F. X. McGowan,
and P. J. Del Nido, “Electron transport chain dysfunction in
neonatal pressure-overload hypertrophy precedes cardiomyo-
cyte apoptosis independent of oxidative stress,” The Journal of
Thoracic and Cardiovascular Surgery, vol. 139, no. 6, pp. 1609–
1617, 2010.

[45] M. Osterholt, T. D. Nguyen, M. Schwarzer, and T. Doenst,
“Alterations in mitochondrial function in cardiac hypertrophy
and heart failure,” Heart Failure Reviews, vol. 18, no. 5,
pp. 645–656, 2013.

[46] Y. X. Luo, X. Tang, X. Z. An et al., “SIRT4 accelerates Ang II-
induced pathological cardiac hypertrophy by inhibiting man-
ganese superoxide dismutase activity,” European Heart Jour-
nal, vol. 38, no. 18, pp. 1389–1398, 2017.

[47] L. Wang, Y. L. Zhang, Q. Y. Lin et al., “CXCL1-CXCR2 axis
mediates angiotensin II-induced cardiac hypertrophy and
remodelling through regulation of monocyte infiltration,”
European Heart Journal, vol. 39, no. 20, pp. 1818–1831, 2018.

[48] F. Schwartz, A. Duka, I. Duka, J. Cui, and H. Gavras, “Novel
targets of ANG II regulation in mouse heart identified by serial
analysis of gene expression,” American Journal of Physiology-
Heart and Circulatory Physiology, vol. 287, no. 5, pp. H1957–
H1966, 2004.

[49] Y. Qi, X.Wang, K. L. Rose et al., “Activation of the endogenous
renin-angiotensin-aldosterone system or aldosterone adminis-
tration increases urinary exosomal sodium channel excretion,”
Journal of the American Society of Nephrology, vol. 27, no. 2,
pp. 646–656, 2016.

[50] D. J. Hamilton, A. Zhang, S. Li et al., “Combination of angio-
tensin II and l-NG-nitroarginine methyl ester exacerbates
mitochondrial dysfunction and oxidative stress to cause heart

20 Oxidative Medicine and Cellular Longevity



failure,” American Journal of Physiology-Heart and Circulatory
Physiology, vol. 310, no. 6, pp. H667–H680, 2016.

[51] Q. Zhang, S. Chen, S. Yu et al., “Neuroprotective effects of pyr-
roloquinoline quinone against rotenone injury in primary cul-
tured midbrain neurons and in a rat model of Parkinson’s
disease,” Neuropharmacology, vol. 108, pp. 238–251, 2016.

[52] I. Lopez-Fabuel, J. Le Douce, A. Logan et al., “Complex I
assembly into supercomplexes determines differential mito-
chondrial ROS production in neurons and astrocytes,” Pro-
ceedings of the National Academy of Sciences of the United
States of America, vol. 113, no. 46, pp. 13063–13068, 2016.

21Oxidative Medicine and Cellular Longevity



Research Article
Melatonin Attenuates ox-LDL-Induced Endothelial
Dysfunction by Reducing ER Stress and Inhibiting
JNK/Mff Signaling

Peng Li ,1,2 Changlian Xie,3 Jiankai Zhong,4 Zhongzhou Guo,5 Kai Guo ,6

and Qiuyun Tu 1

1Department of Gerontology, The Fifth Affiliated Hospital, Sun Yat-sen University, Zhuhai, Guangdong Province 519000, China
2Guangdong Provincial Key Laboratory of Biomedical Imaging, The Fifth Affiliated Hospital, Sun Yat-sen University, Zhuhai,
Guangdong Province 519000, China
3Intensive Care Unit, The Traditional Chinese Medicine Hospital, Zhongshan, Guangdong Province 528400, China
4Department of Cardiology, Shunde Hospital, Southern Medical University (The First People’s Hospital of Shunde), Foshan,
Guangdong Province 528308, China
5Department of Cardiology, Nanfang Hospital, Southern Medical University, Guangzhou, Guangdong Province 510515, China
6Cardiovascular Medicine Department, Guangdong Second Provincial General Hospital, Guangzhou,
Guangdong Province 510317, China

Correspondence should be addressed to Peng Li; lipeng_sysu@126.com, Kai Guo; guokai154556@i.smu.edu.cn,
and Qiuyun Tu; 1147129858@qq.com

Received 5 January 2021; Revised 4 February 2021; Accepted 11 February 2021; Published 4 March 2021

Academic Editor: Yun-dai Chen

Copyright © 2021 Peng Li et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Endothelial dysfunction, which is characterized by damage to the endoplasmic reticulum (ER) and mitochondria, is involved in a
variety of cardiovascular disorders. Here, we explored whether mitochondrial damage and ER stress are associated with endothelial
dysfunction. We also examined whether and how melatonin protects against oxidized low-density lipoprotein- (ox-LDL-) induced
damage in endothelial cells. We found that CHOP, GRP78, and PERK expressions, which are indicative of ER stress, increased
significantly in response to ox-LDL treatment. ox-LDL also induced mitochondrial dysfunction as evidenced by decreased
mitochondrial membrane potential, increased mitochondrial ROS levels, and downregulation of mitochondrial protective
factors. In addition, ox-LDL inhibited antioxidative processes, as evidenced by decreased antioxidative enzyme activity and
reduced Nrf2/HO-1 expression. Melatonin clearly reduced ER stress and promoted mitochondrial function and antioxidative
processes in the presence of ox-LDL. Molecular investigation revealed that ox-LDL activated the JNK/Mff signaling pathway,
and melatonin blocked this effect. These results demonstrate that ox-LDL induces ER stress and mitochondrial dysfunction and
activates the JNK/Mff signaling pathway, thereby contributing to endothelial dysfunction. Moreover, melatonin inhibited
JNK/Mff signaling and sustained ER homeostasis and mitochondrial function, thereby protecting endothelial cells against ox-
LDL-induced damage.

1. Introduction

Endothelial dysfunction is associated with a variety of cardio-
vascular disorders such as ischemic heart disease, myocardial
infarction, postinfarction heart remolding, diabetic cardio-
myopathy, and hypertension [1–3]. The cardioprotective
effects of several clinical drugs, including statins, aspirin,

and clopidogrel, are reportedly associated with endothelial
protection [4, 5]. In addition, many risk factors, such as
oxidized low-density lipoprotein (ox-LDL), blood flow shear
force, inflammation cytokines, oxidative stress, and septic
shock, contribute to endothelial dysfunction. Among these
risk factors, endothelial cells are particularly vulnerable
to ox-LDL-induced stress through unknown mechanisms
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[6–8]. Increases in ox-LDL result in decreased proliferative
ability, impaired migratory response, increased apoptotic
index, and reduced regenerative capability in endothelial cells
[9–11]. Although many studies have examined the relation-
ship between ox-LDL and pathological alterations in endothe-
lial cells in vivo and in vitro, the key molecular mechanisms
underlying ox-LDL-associated endothelial dysfunction have
not been fully explained, and few effective therapeutic drugs
are available for patients with endothelial dysfunction.

Endoplasm reticulum (ER) stress is an adaptive response
that regulates protein synthesis and folding within cells [6].
Moderate activation of ER stress is associated with timely
removal of damaged or unfolded proteins, thereby contribut-
ing to protein quality control [12]. Interestingly, excessive
induction of ER stress contributes to abnormal degradation
of damaged proteins and activation of caspase-dependent cell
apoptosis [13]. ER-related cell apoptosis is characterized by
increased levels of CHOP and caspase-12 [14, 15]. In addi-
tion, previous studies have reported a close relationship
between endothelial dysfunction and ER stress [16]. Exces-
sive ER stress promotes calcium overload, leading to spasms
in endothelial cells [17]. Migratory response and angiogene-
sis might also be affected by ER stress because of its connec-
tions to synthesis and secretion of proteins like vascular
endothelial growth factor (VEGF), which is necessary for
angiogenesis [18, 19]. In addition to the ER, the mitochon-
dria are also responsible for energy supply and redox balance
within endothelial cells [20, 21]. Impaired mitochondrial
function resulting from mitochondrial fragmentation and
decreased mitochondrial autophagy can act as an upstream
regulator of endothelial dysfunction [22, 23]. Many physio-
logical processes, such as endothelial cell movement, growth,
proliferation, and regeneration, are highly dependent on
mitochondrial function [24–26]. Mitochondrial damage
reduces the available ATP in endothelial cells and therefore
contributes to endothelial dysfunction. Recent studies report
that mitochondrial damage is regulated by the JNK/Mff sig-
naling pathway in the context of cardiac ischemia-
reperfusion injury [27–29]. However, this mechanism has
not been verified in ox-LDL-treated endothelial cells.

Melatonin is a classical cardioprotective drug with multi-
ple effects on endothelial function. Melatonin treatment atten-
uates microvascular damage during ischemia-reperfusion
injury [30, 31]. Melatonin also attenuates endothelial dysfunc-
tion in diabetic cardiomyopathy [32]. Furthermore, melatonin
inhibits oxidative stress, calcium overload, and inflammation
response in endothelial cells under different disease models
[33, 34]. In the present study, we examined whether ox-
LDL-induced endothelial dysfunction is associated with ER
stress and JNK/Mff signaling pathway activation.We also con-
ducted experiments to understand whether melatonin
improves endothelial function by altering ER stress and the
JNK/Mff signaling pathway.

2. Materials and Methods

2.1. Cell Line Culture.Human umbilical vein endothelial cells
(HUVECs) were purchased from American Type Culture
Collection (ATCC; Manassas, VA, USA). Cells were cultured

in RPMI 1640 (HyClone, Logan, UT, USA) containing 10%
FBS (Gibco, Rockville, MD, USA) and maintained in a 37°C,
5% CO2 incubator [35]. HUVECs were incubated with oxi-
dized low-density lipoprotein (ox-LDL) at a concentration of
50μg/mL according to a recent report [36]. To observe the
protective effects of melatonin on ox-LDL-treated HUVECs,
melatonin was added to the culture medium at a concentra-
tion of 5μM based on a previous study [37].

2.2. 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium
Bromide (MTT) Assay.HUVECs were plated on 96-well plates.
After 24h, 48h, and 72h of proliferation, 10μL MTT (Beyo-
time, Shanghai, China) was added to each well for 4h. The cells
were then treated with 100μL dimethyl sulfoxide (DMSO;
Sigma) for 2h. Finally, the optical density (OD) value at
490nm was measured using a spectrophotometer [38].

2.3. CCK-8 Assay. HUVECs were seeded onto 96-well plates
and then incubated for 24, 48, 72, or 96 h. the CCK-8 reagent
was then added to each well and then incubated for 4 h. The
absorbance value of each well was measured at 490nm [39].

2.4. Enzyme-Linked Immunosorbent Assay (ELISA).
HUVECs at a density of 1 × 105 cells/well were cultured in
96-well plates at 37°C with 5% CO2 for 24 hours. Cell culture
supernatant was then collected, and GSH, GPX, and SOD
levels were quantified using the corresponding ELISA kits
purchased from R&D (San Diego, CA, USA) [40]. OD values
at 450nm absorbance were measured using an ELX808
Absorbance Reader (BioTek, London, UK) [41].

2.5. Mitochondrial Membrane Potential (MMP) Assessment.
MMP was assessed using the JC-1 mitochondrial membrane
potential assay kit (C2006, Beyotime, Shanghai, China) as
described in a previous study [42]. HUVECs were collected
after treatment with melatonin in the presence of ox-LDL.
The cells were then incubated with 5μM JC-1 staining kit
reagent at 37°C for 30 minutes in the dark [43]. Finally, cells
were analyzed using the Guava easyCyte Benchtop Flow Cyt-
ometer (BR168323; Luminex, Austin, TX, USA) with Kaluza
C Analysis Software (version 2.1, Beckman Coulter, India-
napolis, IN, USA) [44].

2.6. Western Blot. Protein expression levels were determined
via western blot as previously described [45]. After cell
collection, protein lysis and extraction were performed
using RIPA lysis buffer (R0278, Sigma-Aldrich, USA),
and the concentration of extracted protein was measured
using the Bicinchoninic acid (BCA) protein assay kit
(AR0146, Boster Bio, Pleasanton, CA, USA) [46]. Then,
20μg protein lysates samples were subjected to sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE;
P0012AC, Beyotime, China) and transferred onto polyvinyli-
dene fluoride (PVDF) membranes (FFP36, Beyotime,
China), which were blocked with fat-free milk (5%) for 2
hours and incubated with primary antibodies at 4°C over-
night; β-actin was used as internal control [47, 48]. The
membranes were then incubated in secondary horseradish
peroxidase- (HRP-) conjugated antibodies at room tempera-
ture for 1 hour and washed three times using tris-buffered
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saline Tween (TBST, T196393, Aladdin, China). Protein
bands were visualized using the enhanced chemilumines-
cence (ECL) kit (P0018FS, Beyotime, China). Gray band den-
sity values were analyzed in the iBright CL1500 Imaging
System (A44240, Thermo Fisher Scientific, USA) and calcu-
lated using ImageJ (version 5.0, Bio-Rad, Hercules, CA,
USA) [49].

2.7. Detection of Caspase-3 Activity. Caspase-3 activity was
evaluated using the caspase-3 activity assay kit (Beyotime)
as previously described [50]. Briefly, HUVECs were seeded
on 24-well plates and incubated with melatonin in the pres-
ence of ox-LDL for 48 h. The cells were then collected, and
caspase-3 activity assay kit was measured [51].

2.8. Transwell Assay. For the migration assay, HUVECs
were placed in the upper chamber of transwells [52]. For
the invasion assay, the upper chamber was treated with
Matrigel before cells were added. After incubation for 48h,

cells that had migrated to or invaded the lower chamber
were stained with 0.1% crystal violet and quantified using
a microscope [53].

2.9. Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR). Samples were incubated with TRIzol reagent
(Invitrogen) to extract total RNA [54]. CRNDE, miR-
4262, and ZEB1 cDNA were synthesized using the All-
in-One™ cDNA Synthesis Kit (FulenGen, Guangzhou,
China) [55]. Subsequently, qRT-PCR was performed using
SYBR green (Applied Biosystems, Foster City, CA, USA).
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was used as an internal reference (56).

2.10. Statistical Analysis. All experiments were repeated three
times. Data are presented as means ± standard deviation
ðSDÞ. SPSS 17.0 software was used for statistical analyses.
Student’s t-tests and one-way analyses of variance (ANOVA)
were used to identify differences between groups. p < 0:05
was considered statistically significant.

3. Results

3.1. Melatonin Attenuates ox-LDL-Induced Endothelial
Dysfunction.After ox-LDL was administered to induce endo-
thelial dysfunction, melatonin was added to the growth
medium to evaluate any protective actions. First, cell viability
was measured using an MTT assay. As shown in Figure 1(a),
compared to the control group, endothelial cell viability was
significantly reduced by exposure to ox-LDL. Interestingly,
melatonin reversed this ox-LDL-induced cell damage. Endo-
thelial cell proliferation capacity was also measured in a
CCK-8 assay. As shown in Figure 1(b), compared to the con-
trol group, ox-LDL exposure progressively reduced endothe-
lial cell proliferation. Again, melatonin reversed this ox-LDL-
induced effect by increasing endothelial cell proliferative
capacity. Migratory response in endothelial cells is also
important for angiogenesis. A transwell assay was therefore
used to analyze alterations in endothelial cell migratory
response. As shown in Figure 1(c), compared to the control
group, ox-LDL significantly reduced the number of endothe-
lial cells that migrated, and melatonin reversed this effect.
Finally, cell apoptosis was monitored using a caspase-3 activ-
ity assay. As shown in Figure 1(d), compared to the control
group, caspase-3 activity in endothelial cells was significantly
reduced in the ox-LDL group, suggesting that ox-LDL treat-
ment induced cell apoptosis. Finally, melatonin treatment
prevented ox-LDL-induced upregulation of caspase-3 activ-
ity, suggesting that melatonin has antiapoptotic effects in
the presence of ox-LDL.

3.2. Melatonin Alleviates ox-LDL-Induced ER Stress. Changes
in ER stress were evaluated to identify the molecular mech-
anism underlying ox-LDL-mediated endothelial dysfunc-
tion. First, ER stress biomarkers were analyzed by qPCR.
As shown in Figures 2(a)–2(d), compared to the control
group, transcription of CHOP, GRP78, and PERK was signif-
icantly elevated after ox-LDL treatment. However, melatonin
inhibited this upregulation. To confirm that transcriptional
activation of ER stress biomarkers is also associated with
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Figure 1: Melatonin attenuates ox-LDL-induced endothelial
dysfunction. (a) HUVECs were treated with melatonin in the
presence of ox-LDL. Cell viability was measured via MTT assay.
(b) CCK-8 was used to measure the proliferative capacity of
HUVECs after ox-LDL treatment. (c) A transwell assay was used
to evaluate cell migratory response. (d) ELISA was used to analyze
caspase-3 activity. #p < 0:05 vs. the control group, ∗p < 0:05 vs. the
ox-LDL group.

3Oxidative Medicine and Cellular Longevity



upregulation of ER stress-related proteins, western blots
were used to quantify expression of proteins involved in ER
stress initiation, augmentation, and execution. As shown in
Figures 2(e)–2(g), compared to the control group, CHOP,
GRP78, and PERK protein expressions rapidly increased as
a result of ox-LDL treatment. Furthermore, melatonin treat-
ment inhibited upregulation of ER stress-related proteins,
suggesting that melatonin can inhibit ER stress in ox-LDL-
treated endothelial cells.

3.3. Melatonin Sustains Mitochondrial Function in ox-LDL-
Treated Endothelial Cells. In addition to ER stress, we also
examined the effects of ox-LDL on mitochondrial dysfunc-
tion. ox-LDL significantly increased mitochondrial oxidative
stress as indicated by a mitochondrial ROS probe assay

(Figures 3(a) and 3(b)). Interestingly, melatonin treatment
strongly inhibited mitochondrial ROS production in endo-
thelial cells. Next, we examined the regulatory effects of
melatonin on mitochondrial membrane potential. As
shown in Figures 3(c) and 3(d), compared to the control
group, ox-LDL treatment disrupted mitochondrial mem-
brane potential, as indicated by decreased red JC-1 probe
fluorescence. Interestingly, melatonin treatment signifi-
cantly reversed this disruption of mitochondrial membrane
potential. ox-LDL treatment also significantly decreased the
expression of mitochondrial protective factors Bcl-2 and c-
IAP1 (Figures 3(e) and 3(f)), and melatonin treatment
again reversed this decrease. Taken together, these results
indicate that melatonin protected mitochondrial function
in endothelial cells.
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Figure 2: Melatonin alleviates ER stress during ox-LDL treatment. (a–c) HUVECs were treated with melatonin in the presence of ox-LDL.
qPCR was then used to measure CHOP, GRP78, and PERK transcription. (d–g) Proteins were isolated from treated HUVECs, and expression
of CHOP, GRP78, and PERK proteins was evaluated using western blots. #p < 0:05 vs. the control group, ∗p < 0:05 vs. the ox-LDL group.
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3.4. Melatonin Inhibits Oxidative Stress in ox-LDL-Treated
Endothelial Cells. In addition to ER stress and mitochondrial
dysfunction, we also explored whether ox-LDL induces oxi-
dative stress that contributes to endothelial dysfunction. As
shown in Figures 4(a)–4(c), compared to the control group,
ox-LDL significantly inhibited the activity of antioxidative
enzymes. Interestingly, melatonin treatment reversed this

inhibition of antioxidative enzymes such as GSH, SOD,
and GPX. Upstream regulatory mechanisms underlying
melatonin-induced antioxidative effects were then examined
further. Nrf2 and HO-1 have been identified as the primary
antioxidative signaling molecules in endothelial cells. qPCR
indicated that ox-LDL treatment significantly decreased
Nrf2 and HO-1 transcription (Figures 4(d) and 4(e)), while
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Figure 3: Melatonin sustains mitochondrial function in ox-LDL-treated endothelial cells. (a, b) Mitochondrial ROS production was
examined using a mitochondrial ROS probe. HUVECs were treated with melatonin in the presence of ox-LDL. (c, d) Mitochondrial
membrane potential was determined using the JC-1 probe. (e, f) qPCR was used to measure cIAP1 and Bcl-2 transcription in response to
ox-LDL treatment with or without melatonin. #p < 0:05 vs. the control group, ∗p < 0:05 vs. the ox-LDL group.
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melatonin treatment restored Nrf2 and HO-1 levels. Taken
together, these results demonstrate that melatonin could
reduce oxidative stress in ox-LDL-treated endothelial cells.

3.5. Melatonin Inhibits the JNK/Mff Signaling Pathway in ox-
LDL-Treated Endothelial Cells. Finally, we evaluated an
upstream signaling pathway that might underlie ox-LDL-
induced endothelial dysfunction. Recent studies indicate that
the JNK/Mff signaling pathway is associated with inflamma-
tion response, cell apoptosis, and oxidative stress in endothe-
lial cells in the context of cardiac ischemia-reperfusion
injury. Based on this finding, we examined whether melato-
nin sustained endothelial function by inhibiting the JNK/Mff

signaling pathway. As shown in Figures 5(a)–5(c), western
blots demonstrated that ox-LDL activated the JNK pathway
as evidenced by increased JNK phosphorylation in endothe-
lial cells. Mff expression was also upregulated in ox-LDL-
treated endothelial cells (Figures 5(a)–5(c)). These results
indicate that ox-LDL treatment activates the JNK/Mff signal-
ing pathway in endothelial cells. In addition, melatonin
inhibited JNK phosphorylation and Mff upregulation in ox-
LDL-treated endothelial cells. Immunofluorescence con-
firmed this finding. As shown in Figures 5(d)–5(f), compared
to the control group, ox-LDL increased JNK and Mff immu-
nofluorescence intensity, and melatonin returned both
markers to near-normal levels. Overall, these data indicate

that melatonin can inhibit the JNK/Mff signaling pathway
in ox-LDL-treated endothelial cells.

4. Discussion

In this study, we found that ox-LDL caused endothelial dys-
function characterized by decreases in cell viability, impaired
proliferative capacity, blunted migratory ability, and
increases in cell apoptosis rate. Endothelial dysfunction was
associated with ER stress, mitochondrial damage, and oxida-
tive stress. At the molecular level, expression of CHOP,
PERK, and GRP78 was increased in ox-LDL-treated endo-
thelial cells. Moreover, decreased mitochondrial membrane
potential, increased mitochondrial ROS levels, and downreg-
ulation of mitochondrial protective factors were observed in
ox-LDL-treated endothelial cells. In addition, ox-LDL
reduced the activity of antioxidative enzymes and prevented
activation of antioxidative signals. Interestingly, melatonin
treatment attenuated ox-LDL-induced ER stress, as evi-
denced by decreased expression of CHOP, PERK, and
GRP78. Mitochondrial function and oxidative stress also
improved after melatonin administration in ox-LDL-treated
endothelial cells. Finally, we found that melatonin protected
endothelial cells against ER stress and mitochondrial dys-
function after ox-LDL treatment by inhibiting the JNK/Mff

signaling pathway. Taken together, our results demonstrate
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Figure 4: Melatonin inhibits oxidative stress in ox-LDL-treated endothelial cells. (a–c) ELSIAs were used to measure the activity of
antioxidative enzymes such as GSH, GPX, and SOD. (d, e) qPCR was used to analyze Nrf2 and HO-1 transcription in response to ox-LDL
treatment with or without melatonin. #p < 0:05 vs. the control group, ∗p < 0:05 vs. the ox-LDL group.
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that ox-LDL promoted endothelial dysfunction by activating
ER stress, mitochondrial damage, oxidative stress, and the
JNK/Mff signaling pathway. Furthermore, melatonin effec-
tively sustained endothelial cell function by improving ER
homeostasis, mitochondrial performance, redox balance,
and JNK/Mff axis activity.

ER stress is an adaptive response that affects the quality
and quantity of proteins within endothelial cells [57]. When
the ER detects the presence of unfolded proteins, CHOP,
PERK, and GRP78 expressions increase [58]. Those three
proteins then migrate from the ER to the nucleus to interrupt
protein transcription more broadly [59]. However, excessive
ER stress promotes activation of stress-related proteins such
as caspase-12, which is involved in the initiation of cell apo-
ptosis [60]. The relationship between ER stress and endothe-
lial dysfunction has been described in detail in previous
studies. For example, ER stress induces interleukin-6 (IL-6)
release from endothelial cells, which damages the endothelial
barrier [61]. Hypoxia-mediated endothelial cell apoptosis
also seems to be associated with ER stress [62]. Additionally,

laminar flow-mediated endothelial protection is associated
with inhibition of ER stress through the PI3K/Akt signaling
pathway [63]. Our present results further indicate that ER
stress contributes to endothelial dysfunction when ox-LDL
levels are elevated.

In addition to ER stress, mitochondrial damage or stress
also may play a role in endothelial dysfunction. Mitochon-
dria produce ATP to support endothelial cell growth and
metabolism [64, 65]. Decreased mitochondrial function has
been identified as an early event during endothelial dysfunc-
tion [66]. In addition, ATP produced by the mitochondria
plays a key regulatory role in endothelia-dependent angio-
genesis [67]. In the present study, we found that ox-LDL-
induced mitochondrial damage was characterized by mito-
chondrial membrane potential disruption, mitochondrial
ROS overproduction, and downregulation of mitochondrial
protective factors. These findings are in accordance with
the previous studies [68].

Our data also demonstrate that ER stress and mitochon-
drial damage could be attenuated by melatonin in endothelial
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Figure 5: Melatonin inhibits the JNK/Mff signaling pathway in ox-LDL-treated endothelial cells. (a–c) Proteins were isolated from treated
HUVECs and p-JNK and Mff levels were evaluated using western blots. (d, f) Immunofluorescence was used to measure o-JNK and Mff

expression in HUVECs treated with melatonin in the presence of ox-LDL. #p < 0:05 vs. the control group, ∗p < 0:05 vs. the ox-LDL group.
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cells. At the molecular level, the JNK/Mff signaling pathway
played a role in melatonin’s ability to sustain ER homeostasis
and mitochondrial function after ox-LDL treatment. Zhou
et al. [27] were the first to report a role for the JNK/Mff

signaling pathway in the context of cardiac ischemia-
reperfusion injury. In that study, reperfusion injury induced
JNK phosphorylation and thus promoted Mff transcription,
which was followed by mitochondrial fragmentation, intra-
cellular oxidative stress, and endothelial cell apoptosis [27].
In the present study, we found that the JNK/Mff axis was also
activated by ox-LDL and might contribute to ox-LDL-
induced endothelial dysfunction. In addition, melatonin
treatment inhibited JNK/Mff signaling pathway activity. This
finding provides novel insight into the pathological mecha-
nisms underlying ox-LDL-related endothelial dysfunction
as well as potential treatments.

In summary, we found that ox-LDL triggered endothelial
dysfunction by inducing ER stress, mitochondrial damage,
and oxidative stress. Furthermore, melatonin treatment was
able to sustain endothelial viability by inhibiting the JNK/Mff

signaling pathway and attenuating damage to the ER and
mitochondria. Our study thus identified potential targets for
clinical treatments that might protect endothelial function.
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Coronary artery no-reflow is a complex problem in the area of reperfusion therapy, and the molecular mechanisms underlying
coronary artery no-reflow injury have not been fully elucidated. In the present study, we explored whether oxidative stress
caused damage to coronary endothelial cells by inducing mitochondrial fission and activating the JNK pathway. The
hypoxia/reoxygenation (H/R) model was induced in vitro to mimic coronary endothelial no-reflow injury, and mitochondrial
fission, mitochondrial function, and endothelial cell viability were analyzed using western blotting, quantitative polymerase
chain reaction (qPCR), enzyme-linked immunosorbent assay (ELISA), and immunofluorescence. Our data indicated that
reactive oxygen species (ROS) were significantly induced upon H/R injury, and this was followed by decreased endothelial cell
viability. Mitochondrial fission was induced and mitochondrial bioenergetics were impaired in cardiac endothelial cells after
H/R injury. Neutralization of ROS reduced mitochondrial fission and protected mitochondrial function against H/R injury. Our
results also demonstrated that ROS stimulated mitochondrial fission via JNK-mediated Drp1 phosphorylation. These findings
indicate that the ROS-JNK-Drp1 signaling pathway may be one of the molecular mechanisms underlying endothelial cell
damage during H/R injury. Novel treatments for coronary no-reflow injury may involve targeting mitochondrial fission and the
JNK-Drp1 signaling pathway.

1. Introduction

Primary percutaneous coronary intervention (PPCI) is the
gold standard for the treatment of ST segment elevation
myocardial infarction (STEMI) because it results in the
timely opening of the occluded coronary arteries [1]. Fresh
blood flow is restored in >90% of STEMI patients after PPCI.
However, there is still a small number of patients who
develop severe microvascular obstruction (MVO) even
though epicardial arteries are successfully opened following
PPCI. This phenomenon is called coronary no-reflow injury
[2]. The early clinical manifestation of patients with coronary
no-reflow injury includes recurring angina pectoris, malig-
nant arrhythmias (e.g., ventricular tachycardia, ventricular

fibrillation, and atrioventricular block), acute left heart fail-
ure, cardiogenic shock, and cardiac rupture or other malig-
nant complications [3]. Although the incidence of coronary
no-reflow varies between studies because of differences in
evaluation methods and types of no-reflow injuries used
[4], it is estimated that the incidence of no-reflow injury is
~26% in patients with anterior wall STEMI [5].

It is believed that the initial cause of coronary no-reflow
injury is related to microvascular dysfunction [6]. The myo-
cardial blood supply is composed of the subepicardial coro-
nary artery and the capillaries that penetrate the
myocardium [7], and microvessels form the main resistance
to myocardial perfusion blood flow [8]. Further, coronary
blood flow is inversely correlated with microvascular
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resistance. Several mechanisms, including endothelial cell
death, inflammation response, oxidative stress, and coronary
spasm, have been introduced to explain microvascular dam-
age after PPCI [9–12]. It was reported that the microvessel
wall was thickened, the lumen became smaller, and the endo-
thelial cells were swelling in patients undergoing myocardial
biopsy [13]. It has also been reported that endothelial cell
damage is primarily caused by oxidative stress; however,
the detailed molecular mechanisms underlying this damage
have not been fully elucidated [14].

Although previous studies have reported that excessive
oxidative stress is associated with mitochondrial dysfunction
[15] (as evidenced by decreased mitochondrial membrane
potential and increased mitochondrial proapoptotic factor
release), the mechanisms underlying ROS-induced mito-
chondrial damage in endothelial cells following coronary
no-reflow injury remain unknown. Recent investigations
have demonstrated that mitochondrial dynamics disorder
may be an upstream regulator of mitochondrial function
[16–18]. Excessive mitochondrial fission divides mitochon-
dria into several fragmentations that contain damaged mito-
chondrial DNA [19]. Since these fragmented mitochondria
cannot synthesize the normal mitochondrial respiration
complex, the physiological mitochondrial membrane poten-
tial cannot be generated [20]. Additionally, a decreased mito-
chondrial membrane potential is associated with increased
mitochondrial membrane hyperpermeability, which results
in the leakage of proapoptotic proteins into the cytoplasm
[21]. Interestingly, the relationship between ROS and mito-
chondrial dynamics disorders has not been fully elucidated
[22]. A recent study illustrated that mitochondrial fission
was mainly regulated by Drp1, which was activated through
posttranscriptional phosphorylation following activation of
the JNK pathway [23]. In the present study, we investigated
whether ROS mediated endothelial cell damage by inducing
mitochondrial fission via the JNK pathway. Specifically, the
purpose of this study was to investigate the role of ROS-
modified mitochondrial fission through the JNK-Drp1 path-
way in cultured endothelial cells using a hypoxia/reoxygena-
tion (H/R) injury model.

2. Materials and Methods

2.1. Cardiac Endothelial Cells (CECs).Murine CECs were pur-
chased from CELLutions Biosystems Inc. (Ontario, Canada)
and cultured according to the supplier’s instructions [24].
CECs were maintained in Dulbecco’s Modified Eagle’s
Medium (glucose [4500mg/L], L-glutamine [0.584g/L],
sodium bicarbonate [3.7 g/L], without sodium pyruvate
[Sigma-Aldrich]) that was supplemented with penicillin
(100U/mL) and streptomycin (100μg/mL; both from
GIBCO), 10mmol/L HEPES (HyClone, Thermo Fisher Scien-
tific), and 5% fetal bovine serum (FBS; Sigma-Aldrich). When
confluent (2-3 days after plating), the CECs were harvested
using a 0.25% trypsin/EDTA solution (GIBCO), subcultured,
or used for functional assays and RNA purification [25].

2.2. ELISA. The contents of SOD, GSH, GPX, and MDA in
the culture media were detected using ELISA kits following

the manufacturer’s instructions (Shanghai Hengyuan Biolog-
ical Technology, China) [26]. The culture media was added
to a microdroplet plate that was coated with purified SOD,
GSH, GPX, and MDA primary antibodies and incubated at
37°C for 2 hours [27]. After incubation, the plate was washed
and HRP-labeled secondary antibodies were added. After
incubation with the secondary antibodies, the plate was
washed thoroughly, and a solution of 3,3′,5,5′-tetramethyl-
benzidine substrate was added. A sulfuric acid solution
was added to stop the reaction, and the color was analyzed
using spectrophotometry at a wavelength of 450nm [28].
The concentrations of SOD, GPX, GSH, andMDA in the cul-
ture media were then calculated according to the standard
curve [29].

2.3. Immunofluorescence Analysis. The protocol for the
immunofluorescent staining of the heart tissues was per-
formed as described below. Samples were fixed using 4%
paraformaldehyde and mounted on microscope slides [30].
The slides were subsequently treated with primary antibod-
ies, and the relative immunofluorescence intensity was calcu-
lated as previously described [31].

2.4. Oxygen-Glucose Deprivation (OGD) Followed by
Reoxygenation. Cells were incubated in 6-well plates
(4 × 105 cell/well) for 24 h, cultured in glucose-free DMEM,
and incubated in an anaerobic chamber containing 95% N2
and 5% CO2 at 37

°C for 3 h to mimic ischemic-like condi-
tions in vitro [32]. After incubation, the CECs were returned
to the atmosphere with 95% air and 5% CO2 and cultured in
glucose-containing DMEM for 3 h for reoxygenation. The
subsequent experiment was performed 24 h after reoxygena-
tion [33].

2.5. RT-qPCR. Total RNA was extracted using TRIzol reagent
kits (Invitrogen, CA, USA). After extraction, 1μg of total
RNA was reverse transcribed to cDNA using the PrimeScript
RT reagent kits (Takara) [34]. RT-qPCR was performed
using a SYBR Premix Ex Taq II (TaKaRa) and the ABI
7500 real-time PCR system (Applied Biosystems). Relative
RNA expression was normalized to that of GAPDH and
was determined using the 2−ΔΔCt method [35].

2.6. CCK-8 Assay. Transfected cells were seeded into 96-well
plates and cultured for 24 h. Next, 10μL of the CCK-8 solu-
tion was added to each well, and the cells were incubated
for 2 h. After incubation, absorbance was measured at
450 nm using a microplate reader (Bio-Rad, USA) [36].

2.7. Western Blot. Western blot was conducted as previously
reported. The primary antibodies were purchased from
Abcam (Cambridge, MA, USA), and HRP-conjugated sec-
ondary antibodies were obtained from Sangon (Shanghai,
China) [37].

2.8. Mitochondrial Respiratory Chain Complex Activity
Analysis. The activity of the mitochondrial respiratory chain
was determined using the Mitochondrial Respiratory Chain
Complex Activity Assay Kit (Solarbio, Beijing, China)
according to the manufacturer’s instructions [38]. Briefly,
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the mitochondrial complex was extracted from the ovaries
using the suitable reagents, and 10μL of the extract was
added to each well of a 96-well plate. Then, the detection
reagents were added to the wells, mixed gently, and incubated
at 37°C for 2min. The corresponding absorbance was evalu-
ated before and after the reaction using a microplate reader
(BioTek, Vermont, VT), and the difference in absorbance
was calculated [39]. Finally, the enzymatic activity of the
complex was calculated using the corresponding formula
that was provided in the kit manual [40].

2.9. Measurement of ATP Levels. ATP production was
detected using the luminometric ATP Assay Kit (AAT
Bioquest, Sunnyvale, CA) according to the manufacturer’s
instructions [41]. Briefly, 50 oocytes were seeded into each
well of a 96-well white plate, and 200μL of the ATP assay
solution was added to the oocyte cultures. After gently
mixing and incubating for 20min at room temperature
[42], the luminescence intensity was measured using the
luminometer mode on a plate reader (Tecan, Zurich, Swit-
zerland). The readings were normalized to the total pro-
tein content [43].

2.10. Measurement of ROS Production. Cells were cultured in
clear bottom 6-well black plates (Corning, Corning, NY,
USA), incubated in the presence or absence of compounds
for 48 h at 37°C, washed with PBS (pH7.4), and incubated
with 2′,7′-dichlorofluorescin diacetate (H2DCFDA) for
18 h [44]. Following incubation, the cells were washed twice
with PBS (pH7.4), and the fluorescence of 2′,7′-dichloro-
fluorescin (DCF) was then measured at excitation/emission
(Ex/Em) wavelengths of 485/530 nm [45].

2.11. Statistical Analysis. Data shown are mean ± SEM of the
number of independent experiments indicated (n) and repre-
sent experiments performed on at least three separate occa-
sions with similar outcomes. Data were analyzed using one-
way or two-way ANOVAs, and comparisons between groups
were performed using a protected Tukey’s test. Statistical sig-
nificance was defined as p < 0:05.

3. Results

3.1. H/R Injury Mediates Endothelial Cell Oxidative Stress.
In the present study, an H/R model was used in cardiac
endothelial cells (CECs) to mimic coronary microvascular
no-reflow injury in vitro. Cell viability was measured using
the Cell Counting Kit-8 (CCK-8) assay. As shown in
Figure 1(a), cell viability was significantly suppressed in
H/R-treated CECs as compared with control CECs. Recent
studies have reported that oxidative stress is the primary
pathological factor that induces endothelial cell damage dur-
ing coronary no-reflow injury. To confirm this finding, an
enzyme-linked immunosorbent assay (ELISA) was used to
analyze alterations in the activities of antioxidants in CECs
following H/R injury. As shown in Figures 1(b)–1(d), the
activities of glutathione (GSH), superoxide dismutase
(SOD), and glutathione peroxidase (GPX) were significantly
increased in the H/R-treated cells as compared with the

control group. This suggests that there was a decline in
the antioxidative capacity of CECs following H/R injury.
Additionally, the levels of malondialdehyde (MDA) were
increased, and this may have been due to increased ROS pro-
duction in the cytoplasm (Figure 1(e)). To further observe
the oxidative stress in CECs, an ROS probe was used to stain
the intracellular ROS. As shown in Figures 1(f) and 1(g), the
levels of cytoplasmic ROS and mitochondrial ROS were sig-
nificantly elevated in the H/R-treated CECs as compared
with the control group. These results indicate that H/R is
followed by oxidative stress in CECs under H/R injury.

3.2. Mitochondrial ROS Promotes Drp1 Phosphorylation and
Mitochondrial Fission in Endothelial Cells following H/R
Injury. Previous studies have identified that mitochondrial
ROS induces endothelial cell dysfunction through the disrup-
tion of mitochondrial homeostasis. Further investigations
demonstrated that mitochondrial performance (especially
mitochondrial fission) in endothelial cells is drastically regu-
lated by mitochondrial dynamics. Therefore, we investigated
whether mitochondrial ROS affected mitochondrial dys-
function in endothelial cells under H/R injury via activating
mitochondrial fission. Mitochondrial morphology was
observed through immunofluorescence. The data shown in
Figures 2(a) and 2(b) demonstrated that the morphology
of mitochondria was converted into a fragmented shape
after exposure to H/R injury. To determine if mitochondrial
ROS play a causal role in inducing mitochondrial fission,
Mito-Q, a mitochondria-specific antioxidant, was incubated
with CECs before H/R injury, and mitochondrial morphol-
ogy was observed again after H/R injury. As shown in
Figures 2(a) and 2(b), the elongated mitochondrial morphol-
ogy was sustained in CECs that underwent Mito-Q treat-
ment before H/R injury as compared with CECs that
underwent H/R injury but were not treated with Mito-Q.
To further support the role of mitochondrial ROS-induced
mitochondrial fission, RNA transcriptions of mitochondrial
fission-related factors were conducted. The transcriptions
of Drp1, Mff, and Fis1 were significantly elevated in CECs
that underwent H/R injury as compared with those in con-
trol CECs (Figures 2(c)–2(e)). Conversely, treatment with
Mito-Q prevented the increase of these profission factors
(Figures 2(c)–2(e)), suggesting that mitochondrial ROS
plays a contributory role in initiating mitochondrial fission
in endothelial cells.

3.3. Mitochondrial Dysfunction Is Induced by Mitochondrial
ROS. Although we reported that mitochondrial fission could
be activated by mitochondrial ROS in endothelial cells under
H/R injury, it remains unclear whether mitochondrial func-
tion is disturbed by mitochondrial ROS in H/R-treated CECs.
To address this question, mitochondrial function was
assessed in response to Mito-Q treatment. As shown in
Figure 3(a), cellular adenosine triphosphate (ATP) produc-
tion, which is primarily generated by mitochondria, was
downregulated in H/R-treated CECs as compared with con-
trol CECs. Additionally, ATP production was reversed to
near-normal levels with Mito-Q administration. We also
found that the activities of the mitochondrial respiration
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complex were reduced in H/R-treated CECs (Figures 3(b)–
3(d)), and this alteration was improved by Mito-Q treatment.
This finding suggests that mitochondrial ROS regulate
mitochondria-mediated bioenergetics.

3.4. Inhibition of Mitochondrial Fission Also Sustains
Mitochondrial Function in Endothelial Cells. To understand
whether mitochondrial fission is also involved in the regula-
tion of mitochondrial function in endothelial cells under
H/R injury, Mdivi-1, an inhibitor of mitochondrial fission,
was added to the endothelial cell culture media, and mito-
chondrial function was evaluated again [46]. As shown in

Figure 4(a), cellular ATP production was significantly reduced
in H/R-treated endothelial cells as compared with control
endothelial cells. Interestingly, administration of Mdivi-1
drastically improved ATP content in endothelial cells, and this
was similar to the results obtained from the Mito-Q-treated
endothelial cells. Our data also demonstrated that the activities
of the mitochondrial respiration complex were inhibited in
H/R-treated CECs (Figures 4(b)–4(d)). Interestingly, Mdivi-1
supplementation enhanced the activities of the mitochondrial
respiration complex (Figures 4(b)–4(d)). These results suggest
that mitochondria-related bioenergetics are normalized by
mitochondrial fission inhibition.
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Figure 1: Hypoxia/reoxygenation injury mediates endothelial cell oxidative stress. (a) Cell viability was measured using the CCK-8 assay.
Cardiac endothelial cells (CECs) underwent hypoxia/reoxygenation (H/R) injury. (b–e) The content of antioxidative factors was measured
using an enzyme-linked immunosorbent assay (ELISA). (f, g) Intracellular ROS and mitochondrial ROS (mROS) were detected using
DCFHDA and MitoSOX red mitochondrial superoxide indicator, respectively. ∗p < 0:05.
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3.5. ROS Causes Drp1-Related Mitochondrial Fission through
the JNK Pathway. Lastly, we evaluated the molecular mech-
anism underlying ROS-induced mitochondrial fission. Pre-
vious studies have demonstrated that mitochondrial fission
is mainly regulated by Drp1 phosphorylation, and Drp1
posttranscriptional phosphorylation can be modified by the
JNK pathway [47]. Thus, we investigated if ROS-mediated
mitochondrial fission could be achieved through JNK-
induced Drp1 phosphorylation. Results from western blot-
ting demonstrated that the JNK pathway was significantly
activated by H/R injury in CECs as evidenced by the pres-
ence of phosphorylated JNK (Figures 5(a)–5(c)). We also
observed an increase in Drp1 phosphorylation after H/R
injury. Interestingly, supplementation of Mito-Q repressed
JNK phosphorylation and inhibited Drp1 phosphorylation
(Figures 5(a)–5(c)), suggesting that mitochondrial ROS pro-
mote JNK and Drp1 phosphorylation (p-JNK and p-Drp1)
in CECs. This finding was also supported by our immuno-

fluorescent findings. As shown in Figures 5(d)–5(f), the
expressions of p-Drp1 and p-JNK were significantly
increased in H/R-treated cells as compared with control cells.
Interestingly, Mito-Q treatment repressed the increase in p-
Drp1 and p-JNK following H/R injury (Figures 5(d)–5(f)).
These findings suggest that mitochondrial fission in CECs
is controlled by the ROS-Drp1-JNK signaling pathway.

4. Discussion

Coronary artery no-reflow is a complex problem in the area
of reperfusion therapy [48]. Although there has been an
advancement in drugs and interventional therapies in recent
years, breakthrough progress has not been achieved in the
prevention and treatment of coronary no-reflow injury
following reperfusion therapy [2, 49]. Since infarction
size, cardiac remodeling, myocardial function, and all-cause
death are also determined by coronary no-reflow injury;
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Figure 2: Mitochondrial ROS promotes Drp1 phosphorylation and mitochondrial fission in endothelial cells under hypoxia/reoxygenation
injury. (a, b) Mitochondrial fission was measured using immunofluorescence. Cardiac endothelial cells (CECs) underwent hypoxia/
reoxygenation (H/R) injury. Mito-Q, a mitochondrial antioxidant, was added to the CEC media to neutralize mROS. (c–e) qPCR was
performed to analyze the transcription of Drp1, Mff, and Fis1 in CECs under H/R injury. ∗p < 0:05.
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understanding the molecular mechanisms underlying coro-
nary no-reflow will promote specific diagnoses and therapies
in clinical practice [11, 50]. In the present study, we used an
H/R injury model to mimic coronary artery no-reflow injury
in vitro. Our findings demonstrated that CEC damage was
associated with mitochondrial dysfunction that was caused
by increased mitochondrial fission. Further, we reported that
oxidative stress was the primary inducer of mitochondrial fis-
sion via the activation of the JNK-Drp1 signaling pathway.
ROS promoted JNK phosphorylation, which augmented
Drp1 phosphorylation and resulted in mitochondrial fission
in CECs. Excessive mitochondrial fission impaired mito-
chondrial bioenergetics, as evidenced by decreased ATP pro-
duction and blunted mitochondrial respiration complex,
which ultimately contributed to endothelial cell death. Over-
all, these findings demonstrate the molecular basis underly-
ing ROS-induced endothelial cell damage and also identify
the ROS-JNK-Drp1 pathway as the potential therapeutic tar-
get for the treatment of coronary no-reflow.

At the stage of myocardial ischemia, mitochondrial respi-
ration is significantly impaired and glycolysis is augmented
because of insufficient oxygen supply and interrupted blood
flow, resulting in the accumulation of lactic acid [51, 52].
Since carbon dioxide in the blood stream cannot be quickly
removed, the pH in endothelial cells significantly decreases
[53]. As the pH decreases, massive hydrogen ions within
endothelial cells promote the opening of Na+/H+ channels,
which in turn promotes sodium translocation into the cyto-
plasm [54]. Subsequently, abnormal sodium stimulates
sodium-calcium exchange channels that trigger intracellular
calcium overload, which leads to coronary spasm and
blunted coronary artery relaxation [55]. These alterations
promote slow blood flow or terminal blood flow under hyp-
oxic conditions. Although the recovery of blood flow will
bring sufficient oxygen to the ischemic zone during the
reperfusion stage [56], the damage to mitochondrial respira-
tion that is induced by ischemic stress cannot be quickly
restored in a short time, and this results in excessive ROS
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Figure 3: Mitochondrial dysfunction is induced by mitochondrial ROS. (a) Adenosine triphosphate (ATP) production was measured using
an enzyme-linked immunosorbent assay (ELISA). Cardiac endothelial cells (CECs) underwent hypoxia/reoxygenation (H/R) injury. Mito-Q,
a mitochondrial antioxidant, was added to the CEC media to neutralize mROS. (b–d) The activity of the mitochondrial respiration complex
was determined using an ELISA. ∗p < 0:05.
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production in coronary endothelial cells [57]. In addition to
oxidative stress, the inflammatory response is also initiated
at the reperfusion stage. An uncontrolled inflammation
response will aggravate myocardial edema [58] and ulti-
mately compress the coronary artery and limit the diastolic
function of the coronary artery. More importantly, inflam-
matory responses will also activate platelets to induce the
formation of coronary thrombi [59, 60], leading to microcir-
culation embolism in the reperfusion phase. These alter-
ations promote the development of coronary no-reflow
injury even though the occluded epicardial arteries have
been opened.

In the present study, we found that ROS are induced by
H/R injury in CECs and correlate with the survival of CECs
by mediating mitochondrial bioenergetics. Similarly, it was
previously reported that ischemia/reperfusion-mediated
senescence and vascular dysfunction of endothelial cells were
attenuated by oxidants [61]. Endothelial cell necroptosis is
also induced by ROS-mediated opening of the mitochondrial
permeability transition pore (mPTP) [62]. Endothelial nitric
oxide (NO) is a key regulator of vascular tone, and increased

NO is associated with coronary relaxation. However, exces-
sive oxidative stress impairs the bioactivity of NO and ulti-
mately represses NO-mediated vascular relaxation [63].
Mitochondrial fragmentation is induced by superoxide anion
production in coronary endothelial cells in diabetic mice
[64], suggesting a possible relationship between mitochon-
drial fission and oxidative stress. In a mouse model of cardiac
ischemia/reperfusion injury, mitochondrial fission in coro-
nary endothelial cells was regulated by the nicotinamide ade-
nine dinucleotide phosphate (NADPH) oxidase 2 (Nox-2)
signaling pathway and ROS production [65]. This finding
confirms that oxidative stress plays a causal role in mediating
mitochondrial fission in endothelial cells. Our data further
identified that the JNK-Drp1 signaling pathway was the pri-
mary mechanism responsible for ROS-modified mitochon-
drial fission in coronary endothelial cells. This finding will
help us to better understand the relationship between oxida-
tive stress and mitochondrial dynamics in coronary endothe-
lial cells during coronary no-reflow injury.

Mitochondrial dynamics are mitochondrial morphologi-
cal mechanisms that include mitochondrial fission and

Cont H/R H/R+Mdivi-1

A
TP

 p
ro

du
ct

io
n 

(fo
ld

s)

0.00

0.50

1.00

1.50

⁎

⁎

(a)

Cont H/R H/R+Mdivi-1

A
ct

iv
ity

 o
f c

om
pl

ex
 I

0.00

0.50

1.00

1.50

⁎

⁎

(b)

Cont H/R H/R+Mdivi-1

A
ct

iv
ity

 o
f c

om
pl

ex
 II

0.00

0.50

1.00

1.50

⁎

⁎

(c)

Cont H/R H/R+Mdivi-1

A
ct

iv
ity

 o
f c

om
pl

ex
 II

I

0.00

0.50

1.00

1.50

⁎

⁎

(d)

Figure 4: Inhibition of mitochondrial fission also sustains mitochondrial function in endothelial cells. (a) Adenosine triphosphate (ATP)
production was measured using an enzyme-linked immunosorbent assay (ELISA). Cardiac endothelial cells (CECs) underwent
hypoxia/reoxygenation (H/R) injury. Mdivi-1, a mitochondrial fission inhibitor, was added to the CEC culture media to repress
mitochondrial fission. (b–d) The activity of the mitochondrial respiration complex was determined using an ELISA. ∗p < 0:05.
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fusion. Mitochondrial fission is activated by hypoxia and/or
reoxygenation, andmultiple studies have confirmed thatmito-
chondrial fission plays a pathological role in exacerbating
myocardial damage during reperfusion therapy. For example,
it was demonstrated that cardiac function was improved by
the inhibition of mitochondrial fission at the reperfusion stage
[66]. Another study revealed that reperfusion-mediated ener-
getic crises were attenuated by mitochondrial fission sup-
pression in a mouse model of cardiac ischemia/reperfusion
injury [67]. It was also reported that intimal thickening after
coronary damage was enhanced by mitochondrial fission due
to dysregulated macrophage function [68, 69]. Further, it was
demonstrated that inflammation and apoptosis of coronary
endothelial cells were reduced via inhibition of mitochon-
drial fission or activation of mitophagy [70]. Decreased mito-
chondrial fission significantly promotes the production of
NO in coronary endothelial cells, and this effect is followed
by increased endothelium-dependent vasodilation [71]. Sim-
ilarly, our data revealed that mitochondrial fission caused
endothelial cell dysfunction as evidenced by decreased cell
viability, impaired mitochondrial bioenergetics, and reduced
ATP production. Based on these findings, mitochondrial fis-

sion may be a potential therapeutic target that sustains endo-
thelial cell function and viability.

Overall, our results illustrate that coronary no-reflow
injury is associated with endothelial cell damage that is
caused by excessive oxidative stress. The ROS-JNK-Drp1 sig-
naling pathway is activated at the stage of cardiac ischemia/r-
eperfusion injury and contributes to mitochondrial fission,
resulting in abnormal mitochondrial function and decreased
endothelial cell viability. However, there are several limita-
tions in the present study. First, our results are primarily
based on cellular experiments, and animal studies are neces-
sary to support our findings. Second, we used chemical inhib-
itors to determine the role of the ROS-JNK-Drp1 signaling
pathway in regulating endothelial cell viability during coro-
nary no-reflow. Additional studies using genetic ablation
mice are required to confirm our findings.

Data Availability

The analyzed datasets that were generated during the study
are available from the corresponding author upon reasonable
request.
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Figure 5: ROS causes Drp1-related mitochondrial fission through the JNK pathway. (a–c) Proteins were isolated from hypoxia/
reoxygenation- (H/R-) treated CECs. Western blotting was performed to analyze the expression of JNK and Drp1. Mito-Q, a mitochondrial
antioxidant, was added to the CEC culture media to neutralize mROS. (d–f) Immunofluorescence was performed to verify the expressions of
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