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Mitochondrial protein homeostasis in cardiomyocyte injury determines not only the normal operation of mitochondrial function
but also the fate of mitochondria in cardiomyocytes. Studies of mitochondrial protein homeostasis have become an integral part of
cardiovascular disease research. Modulation of the mitochondrial unfolded protein response (UPRmt), a protective factor for
cardiomyocyte mitochondria, may in the future become an important treatment strategy for myocardial protection in
cardiovascular disease. However, because of insufficient understanding of the UPRmt and inadequate elucidation of relevant
mechanisms, few therapeutic drugs targeting the UPRmt have been developed. The UPRmt maintains a series of chaperone
proteins and proteases and is activated when misfolded proteins accumulate in the mitochondria. Mitochondrial injury leads to
metabolic dysfunction in cardiomyocytes. This paper reviews the relationship of the UPRmt and mitochondrial quality
monitoring with cardiomyocyte protection. This review mainly introduces the regulatory mechanisms of the UPRmt elucidated
in recent years and the relationship between the UPRmt and mitophagy, mitochondrial fusion/fission, mitochondrial
biosynthesis, and mitochondrial energy metabolism homeostasis in order to generate new ideas for the study of the
mitochondrial protein homeostasis mechanisms as well as to provide a reference for the targeted drug treatment of imbalances
in mitochondrial protein homeostasis following cardiomyocyte injury.

1. Introduction

Cardiomyocyte injury and activity decline are determined
by multiple factors and contribute to the pathological
mechanisms of various cardiovascular diseases [1]. This
is the primary cause of occurrence and development of
cardiovascular diseases and death in humans [2, 3]. Targeted
protection and activity regulation of cardiomyocytes are
important clinical problems. Because mitochondria provide
more than 90% of the adenosine triphosphate (ATP)
required by the heart to maintain homeostasis and systolic
function; the myocardium is particularly vulnerable to mito-
chondrial energy metabolism dysfunction [4].

Mitochondria are not only important for pathological
mechanisms involved in myocardial ischemia-reperfusion
injury, but also a potential drug target for myocardial protec-

tive intervention after reperfusion injury [5]. Consequently,
the steady state and correct folding of mitochondrial pro-
teins are issues of primary importance in current research.
When mitochondria undergo ischemia or reperfusion stress
injury, proteins in the mitochondria misfold and the mito-
chondrial unfolded protein response (UPRmt) is activated
[6]. The UPRmt mediates the regulation and folding of the
mitochondrial proteome and mitochondrial quality control
[7]; it is a classic retrograde signal transcription response.
Protein homeostasis is important in the physiological and
pathological processes of various human diseases [8]. Pro-
tein homeostasis is regulated by mitochondrial protein
homeostasis, which is mainly composed of mitochondrial
protein [9]. The balance between the quality and quantity
of mitochondrial proteins mainly depends on the presence
of specific mitochondrial heat shock proteins (HSP60 and
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HSP10) and proteases encoded by nuclear DNA (ATP-
dependent CLP proteolytic subunit 1 CLPP, Lon protease)
in the mitochondria [10, 11]. The correct folding and
steady-state mechanisms of these proteins are related to
mitophagy/mitochondrial fission and mitochondrial biosyn-
thesis, which are required for maintenance of the stability of
mitochondrial quality and quantity [12]. Once the external
environment or stress stimulation (ischemia, hypoxia, high
glucose, or inflammation) changes, it usually causes abnor-
malities in the protein structure or signal transmission
function in the mitochondria [13]. If the mitochondrial
structure is destroyed or misfolded proteins cannot be
degraded in time and accumulate in large quantities, the
UPRmt is induced. This leads to the activation of apoptosis
or the necrotic apoptosis signal pathway, which, in turn,
can lead to cellular activity decline or cell death [6]. The
UPRmt can be induced in many cardiovascular diseases,
such as heart failure, septic cardiomyopathy, and acute myo-
cardial ischemia [14], making it a potentially valuable target
for therapeutic intervention with cardioprotective drugs.

2. The UPRmt in Intracellular Environmental
Homeostasis of Cardiomyocytes

Mitochondria are the central hub of signal transmission in
various cellular energy metabolic, physiological, and patho-
logical processes [15]. They continuously fuse and divide
in the course of important processes such as energy supply,
cellular aerobic respiration/anaerobic glycolysis, mitophagy
and self-digestion by lysosomes, and programmed cell death,
in order to maintain the normal function and state of cells
[16]. Mitochondrial function depends mainly on the
organelle proteome. Approximately 99% of mitochondrial
proteins are synthesized as precursors by cytoplasmic ribo-
somes and are introduced into target organelles through
protein transposase [17]. Mitochondria also retain their
own genome. ATP synthase and respiratory chain com-
plexes I, III, and IV are proteins with dual genetic sources
[18]. The proteins encoded by mitochondria constitute the
response center and are associated with many nuclear-
encoded proteins [19]. The coordinated expression of
nuclear and mitochondrial genes and coordinated assem-
bly of protein complexes together form the steady-state
mechanism of mitochondrial proteins [20]. The quality
and quantity of mitochondria directly determine the nor-
mal maintenance of mitochondrial function (including
energy metabolism, ATP production, and mitochondrial
redox reaction), which directly affects the function and
state of cardiomyocytes [21]. Cells will evolve methods to
monitor mitochondrial function and quickly respond to
mitochondrial oxidative stress, calcium overload stress,
and other stresses to restore organelle function [22]. This
type of pathway is usually called a reverse response or
reverse signal transduction pathway because the upstream
signal of this process starts in the mitochondria and is
transmitted to the cytoplasm and nucleus, protects mito-
chondrial and cellular gene transcription, and directly or
indirectly affects mitochondrial protein homeostasis [23].
In the process of mitochondrial dysfunction due to

unfolded/misfolded proteins in the mitochondria, cells use
a transcription mechanism called the UPRmt to maintain
homeostasis of the intracellular environment and repair the
mitochondria whose quantity or quality is affected by stress
[24]. This response is an important component of the reverse
signal transduction pathway in cells.

The precise regulation of the UPRmt in cells is related
to the survival state of cells [25]. The UPRmt can induce
ATFs-1 to promote oxidative phosphorylation under mito-
chondrial stress [26]. UPRmt protease (yme1l/CLPP) can
promote the recovery of respiratory chain function and
help maintain oxidative phosphorylation in stressed mito-
chondria through the action of ATFs-1 [27]. The UPRmt is
finely regulated by multiple signal transduction pathways
and can complete communication between the nucleus and
mitochondria in different organisms [28]. The activation
and regulation mechanisms of the UPRmt differ among
diseases or pathological states. During mild mitochondrial
dysfunction caused by appropriate stress regulation, UPRmt
activation can promote development and prolongation of
life, which indicates that enhancing UPRmt activation could
be an effective treatment [29]. Interestingly, in cellular stress
and cardiac disease states (such as myocardial ischemia/
hypoxia injury), prolonged UPRmt activity may lead to
mitochondrial DNA damage and biosynthetic dysfunction
[30]. In the injury process of various cell stress states, lim-
iting or depriving the overactivation of UPRmt may be
one of the most effective ways to improve mitochondrial
function. The dual regulation of the UPRmt may also be
closely related to the two-way regulation of mitophagy.

In addition to the above-mentioned mechanisms, reac-
tive oxygen species- (ROS-) mediated oxidative stress injury
is another main cause of dysregulated homeostasis and UPR
dysfunction in cardiomyocytes. Existing forms of ROS usu-
ally include superoxide anions (O2-), hydroxyl radicals
(OH·), peroxide free radicals (ROO·), and hydrogen perox-
ide (H2O2) [29]. In cardiomyocytes, the mitochondria may
be the main source of ROS production. In mitochondria,
the electron transport chain (ETC) is the main mode of
ROS generation, caused by nonspecific electron leakage,
and is driven by the activity of ETC complexes (mainly com-
plexes I and III). In addition, the mitochondrial succinate
dehydrogenase (SDH) complex is capable of producing
superoxide in the absence of electron acceptors. ROS pro-
duction is balanced by ROS scavenging by the antioxidant
system within mitochondria. It can be reduced to H2O by
catalase or an antioxidant system consisting of glutathione,
glutathione peroxidase (GPX), peroxidase (PRX), and thio-
redoxin (TRX) [20]. The mechanism is determined by the
redox state and availability of reducing equivalents within
the mitochondria. Excessive mitochondrial ROS leads to
mitochondrial dysfunction in cardiomyocytes, affects ATP
production, leads to dysregulation of mitochondrial energy
metabolism, induces cell death, and ultimately leads to myo-
cardial contractile dysfunction [26]. The regulatory mecha-
nism for ROS-mediated injury may be related to the UPRmt.

Mitochondria are vital for fundamental eukaryotic
processes. The mitochondria are relatively complex and
dynamic in cardiomyocytes. They have many unique
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properties that are associated with cell signaling and
programmed cell death. These properties enable the mito-
chondrial redox balance response system to respond more
flexibly to various stimuli and changing environments,
making ROS generation and accumulation relatively stable.
This process mainly involves maintaining proper mitochon-
drial oxidative balance and metabolic function during the
physiological phase and stress stimulation period of the cell
[28]. ROS-mediated mitochondrial oxidative stress disrupts
mitochondrial proteostasis and mediates the dysfunction of
mitochondrial unfolded protein responses. Highly conserved
mitochondrial proteases and molecular chaperones prevent
the formation of toxic protein aggregates and degrade
damaged proteins by enabling proper protein folding and
assembly. When the protease chaperone machinery is over-
whelmed, the UPRmt transcriptional response is initiated
[28]. Many studies have found that excess ROS can impair
the regulatory mechanisms of the UPRmt. This further
affects mitochondrial quality control, resulting in a decrease
in the level of mitophagy and a breakdown in the balance
between mitochondrial fusion and fission. Continuous
fusion and fission cycles lead to mitochondrial membrane
dysfunction and morphological structural changes in intact
mitochondria and activate caspase-related apoptosis. There-
fore, ROS-induced mitochondrial oxidative stress damage
can directly or indirectly lead to dysregulated mitochondrial
quality control and UPRmt dysfunction, leading to myocar-
dial cell damage.

3. Molecular Regulatory Mechanisms of the
UPRmt in Cardiomyocyte Physiology

Mitochondria contain more than 1000 different types and
functions of proteins. Mitochondrial proteins are predomi-
nantly encoded by nuclear DNA and synthesized on cyto-
plasmic ribosomes for delivery to the outer mitochondrial
membrane (OMM) or are imported via translocases to
the inner or outer mitochondrial membranes. Homeostasis
between mitochondria and the synthesis, transport, localiza-
tion, expression, and degradation of proteins is critical for
mitochondrial structure and function and is also an impor-
tant factor that governs the homeostasis of cardiomyocytes
and interactions between organelles. To ensure the coordi-
nated operation of this system with a wide variety of proteins,
mitochondria have a special protein quality control system to
supervise protein translation. This system mediates protein
folding, assembly, and import and export [28].

The mitochondrial function of cardiomyocytes depends
mainly on the organelle proteome. Approximately, 99% of
mitochondrial proteins are synthesized as precursors of
cytoplasmic ribosomes and are imported into target organ-
elles through protein translocases. Mitochondria also retain
their own genome and are a part of the respiratory chain
and ATP synthase, where misfolded proteins accumulate.
Cardiomyocytes can use impaired protein inputs as sen-
sors of mitochondrial dysfunction and activate stress
responses. Protein misfolding within the matrix is sensed
as a robust mitochondrial stress adaptation process [10].
Stress responses to unfolded or misfolded mitochondrial

proteins induce transcriptional programs. Then, by altering
gene expression to increase protein folding capacity in
the mitochondria, mitochondrial protein homeostasis and
mitochondrial function are maintained or enhanced.
Therefore, the mitochondrial unfolded protein response is
one of the adaptive pathways of cardiomyocytes activated
by stress, such as inflammation, high glucose, high lipid,
and hypoxia/ischemia.

As shown in Figure 1, the UPRmt plays diverse and
complex roles in the regulation of molecular mechanisms.
In the early stages, UPRmt only plays a role in a single dam-
aged mitochondrion and can be activated without cell stress
[26]. The UPRmt can affect mitochondrial protein folding
by regulating the input and translation of mitochondrial
proteins [31]. Human high mobility group (HMG) box tran-
scription factor 1 can transfer to the mitochondria and bind
to mitochondrial DNA, play the same function as mitochon-
drial transcription factor A (TFAM) encoded by nuclear
genes, maintain the steady-state mechanism of mitochon-
drial DNA, and ensure protein stability [32]. In addition,
when the UPRmt is induced by HSP90 and LONP1 inhibi-
tors, the transcript and protein levels of mitochondrial ribo-
nuclease P protein 3 decrease rapidly. The transcription level
of mitochondrial precursor RNA also decreases significantly,
and this can eventually lead to the reversible reduction of
local mitochondrial translation [25].

The UPRmt signaling pathway, involved in the regula-
tion of mitochondrial proteins, is chiefly related to CCAAT
enhancer binding protein (C/EBP) homologous protein
(CHOP) and activating transcription factors (ATFs) 4 and
5. When ornithine transcarbamylase is mutated, the mito-
chondrial matrix, heat shock proteins HSP60 and HSP10,
human mitochondrial DNA haplogroup J (mtDNAj), and
mitochondrial protease CLPP are overexpressed, whereas
the molecular chaperones of the cytoplasm and endoplasmic
reticulum are not activated, and the increased expression of
these proteins in the mitochondria depends on the tran-
scription factors CHOP and C/EBP [33]. Bioinformatic
analysis revealed the presence of CHOP and C/EBP binding
domains on the promoters for HSP60, HSP10, mtDNAj, and
CLPP. As CHOP and C/EBP can induce the endoplasmic
reticulum unfolded protein response, Shen et al. [34] specu-
lated that the specificity of the mitochondrial stress response
may be caused by the selective induction of CHOP by activa-
tor protein 1.

ATF4 is a transcription factor that contains a basic leu-
cine zipper. It can shuttle from the mitochondria to the
nucleus during regulation of mitochondrial homeostasis.
ATF4 is a key regulator of the induction of UPRmt and
maintains homeostasis of mitochondrial proteins [35].
Recently, researchers found that ATF4 knockout led to a
decrease in the expression of LONP1, HSP10, and HSP60
in alveolar epithelial cells. ATF5, a gene homologous to
ATFs-1, also plays a role in regulating the mitochondrial
stress response in cells. Similar to ATFs-1, ATF5 is also
present in the mitochondria and nucleus [36]. ATF5 induces
not only the UPRmt of nematodes but also HSP60 and
HSP70, promotes the proliferation of cells under stress,
and assists in the recovery of mitochondrial function [37].
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UPRmt activation is also related to the sirtuin 3 (SIRT3)-
forkhead-like transcription factor o3a (FOXO3a)-superoxide
dismutase 2 (SOD2) pathway. NAD-dependent deacetylase
3 (SIRT3) is the main deacetylase that promotes aerobic
metabolism in the mitochondrial matrix and regulates the
production of mitochondrial ROS [38]. In the mitochondrial
matrix, upregulation of SIRT3, SOD2, and peroxidase can
promote the conversion of superoxide to water. Antioxidant
activity is directly related to protein homeostasis. The reduc-
tion in superoxide levels limits the oxidation and misfolding
of proteins in the mitochondria. Some researchers found
that after mitochondrial protein toxic matrix stress, the
expression of SIRT3 was upregulated, resulting in the trans-
port of FOXO3a from the cytoplasm to the nucleus and the
induction of its transcription targets SOD2 and catalase,
causing an antioxidant response and reducing ROS produc-
tion; SIRT3 can coordinate two pathways, mediating antiox-
idant mechanisms and mitochondrial autophagy. Inhibition
of SIRT3 in cells undergoing proteotoxic stress can seriously
damage the mitochondrial network and lead to cell death
[39]. These results indicate that SIRT3 distinguishes organ-
elles under moderate pressure from those that are irrevers-
ibly damaged. SIRT3 acts as a tumor suppressor during
transformation. The results revealed the dual role of SIRT3;
it can participate in the regulation of the UPRmt through
mitochondrial autophagy, but its regulatory function is
different.

Estrogen receptor α (ERα), an important transcription
factor in cells, is also one of the regulatory pathways mediat-
ing UPRmt [40]. In the mitochondrial intermembrane space
(IMS), the expression of mutant endonuclease G activates
another UPRmt signaling pathway, resulting in the accumu-
lation of misfolded endonuclease G in IMS, which is inde-
pendent of the matrix UPRmt and does not induce CHOP

or HSP60 [41]. IMS stress also leads to an increase in ROS,
which leads to the phosphorylation of ROS-dependent
protein kinase B (PKB or Akt), which in turn leads to ERα
activation [42]. ERα activation induces nuclear respiratory
factor 1 (Nrf1) expression. It can be suggested that IMS
can induce ER stress and stimulate the cell-protective
response to maintain mitochondrial integrity [43]. The
UPRmt, which includes CHOP, SIRT3, and ERα activity,
can counteract disturbances in mitochondrial protein
homeostasis due to oxidative stress, eliminate misfolded
protein stress, and maintain mitochondrial protein homeo-
stasis [20]. Currently, the key regulatory factors of the
UPRmt are still controversial, and relationships among
CHOP, ATF4, and ATF5 are also under investigation.

4. Molecular Biological Mechanisms of
the UPRmt

4.1. Hsp10/Hp60/HSP70 and HSF1 Pathways. Classical
proteases that induce mitochondrial protein folding or pro-
tein chaperone formation can prevent mitochondrial protein
folding [44]. Chaperones are mainly composed of HSP10,
HSP60, mitochondrial HSP70 (mtHSP70), and other molec-
ular chaperones [45]. Chaperone HSP60 plays an important
regulatory role in mitochondrial protein homeostasis by
mediating protein folding [46]. The transfer of protein
precursors in the cytoplasm to the mitochondrial matrix
requires participation of the molecular chaperone mtHSP70
[47]. mtHSP70 directly interacts with the mitochondrial
inner membrane translocation enzyme 23 complex to insert
the protein into the mitochondrial matrix and prevent
reverse diffusion of the protein into the cytoplasm. Concur-
rently, mtHSP70 can assist in the correct processing of pro-
teins in the channel and matrix [47]. The mitochondrial

Mitochondrial
unfolded protein reaction

Mitochondrion
MATRIX

Protein

Cyto-plasm

BIPERDJ4PDIA46HSP47 HRD-1

Intra-cellular
membranes

IRE1𝛼

Figure 1: Regulatory mechanism of mitochondrial unfolded protein response. Mitochondrial unfolded protein response plays an important
regulatory role in cell physiological activities. Under stress stimulation conditions such as ischemia/hypoxia or inflammation, the
homeostasis of intracellular environment and mitochondrial homeostasis will be further destroyed. Oxidative phosphorylation
(OXPHOS) disturbance, excessive ROS, impaired complex assembly (mitotic nucleoprotein imbalance), and accumulation of misfolded
proteins further activate HSP47/PDIA46/ERDJ4 under the induction of mitochondrial proteins. Meanwhile, BIP/HRD-1 and IRE1α will
activate in the intima. Together with HSP47/PDIA46/ERDJ4, it regulates the homeostasis of mitochondrial matrix and mitochondrial
proteins, which is an important mechanism affecting mitochondrial protein homeostasis.
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subtypes of the HSP90 and HSP10 complexes are also
involved in the folding of matrix-localized peptides [48].
Under the action of chaperonin 10 (cpn10), the protein is
induced to obtain a suitable conformation [49].

Studies have shown that HSP10 is found in the coronary
effluent of an IPC-treated heart, which has the potential for
cardiac protection [50]. An isolated mitochondrial model
was used to characterize the effect of exogenous HSP10
on myocardial mitochondrial function after ischemia-
reperfusion injury. Incubation with HSP10 under hypoxia/
reoxygenation conditions in freshly isolated mitochondria
prevented the hypoxia/reoxygenation-induced production
of mitochondrial ROS. Mitochondria are targets of HSP10-
induced cardioprotection. HSP10 can directly act on mito-
chondria, improve hypoxia/reoxygenation injury, and pro-
tect cardiomyocyte mitochondria through ATP activation.

The heat shock response is mainly coordinated by heat
shock transcription factor 1 (HSF1). During the regulation
of cell physiology and pathology, HSF1 can increase the
folding, decomposition, and degradation ability of proteins
by improving the expression level of molecular chaperones
[51]. HSF1 is essential for induction of mitochondrial chap-
erones during the UPRmt. The heat shock response can
trigger single-stranded DNA binding protein 1 (SSBP1),
participate in the replication of mitochondrial DNA, and
directly interact with HSF1. HSF1 can recruit SSBP1 to pro-
moters encoding cytoplasmic/nuclear and mitochondrial
chaperone genes to maintain cellular protein homeostasis
[52]. In addition, the heat shock response can further affect
the preferential binding state of HSP16 and HSP70 genes,
stimulate different degrees of the UPRmt, and protect mito-
chondrial function.

4.2. ERα-Nrf1-HTRA2 Pathway. The UPRmt mediated by
the ERα-NRF1-HTRA2 pathway is mainly directed toward
the production of the inner mitochondrial IMS and is a cyto-
protective response that helps maintain mitochondrial integ-
rity [53]. Mitochondrial IMS is an important hub for
mitochondrial energy metabolism and protein transport,
and more than 100 proteins, coordinately localized in this
sub-compartment, mediate important mitochondrial func-
tions [54]. Mitochondrial IMS has no heat shock protein
and has fewer proteases and antioxidant enzymes than are
present in the matrix. ROS are generated in large quantities
in the mitochondrial IMS; hence, the IMS is a very sensitive
sensor for misfolded proteins [55].

When homeostasis in the mitochondrial IMS is dis-
turbed or a stress response occurs, excessive accumulation
of ROS and phosphorylation of protein kinase B (AKT)
can activate the ERα pathway and induce expression of
ERα [56]. This activation can further upregulate the tran-
scription of the mitochondrial regulator Nrf1 and the
mitochondrial inner membrane space protease HTRA2,
upregulate proteasome activity, and promote degradation
of misfolded proteins [36].

In the regulation of mitochondrial protein homeostasis,
an excessive folding response can lead to excessive produc-
tion of ROS [57]. However, excessive ROS can lead to
mitochondrial oxidative stress and mitochondrial electron

transport chain dysfunction; thus, mitochondrial IMS is a
relatively sensitive region of the UPRmt, and targets in mito-
chondrial IMS may be at a higher risk of misfolding than
proteins in other subcellular compartments.

4.3. ATF4/ATF5-CHOP Pathway. The UPRmt is mainly
localized in the mitochondrial matrix and is regulated by
ATF4, ATF5, and CHOP, which are homologous to the
Caenorhabditis elegans transcription factor ATFS-1 [58].
CHOP is part of an integrated stress response that activates
the transcription of mitochondrial chaperones and prote-
ases. Many mitochondrial stressors unrelated to misfolded
proteins inhibit mitochondrial membrane potential trans-
lation and rapidly induce CHOP responses without chap-
erone activation [59]. CHOP- and ATF4-induced ATF5
is involved in reverse signaling of the UPRmt to the
nucleus. ATF5 is localized to the mitochondria and trans-
locates to the nucleus during mitochondrial stress, where it
transcriptionally upregulates mitochondrial chaperones and
proteases [60]. The integrated stress response during stress
leads to phosphorylation of eukaryotic initiation factor 2α
(eIF2α), a process that promotes ATF4, ATF5, and CHOP
activity [61].

Cells respond to stress by transcriptionally activating
genes [62, 63]. Although ATF4 and CHOP may regulate cell
survival through the UPRmt, there is currently a lack of
understanding of coregulatory factors due to the nonspecific
nature of CHOP itself. Neither ATF4 nor CHOP is sufficient
to elicit a typical UPRmt transcriptional response, which
may be dependent on additional signaling factors [64].
Induction of CHOP cannot simply be used as an indicator
for the induction of the UPRmt, and CHOP is also closely
related to ER stress and ER autophagy-mediated cell death.
Therefore, the relationship between CHOP and ATF4 tran-
scription factors during mitochondrial stress and the path-
ways specifically activated by mitochondrial perturbation
have not been fully elucidated.

4.4. Sirt3-FOXO3a-SOD2 Pathway. The Sirt3-FOXO3 man-
ganese SOD2 pathway mainly plays an antioxidant role
and pivotal role in the UPRmt [65]. In mammals, the sirtuin
family is implicated in the regulation of metabolic diseases,
cardiomyocytes, and vascular endothelial cell growth and
development [66]. Sirt3 is mainly localized in the mitochon-
drial matrix and participates in mitochondrial energy
metabolism by regulating energy metabolism substrates
[67]. It also regulates mitochondrial redox balance and
protects cells from ROS-mediated oxidative stress. When
mitochondria show a certain level of dysfunction under
stress, misfolded proteins gradually accumulate [68]. At this
time, the Sirt3-FOXO3a pathway is activated, and Sirt3 can
exert mitochondrial antioxidant effects by controlling the
activity and localization of the transcription factor FOXO3a
[39]. Sirt3 levels increase in response to toxic stress from
protein unfolding in the mitochondrial matrix, and FOXO3a
is dependent on Sirt3 deacetylation to promote its nuclear
translocation and transcriptional activity [69]. When ROS-
mediated oxidative stress is severe, FOXO3a can also target
the mitochondria and nucleus to regulate the mitochondrial
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antioxidant system dominated by SOD2 and catalase, and
inhibit the occurrence and development of mitochondrial
oxidative stress [70].

Therefore, the activities of Sirt3, SOD2, and FOXO3a are
directly related to mitochondrial protein homeostasis, and
the synergistic effect of Sirt3 and SOD2/FOXO3a in the
mitochondria limits the oxidation and misfolding of pro-
teins in the mitochondria [71]. Because of the complex
regulatory mechanism of Sirt3 and many targeted regulatory
pathways, a study has proposed that Sirt3 activation may be
closely related to ROS-induced mitochondrial oxidative
stress damage, but not directly related to mitochondrial
folded protein responses [53]. The mechanisms by which
the Sirt3/FOXO3a/SOD2, ATF4/ATF5-CHOP, and ERα-
NRF1-HTRA2 pathways regulate the mitochondrial
unfolded protein responses are different. Sirt3 has regulatory
functions in the UPRmt, mitochondrial oxidative stress, and
mitophagy. The specific molecular targets related to Sirt3
remain to be further studied and explored.

5. Protective Effect of the UPRmt on
Pathological Damage of Cardiomyocytes

UPRmt exerts a protective effect against myocardial cell
injury caused by various cardiovascular diseases and stress
states. The protective effects of the UPRmt on cardiomyo-
cytes under stress include increasing ATP production,
inhibiting oxidative stress injury induced by excessive accu-
mulation of ROS, inhibiting the release of apoptotic factors,
inhibiting calcium overload, and inhibiting the abnormal
opening of the mitochondrial membrane permeability tran-
sition pores [72]. As shown in Figure 2, moderate UPRmt
activation clears damaged mitochondrial proteins and main-
tains mitochondrial homeostasis and function [73]. The
beneficial effects of the UPRmt on cells are also reflected in
the maintenance of mitochondrial energy metabolism,
maintenance of mitochondrial electron transport chain
function, and prevention of the release and activation of
proapoptotic factors [74]. The UPRmt can interact with
mitochondrial quality control in the mitochondrial homeo-
stasis mechanism of cardiomyocytes and can lead to changes
in mitochondrial quality and quantity, thereby mediating
the dysregulation of mitochondrial homeostasis [75]. Mito-
chondria produce most of the cellular energy and are tar-
geted by various pathogens during infection [26].

The UPRmt, an adaptive transcriptional program regu-
lated by ATFS-1, induces the expression of genes that pro-
mote mitochondrial recovery [76]. The mitochondrial heat
shock proteins HSP60 and HSP10, which mediate the activa-
tion and regulation of UPRmt, form mitochondrial chaper-
one protein complexes that improve cardiomyocyte activity
under ischemic conditions. Overexpression of HSP60 or
HSP10 can increase ATP production and the activity of
complexes III and IV in the mitochondria. Inhibiting mito-
chondrial cytochrome C release while reducing the activity
of caspase 3 protects cardiomyocytes from apoptosis, sug-
gesting that the antiapoptotic protective mechanism of
cardiomyocytes is related to the UPRmt mediated by
HSP60 and HSP10 [77].

Studies have found that oligomycin- or doxycycline-
induced UPRmt can reduce myocardial infarct size in wild-
type (WT) mice, and ATF5-mediated UPRmt can also
provide protection against acute ischemia-reperfusion injury
[78]. Regarding the regulation of the cardiomyocyte hyper-
trophic stress response, the UPRmt can effectively counter-
act pathological cardiac hypertrophy. Mice were subjected
to transverse aortic coarctation (TAC) surgery [30]. siRNAs
targeting PGC-1α and ATF5 were used to determine the
mechanism of action of the UPRmt. Tetrahydrocurcumin
supplementation upregulated the UPRmt effector mecha-
nism, inhibited TAC-induced oxidative stress injury,
improved cardiac contractile function, and inhibited cardio-
myocyte hypertrophy and myocardial fibrosis compared
with TAC-operated WT mice. Knockdown of PGC-1α can
inhibit UPRmt activation and the cardioprotective effect of
tetrahydrocurcumin. The mechanism of the protein interac-
tion between PGC-1α and ATF5 is also indicated. Experi-
mental results suggest that PGC-1 and ATF5 can partially
activate UPRmt, thereby mediating the cardioprotective
effect.

Experiments with SIRT3 have also found that SIRT3
ablation is associated with cardiovascular diseases [79].
SIRT3 ablation causes coronary microvascular dysfunction
after myocardial ischemia and impairs cardiac recovery.
SIRT3-KO mice developed significant coronary microvascu-
lar dysfunction with reduced coronary flow reserve. Com-
pared with WT mice, SIRT3-KO mice had a more severe
reduction in cardiac ejection fraction and significantly
decreased cardiomyocyte, pericyte, and vascular endothelial
cell activities. Interestingly, SIRT3 overexpression restored
cardiac function in mice after myocardial infarction. The
above findings reveal the underlying mechanism of SIRT3
in cardiac insufficiency and recovery of myocardial tissue
or cardiac ejection function after myocardial infarction
[79]. Related studies on quercetin have found that improve-
ment of mitochondrial energy metabolism, mitochondrial
fusion/fission balance, and mitochondrial biosynthesis acti-
vation is involved in the protective mechanism of cardio-
myocytes. Through regulation of the above mechanisms, it
can inhibit the inflammatory response and oxidative stress
accompanied by myocardial fibrosis and cardiac function
injury at the same time.

Furthermore, TAC-induced cardiac injury can inhibit
the activation of SIRT5 and increase IDH2 succinylation at
the mitochondrial level. Quercetin promotes the desucciny-
lation of IDH2 by increasing SIRT5 expression. SIRT5 and
SIRT3, as SIRT family molecules, can both have protective
effects on cardiomyocytes or coronary microvascular endo-
thelial cells, and both can regulate mitochondrial homeosta-
sis, but their regulatory mechanisms in the UPRmt response
need further verification [80].

6. Bidirectional Regulation of UPRmt: A
Double-Edged Sword

As shown in Figure 3, the UPRmt has a protective effect
against cardiomyocyte injury caused by various cardiovascu-
lar diseases and stress states [81]. However, a series of
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relatively contradictory studies have also found that blocking
the UPRmt pathway can improve cardiomyocyte injury
under various stress conditions to varying degrees. Using

only gene overexpression/knockout models, differentiating
the cardiotoxic and cardioprotective effects of UPRmt is dif-
ficult [82]. Therefore, it is inferred that UPRmt can play a
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Figure 2: UPRmt is involved in cardiomyocyte mitochondrial homeostasis dysregulation and cardiomyocyte apoptosis. Mitochondrial
ROS-induced mitochondrial oxidative stress is activated during the initial stages of myocardial injury and cardiomyocyte apoptosis. The
mitochondrial membrane permeability transition pore (mPTP) is further activated, which induces an imbalance between the inner and
outer mitochondrial environment, which in turn leads to a massive loss of mitochondrial membrane potential (MMP) and dysfunction
of mitochondrial energy metabolism. This process activates the mitochondrial pathway of apoptosis, which in turn leads to cell death or
apoptosis/necroptosis. UPRmt can be further activated under mild stress stimulation. Repairing mildly compromised mitochondrial
oxidative stress damage or dysfunction, UPRmt can clear misfolded proteins (chaperones) or cleavage proteases. Unrepairable
mitochondria may further undergo mitophagy, and mitochondrial DNA renewal and regeneration occurs through mitochondrial
dynamics and mitochondrial biosynthesis.
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bidirectional regulatory role in stress-induced mitochondrial
damage and mitochondrial biogenesis.

Related studies on the UPRmt and myocardial ischemia-
reperfusion injury found that UPRmt activation could
alleviate myocardial ischemia-reperfusion injury under the
action of oligomycin [83]. Supplementation with the UPRmt
inducer oligomycin effectively reduced myocardial infarc-
tion and improved systolic/diastolic function. Ischemia-
reperfusion injury causes a rapid increase in biomarkers of
myocardial injury (TnT/CK-MB/LDH), whereas UPRmt
activators suppress these markers. Gene expression analysis
showed that the UPRmt could upregulate antioxidant
enzymes localized in mitochondria that inhibit mitochon-
drial ROS generation, which in turn inhibits ischemia-
reperfusion-induced myocardial oxidative stress injury.
Ameliorating the vulnerability of cardiomyocytes in the
ischemia-reperfusion state, the UPRmt also stimulates the
transcription of the antiapoptotic proteins Bcl2 and c-IAP.

In addition, Mitotracker-related laser confocal assays
showed that UPRmt activation maintained mitochondrial
morphology and structural integrity. Notably, administra-
tion of a UPRmt antagonist increased myocardial infarct size
and cardiac dysfunction in mice. Intervention with UPRmt
antagonists also enhanced mitochondrial ROS generation,
increased lipid peroxidation levels, and suppressed the tran-
scription of antiapoptotic genes. In animal models of septic
cardiomyopathy, significant cardiac ejection dysfunction
was observed in the early summer, and oligomycin interven-
tion significantly improved cardiac ejection function. During
lipopolysaccharide- (LPS-) induced cardiomyocyte inflam-
matory injury, severe mitochondrial ROS accumulation,
MMP loss, and increased mitochondrial fragmentation
occur. Oligomycin can significantly inhibit the overproduc-
tion of ROS, restore the mitochondrial membrane potential,
and maintain mitochondrial structure and normality. These
findings suggest that the UPRmt has a protective effect in the
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Figure 3: Bidirectional regulation of UPRmt in cardiomyocyte mitochondrial injury and mitochondrial biogenesis, a double-edged sword.
With mitochondrial aging and stress-induced mitochondrial death, the function of the mitochondrial respiratory chain will be severely
affected, which will lead to mitochondrial ATP synthesis dysfunction, excessive accumulation of mitochondrial ROS, and then
mitochondrial respiratory complexes dysfunction. It will eventually lead to mitochondrial oxidative phosphorylation dysfunction and
mitochondrial tricarboxylic acid cycle dysfunction, which may be an important cause of mitochondrial protein dysfunction and
mitochondrial damage. In the state of mild mitochondrial damage, UPRmt is activated, which in turn affects mitochondrial biosynthesis
and mitochondrial homeostasis, providing a guarantee for the balance of intracellular homeostasis. In states of mild mitochondrial
damage or dysfunction, UPR is beneficial as it reduces reactive oxygen species (ROS) production and increases ATP activity to protect
mitochondrial function.
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process of myocardial cell injury caused by inflammatory
injury.

On the other hand, UPRmt may be associated with myo-
cardial or cardiomyocyte damage or death [84]. Protein
kinase R (PKR)-knockout and WT mice were exposed to a
pressure overload resulting from transverse aortic constric-
tion. While WT and PKR-knockout mice had similar
increases in heart size following lateral aortic constriction,
PKR knockout mice had much less lung congestion, stronger
left ventricular ejection fraction, better contractility, and sig-
nificantly reduced myocardial fibrosis than WT mice. PKR
knockdown attenuates coarctation-induced tumor necrosis
factor α expression and decreases cardiac expression of
proapoptotic factors (Bax and caspase 3) via double-
stranded RNA-dependent protein kinase (PKR) overactiva-
tion of eIF2α, which promotes cardiomyocyte apoptosis
and heart failure. By contrast, PKR deficiency attenuates
eIF2α overactivation and protects cardiomyocytes [84].

The mitochondrial matrix protease CLPP is the key reg-
ulator of the UPRmt [85]. In a study in which CLPP was
knocked out in the hearts of mitochondrial aspartyl-tRNA
synthetase 2 (DARS2)-deficient mice, the mouse myocar-
dium exhibited an excessive UPRmt due to dysregulation
of mitochondrial transcriptional regulation. Unexpectedly,
cardiomyocyte mitochondrial dysfunction and reduced
mitochondrial respiratory function were alleviated by CLPP
loss, resulting in increased levels of oxidative phosphoryla-
tion. This seemingly contradictory finding indirectly sug-
gests that the UPRmt is cardioprotective under moderate
activity, whereas its overactivity may lead to excessive car-
diomyocyte injury. Thus, modest UPRmt activation might
be beneficial for the removal or repair of damaged mito-
chondrial proteins. Excessive UPRmt activation may lead
to massive cleavage of mitochondrial proteins [86]. More-
over, the three pathways mediating the UPRmt may have
interactive mechanisms and reactions.

The three axes of the UPRmt mentioned above, CHOP,
Sirt3/FOXO3a, and ERα, act synergistically to reduce dys-
regulation of protein homeostasis in the mitochondria and
myocardial injury from oxidative stress and dysregulated
calcium homeostasis. Because of the different targeting
mechanisms of the three pathways and the different organ-
elles involved in the regulatory process, the synergistic and
antagonistic effects of the UPRmt responses regulated by
the three pathways in different cardiomyocyte injury
models require further pharmacological experimentation,
and in vivo and in vitro experimental models should be
used for validation.

7. Mitochondrial Quality Control and the
UPRmt in Cardiomyocytes

Mitochondria, as the site of cellular aerobic respiration and
energy production, are also important organelles that trans-
mit cell death signals. Mitochondrial dysfunction is closely
related to the occurrence of stress stimuli such as inflamma-
tion, hypoxia, ischemia, and high glucose [87]. In the mito-
chondria, 95% of the proteins are encoded by nuclear
DNA, and after cytoplasmic synthesis, the proteins are

transferred via the mitochondrial localization sequence
(mitochondrial target sequence) to their functional sites of
in the mitochondria [88]. Signal transduction and commu-
nication between the nucleus and mitochondria regulate
the overall working state of the cell [89]. Various mitochon-
drial proteins, such as the ETC complex, UCP, mitochon-
drial dynamic protein, mitochondrial Tom complex, and
mPTP, affect the production of mitochondrial ROS, thereby
determining the degree of mitochondrial damage in cardio-
myocytes [90].

Different mitochondrial quality control mechanisms
(including mitophagy, mitochondrial fusion and fission,
and mitochondrial biosynthesis) can produce certain regula-
tory strategies for the mitochondrial stress response [91]. In
the stress state, although each part of the mitochondrial
quality control pathway is activated independently, the
regulation of each part of the mechanism in different
pathological and injury models also differs [92]. Different
mitochondrial quality control pathways were examined indi-
vidually. Both UPRmt and mitochondrial quality control are
regulatory pathways that maintain the normal function of
mitochondria, and there is a certain connection between
the two [93]. Understanding how the UPRmt integrates or
interacts with various mitochondrial quality control path-
ways to coordinate mitochondrial homeostasis mechanisms,
inhibit cardiomyocyte apoptosis or death, improve mito-
chondrial stress, and maintain mitochondrial homeostasis
is important.

7.1. Mitochondrial Autophagy and the UPRmt Response.
Mitochondrial autophagy is mainly divided into two types,
receptor- and nonreceptor-mediated, and is an important
regulatory mechanism for maintaining mitochondrial
renewal and function [94]. It plays an important role in reg-
ulating the number of mitochondria and is involved in both
physiological and pathological processes [95]. Mitophagy is
divided into receptor-dependent mitophagy mediated by
FUNDC1 and BNIP3, and receptor-independent mitophagy
mediated by PINK1/Parkin [3]. Mitophagy and UPRmt are
involved in the repair of damaged mitochondria by stimulat-
ing responses and protective mechanisms [10]. This study
found that both mitophagy pathways can interact with the
UPRmt mechanism. A study on myocardial cell inflamma-
tory injury found that FUNDC1-mediated mitophagy can
synergize with UPRmt to regulate the cardiomyocyte protec-
tion mechanism jointly. Lipopolysaccharide- (LPS-) induced
sepsis plays a role in cardiac insufficiency and mitochondrial
damage, resulting in excessive accumulation of mitochon-
drial ROS and significantly reduced TOM20 expression
levels [96]. Both the UPRmt activator oligomycin and the
mitophagy activator urolithin A significantly reduced LPS-
induced cardiac function damage and myocardial cell
mitochondrial damage, reversed the excessive accumulation
of mitochondrial ROS, increased the expression of TOM20,
and restored the mitochondrial membrane potential.
FUNDC1 conditional knockout mice counteract the amelio-
rating effects of the mitophagy activator urolithin A on LPS-
induced cardiac function impairment and cardiomyocyte
mitochondrial damage [96]. Mitophagy activators had no
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direct effect on the UPRmt; however, the expression of
UPRmt proteins was significantly upregulated after gene
knockout of FUNDC1. Knockdown of ATF6 did not affect
the protective effect of mitophagy activator on mitochondria
but attenuated the protective effect of the UPRmt. Knock-
down of FUNDC1 also did not affect mitochondrial protec-
tion by the UPRmt activator oligomycin. It has been
suggested that FUNDC1 is an important pathway for
mitophagy activators to regulate mitophagy and improve
mitochondrial inflammatory injury in cardiomyocytes. The
mechanisms of action of UPRmt activator oligomycin and
mitophagy activator urolithin A on myocardial cell mito-
chondrial injury are different. During LPS-induced mito-
chondrial injury in cardiomyocytes, the transcription levels
of ATF5, mtDNAj, clpP, LONP1, CHOP, Hsp10, and
HSP60 were significantly increased, suggesting that UPRmt
is significantly activated [96].

Mitophagy activators can significantly inhibit gene tran-
scription. Interestingly, the UPRmt is further activated after
FUNDC1 knockout, and the gene transcription levels are
further increased than that after LPS intervention, whereas
mitophagy activators were increased after FUNDC1 knock-

out. Thus, FUNDC1 does not have a regulatory effect on
the UPRmt. In a coregulatory mechanism, mitophagy-
mediated mitochondrial and cardiomyocyte protection is
partially attenuated when the UPRmt is inhibited by ATF6
knockout. Mechanistically, the interaction between endoge-
nous UPRmt and mitophagy can play a compensatory role
in maintaining mitochondrial homeostasis. Although activa-
tion or inhibition of the UPRmt has no modulating effect on
mitophagy, inhibition of the UPRmt impairs mitochondrial
function or structure, potentially leading to an overload of
the cardioprotective effects of mitophagy.

As shown in Figure 4, the synergistic effect of mitophagy
and the UPRmt is an important part of the mitochondrial
protection mechanism in cardiomyocytes. Protein mass
and mitochondrial mass are also critical for the regulation
of cardiomyocyte viability, and the study also found that
the mitochondrial outer membrane protein FUNDC1 can
interact with the mitochondrial chaperone HSC70 to pro-
mote mitochondrial translocation of unfolded cytoplasmic
proteins to degrade or form nonfolded cytoplasmic proteins
via LONP1. Aggregate mitochondria-associated protein
aggregates [97].

ATG5/ATG7/ATG12
ATG10/Beclin1/LC31/II

ATF-4

ATF-4

ATF-6

ATF-6PERK IRE1

Autophagy

Phagophore formation

Auto-phagosome

Auto-phagosome

Cardiomyocyte calcium homeostasis
Cardiomyocyte mito-oxidative stress

Cardiomyocyte mito-pathways apoptosis
Cardiomyocyte necroptosis
Reduced mito-membrance potential

Stress induced dysregulation of cardiomyocyte homeostasis

PINK/Parkin
BNIP3

NIX
FUNDC1

Mitochondrial
dysfunction

Mitochondrial autophagy

(Ubiquitination/Deubiquitination)

(Phosphorylation/Dephosphorylation)

Lysosomes

Autolysosome
LC3LC3

LC3
LC3

LC3

LC3

LC3

LC3

Undegraded
organelles or proteins

ATF-6

Unfolded protein reaction

JNK

JNK
sXBP1sXBP1

eIF2–𝛼

eIF2–𝛼

Figure 4: Work together to coordinate cardiomyocytes mitochondrial homeostasis, interaction of UPR with autophagy and mitophagy. The
unfolded protein response (UPR) interacts with mitophagy and autophagy. Autophagy can form autophagosomes through the separation
membrane initiated by wrapping cytoplasmic components (proteins and organelles) in cardiomyocytes inside the cell. These damaged or
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Myocardial ischemia-reperfusion injury can inhibit the
expression of LONP1, mtDNAj, clpP, and HSP10, induce
excessive accumulation of mitochondrial ROS, and increase
the level of mitochondrial fragmentation, leading to dysreg-
ulation of mitochondrial homeostasis in cardiomyocytes and
activation of cardiomyocyte apoptotic pathways. The expres-
sion levels of myocardial CM-KB, TnT, and LDH further
increased with injury to ejection function. Under oligomycin
treatment, the transcription levels of LonpP1, mtDNAj,
clpP, and Hsp10 were further increased in cardiomyocytes
in an ischemia-reperfusion state, and the excessive accumu-
lation of mitochondrial ROS and mitochondrial fragmenta-
tion were also inhibited. The expression levels of TnT and
LDH were further inhibited and the apoptotic pathway was
blocked [83].

Ischemia-reperfusion injury can inhibit the expression of
LONP1, mtDNAj, clpP, and Hsp10 in cardiac-specific
FUNDC1 conditional knockout cells to a greater extent
than in cardiomyocytes without conditional knockout of
FUNDC1 [83].

After further shRNA-mediated Parkin knockout, signifi-
cant expression of the UPRmt mRNA marker in cardiomyo-
cytes was induced. After shRNA-mediated FUNDC1
knockout, the expression of the UPRmt mRNA marker in
cardiomyocytes was not significant, although both ParkinOE

and UPRmt mRNA marker expression appeared to be
increased. These results suggest that UPRmt activation in
the state of ischemia-reperfusion injury is dependent on
different types of mitophagy (receptor- and nonreceptor-
mediated) and can be differentially regulated by distinct
mechanisms; however, the different regulatory mechanisms
and whether they are related to the cell model and the time
conditions of ischemia-reperfusion remain to be experimen-
tally verified [83].

Within the mitochondrial matrix, PINK1/Parkin medi-
ates receptor-independent mitophagy to alleviate protein
toxicity [98]. Mitophagy can eliminate protein aggregates
within the mitochondria during mitochondrial homeostasis.
PINK1 recruits parkin to the mitochondrial subdomains
following mitochondrial proteotoxic injury. Parkin then
colocalizes with LC3 on polarized mitochondria that con-
tain misfolded proteins. Compared to the inhibition of
Drp1-mediated mitochondrial fission, knockdown of
Drp1 enhances Parkin recruitment to fused mitochondria
and increases mitophagy levels [98].

These results verify that PINK1/Parkin-mediated
receptor-independent mitophagy can inhibit mitochondrial
proteotoxicity, maintain mitochondrial protein homeostasis,
and is also associated with Drp1-mediated mitochondrial
fusion/fission [99]. The mechanism of PINK1-mediated
receptor-independent mitophagy also showed that under
stress conditions, the myocardial line UPRmt is enhanced,
and this process is regulated by the PINK1 mitophagy path-
way. Studies have found that mitochondria-specific chaper-
ones and proteases can inhibit the synthesis of misfolded
proteins, regulate mitochondrial fission/fusion, and regulate
mitophagy to maintain mitochondrial homeostasis at the
organelle level. Excessive accumulation of unfolded proteins
can promote the accumulation of PINK1, which can also

lead to the mitochondrial translocation of PARK2 and
nonreceptor-mediated mitophagy. By knocking down the
LONP1 protease, the accumulation of PINK1 can be
enhanced to a certain level. In the regulation mechanism of
mitophagy and the UPRmt, we believe that the accumula-
tion of unfolded proteins in the mitochondria can trigger
mitophagy, and the two not only cooperate to regulate and
protect mitochondria but can also coordinate with each
other. When the level of phagocytosis decreases, the load
level of the UPRmt increases, and vice versa, so that the
two can coordinate the protective mechanisms of cardio-
myocytes [99].

Both the mitochondrial UPR and mitophagy are specific
repair pathways within the mitochondria of cardiomyocytes.
The UPRmt can maintain mitochondrial internal protein
homeostasis and normalization through mitochondrial pro-
tein folding and degradation, preventing abnormal protein
accumulation in the mitochondria [100].

Mitophagy can selectively remove damaged mitochon-
dria via receptor-dependent or receptor-independent path-
ways. Unlike mitophagy, the UPRmt can dynamically
control the import or export of mitochondrial proteins and
affect mitochondrial energy metabolism [101]. Mitophagy
and the UPRmt are similar in that both require moderate
activation under stress, and if overactivated, can lead to
mitochondrial dysfunction and activation of the mitochon-
drial pathway of apoptosis [102, 103]. Therefore, mitophagy
and the UPRmt within a limited range maintain the cardio-
protective effects of mitochondrial mass, and the balance
and synergistic protective effects of the two are indispensable
in mitochondrial protein homeostasis.

7.2. Mitochondrial Fission and the UPRmt.Mitochondria are
centers of energy metabolism in cells and are dynamic
organelles [104]. Mitochondrial dynamics are an important
way to regulate the balance mechanism of mitochondrial
fusion and fission [105]. The synergistic effect of mitochon-
drial fusion and fission is essential for maintaining normal
mitochondrial morphology and function [106]. Dysregula-
tion of mitochondrial fission may induce an increase in
mitochondrial unfolded proteins, affecting mitochondrial
proteostasis, and can further lead to dysregulation of mito-
chondrial homeostasis and energy metabolism [107].

Mitochondrial dynamics are inextricably linked to the
development of mitochondrial damage and the UPRmt
in cardiomyocytes [108]. During stress injury, such as
ischemia or inflammation, mitochondrial fission is specifi-
cally increased and mitochondrial fusion is inhibited [109].
An imbalance between mitochondrial fission and fusion is
associated with ischemia/reperfusion-induced cardiac dys-
function or cardiomyocyte injury. Mitochondrial fission is
mediated by Drp1 and the mitochondrial outer membrane-
anchored adaptor proteins Fis1 and Mff [110]. Mitochon-
drial fusion is mediated by external Mfn1 and Mfn2 on the
membrane and regulated by OPA1 on the inner membrane
[111]. Mitochondrial fusion allows normal mitochondria to
combine with unfolded proteins of partially damaged mito-
chondria to reduce the stress response; mitochondrial fission
is required for the formation of new mitochondria, while also
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separating damaged mitochondria to achieve mitochondrial
quality and quantity control [112].

Mitochondrial fission is mainly divided into three
steps: Drp1 protein is transferred from the cytoplasm to
the mitochondria; the endoplasmic reticulum and actin
cooperate to drive Drp1 protein contraction, and the
Drp1 protein further shrinks until mitochondrial fission
occurs. Mitochondria with inhibited mitochondrial fusion
may undergo mitochondrial fission, leading to the accu-
mulation of large amounts of unstable unfolded proteins,
thus activating the UPRmt, which in turn inhibits mito-
chondrial dysfunction caused by abnormal mitochondrial
dynamics [113]. Related research on the regulatory ability
of proteases and the ubiquitin-proteasome system showed
that proteases have a certain connection with the dynamic
changes in mitochondria [114, 115]. The ETC in mito-
chondria is a source of ROS that destroys proteins. Mito-
chondrial dysfunction is associated with pathological
conditions and is thus an important hallmark of cardio-
myocyte injury, which is associated with the failure of
mitochondrial proteostasis.

7.3. Mitochondrial Fusion and the UPRmt. In addition to
pathological mitochondrial fission, stress-induced mito-
chondrial fusion dysfunction is also an important cause of
dysregulated mitochondrial proteostasis and the UPR
response. Although mitochondria form a compartment
unique to the proteasome, multiple lines of evidence suggest
that cytoplasmic UPRmt plays a crucial role in the quality
control of mitochondrial proteins. Proteasomes affect mito-
chondrial proteins during biogenesis and maturation. The
role of the UPRmt goes beyond removing damaged proteins;
it also modulates mitochondrial proteome composition,
modulates organelle dynamics, and protects cellular homeo-
stasis from mitochondrial exhaustion [116]. The domains of
several key effectors (Mfn1 and Mfn2) and fission proteins
(Fis1 and Drp1) of mitochondrial fusion are exposed on
the cytoplasmic side of the mitochondrial membrane [117].

Ischemia-reperfusion can increase the expression of
mitochondrial fission kinases in Drp1/Fis1/MFF, which in
turn leads to the inhibition of the expression of OPA1,
Mfn1, and Mfn2, increase in mitochondrial fragmentation
level, and considerable shortening of mitochondrial length
[118]. The UPRmt activator oligomycin can increase the
expression levels of OPA1, Mfn1, and Mfn2 to different
degrees, inhibit mitochondrial fragmentation, and increase
mitochondrial length [119]. Inhibitors of the UPRmt can
reverse this phenomenon, leading to increased levels of
mitochondrial fission. UPRmt activation may affect mito-
chondrial dynamics. Under conditions of increased mito-
chondrial fission, the UPRmt can maintain the stability of
the mitochondrial structure [120]. Stress-induced processing
of OPA1 by OMA1 completely converts OPA1 into a short
isoform, inhibits fusion, and triggers mitochondrial fission.
Specific proteases in the UPRmt directly participate in the
regulation of mitochondrial dynamics by cleaving OPA1
and balancing mitochondrial fission and fusion [121]. ClpP
is an endopeptidase component of the mitochondrial
matrix and an important regulator of the UPRmt. ClpP-

deficient cells can undergo extensive mitochondrial struc-
tural changes and mitochondrial dysfunction [122].

If the mitochondrial electron transport chain is dysfunc-
tional, the activity of mitochondrial respiratory chain (ETC)
complexes I and II is reduced, mitochondrial basal respira-
tion is inhibited, and the oxygen consumption rate is
affected to some extent. Knockdown of ClpP further affects
mitochondrial dynamics, increases the expression of the
Drp1, and inhibits UPRmt sensing, which further results in
increased ROS production and decreased membrane poten-
tial. ClpP knockdown inhibited the protein expression level
of PGC1a and increased the phosphorylation of eIF2α, sug-
gesting that ClpP deficiency has an impact on the UPRmt
and can also lead to dysregulation of mitochondrial dynam-
ics and increased levels of mitochondrial fission. ClpP can
protect mitochondrial mass by altering mitochondrial
dynamics [123].

7.4. Mitochondrial Biosynthesis Machinery and the UPRmt.
As shown in Figure 5, the mitochondrial biosynthetic
machinery and UPRmt are also closely linked. Mitochon-
drial biosynthesis is the formation of new mitochondria to
maintain and restore mitochondrial structure and quantity
[124]. Mitochondrial biosynthesis-related disorders are
closely related to a variety of diseases, including cardiomy-
opathy and degenerative diseases [125]. It is currently
known that PGC1α and TFAM are involved in the regula-
tion of mitochondrial biosynthesis. Active components of
natural medicines, such as quercetin, ginsenosides, flavo-
noids, and polysaccharides, can also improve mitochondrial
biosynthesis through different pathways [91, 126]. Sirt3 can
deacetylate FOXO3 to inhibit mitochondrial oxidative stress.
Sirt3-mediated deacetylation of FOXO3 can also increase the
protein expression of mitochondrial PGC1a and TFAM,
regulate mitochondrial biosynthesis, and improve mito-
chondrial energy metabolism. Moreover, under the influence
of SIRT3-mediated FOXO3, BNIP3-mediated mitophagy,
and Drp1/Fis1-mediated mitochondrial fusion/fission are
further regulated. The deacetylation of FOXO3 by SIRT3
may be a mechanism that affects the level of mitochondrial
biosynthesis by regulating mitophagy and mitochondrial
fusion/fission, and maintaining the level of mitochondrial
energy metabolism and mitochondrial homeostasis [126].

Selective activation of the UPRmt can also induce
increased transcription levels of Sirt3, further enhancing
PGC1a-mediated mitochondrial biosynthesis [127]. A study
on hypoxic cardiomyocytes found that hypoxia can further
inhibit the transcription level of PGC1a and TFAM, suggest-
ing that mitochondrial biosynthesis is inhibited under stress,
whereas a mitochondrial unfolded protein activator can
increase PGC1a/TFAM under hypoxia. The transcription
level of TFAM maintains the stability of mitochondrial
DNA, whereas a mitochondrial unfolded protein inhibitor
can inhibit the transcription of PGC1a/TFAM. These
results suggest that the UPRmt can affect mitochondrial
biosynthesis [83].

Another study found that a decrease in CHOP can lead
to decreased expression of nuclear-encoded cytochrome c
oxidase IV. Chronic contractile activity can prevent the
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decrease in cytochrome c oxidase IV caused by CHOP defi-
ciency, increase Sirt3 and cpn10, and increase mitochondrial
biogenesis in myotubes by two-three times. The UPRmt reg-
ulates mitochondrial biogenesis and improves mitochondrial
function [83]. Mitochondrial biosynthesis, as an important
linking mechanism between mitochondrial quality control
and the UPRmt, can affect the synthesis or damage of
mtDNA [128], thereby affecting the activity of cardiomyo-
cytes. However, there are few studies on the interaction
mechanism between mitochondrial biosynthesis and the
mitochondrial unfolded protein reaction. In the future, more
models may be developed to verify and better explain the
mechanism of mitochondrial synthesis.

8. Summary and Outlook

Mitochondrial protein homeostasis plays a key regulatory
role in cell survival and mitochondrial pathophysiological

mechanisms, and mitochondrial unfolded proteins are the
upstream regulatory nodes for maintaining mitochondrial
function and mitochondrial energy metabolism. The UPRmt
can regulate mitochondrial structure, quality, and quantity
through multiple pathways, including PGC1a/Tfam/Nrf1/
2-mediated mitochondrial biogenesis, FUNDC1/BNIP3-
mediated receptor-dependent mitophagy, PINK/Parkin-
mediated receptor-independent mitochondrial self-diges-
tion, Drp1/Fis1/OPA1/Mfn1/Mfn2-mediated mitochondrial
fusion and fission, and other functions showing adaptive
changes, thereby maintaining a stable and healthy mito-
chondrial pool and improving cardiomyocyte viability.

Whether under physiological conditions or under stress
conditions caused by various factors, each process of mito-
chondrial quality control and UPRmt change is interactive
and interdependent, and maintaining a balanced relation-
ship between the UPRmt and the regulation of mitochon-
drial quality control mechanisms is particularly important.
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Figure 5: Stress factor-induced UPRmt is blocked and mitochondrial dynamics and biosynthesis dysfunction. Under the influence of stress
factors, mitochondrial quality control can synergize with UPRmt. Hypoxia/ischemia, inflammation and hyperglycemia/hyperlipidemia
induce mitochondrial dysfunction, which in turn leads to the activation of mitochondrial fission kinesins MFF/Fis1/Drp1 and the
inhibition of the expression of mitochondrial fusion proteins OPA1/Mfn1 and Mfn2. This in turn leads to aggravated mitochondrial
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levels, which may be important pathways of mitochondrial damage. At this time, UPR is activated, which may indirectly compensate for
mitochondrial biosynthesis dysfunction and maintain cardiomyocyte function and cardiac function.
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As an important mitochondrial protein regulation mecha-
nism, the UPRmt regulates mitochondrial function by
mediating UPRmt. Our current research mostly focuses on
in vitro experiments, and there are relatively few studies on
the mechanism by which the UPRmt regulates mitochon-
drial quality control in animal research. What is worth pay-
ing attention to in the future is that the related regulatory
pathways and molecular mechanisms of UPRmt are rela-
tively complex; for example, PGC1a can both regulate
mitochondrial biosynthesis and affect the UPRmt. Whether
there is an interaction between the UPRmt and various sig-
nal transduction pathways related to mitochondrial quality
control should be determined.

Mitophagy, mitochondrial fusion/fission, and the UPRmt
have balanced mechanisms. Excessive activation or decreased
regulation can directly affect mitochondrial biosynthesis,
resulting in mitochondrial dysfunction. Moderate UPRmt
activation, mitophagy, and mitochondrial dynamics are bene-
ficial for maintaining mitochondrial protein homeostasis with
cardioprotective effects. However, UPRmt hyperactivation,
mitophagy, and mitochondrial dynamics may also exacerbate
mitochondrial dysfunction and aggravate cardiomyocyte
injury. How the specific mechanism is regulated, whether
there are different models, the influence of stress stimuli, and
the activation or inhibition of the above mechanisms have dif-
ferent levels of influence. In the future, this also needs to be
verified and explained using different models.

The functional status of mitochondria in cardiomyocytes
often determines their fate, and investigation of the role of
mitochondria in cardiovascular diseases has become a
research hotspot. The UPRmt is a protective factor for
cardiomyocytes and may be an important target for develop-
ment of cardioprotective treatment strategies in cardiovas-
cular diseases. Because the understanding of UPRmt is still
not sufficiently comprehensive, there are relatively few
related therapeutic drug studies and more research is needed
in the future. Further research is needed to provide strong
evidence for the clinical translation of UPRmt-based thera-
pies and the treatment of related cardiovascular diseases.
Drug research should also focus on determining the dose
of drug intervention, the time course of drug intervention,
and whether drugs have conflicting effects on mitochondrial
quality monitoring and the UPRmt.

Mitochondria are small organelles that transmit cellular
metabolic and death signals. Mitochondrial energy metabo-
lism disorder is closely related to mitochondrial protein
homeostasis and the mitochondrial UPR response. Signal
transduction and communication between the nucleus and
mitochondria regulate the overall energy metabolism of the
cells. The unique UPRmt pathway and the mechanism
induced by the abnormal structure of mitochondrial pro-
teins have been gradually elucidated, revealing that the
UPRmt pathway plays an important role in the regulation
of mitochondrial energy metabolism. Due to the complex-
ity and diversity of mitochondrial functions, there are
multiple UPRmt pathways and multiple regulatory factors
in mammalian cells, which can directly or indirectly regu-
late mitochondrial energy metabolism and mitochondrial
homeostasis.

Mitochondrial oxidative stress (OS), mitochondrial
calcium homeostasis, oxidative phosphorylation, and tricar-
boxylic acid cycle reactions can all affect mitochondrial
protein homeostasis to varying degrees. Stress injury leads
to mitochondrial metabolic dysfunction, which affects the
UPR response. This causes a vicious cycle of increased oxi-
dative stress damage, calcium overload, and mitochondrial
respiratory dysfunction, induces mitochondrial membrane
permeability transition pore opening and increased sensitiv-
ity to oxidative stress, leading to aggravated mitochondrial
dysfunction and induction of apoptosis. The UPRmt is both
the site and the target of mitochondrial energy metabolism
damage. Since mitochondrial biosynthesis depends on the
coordinated action of all mitochondrial synthesis compo-
nents, this process is coordinated by PGC-1α to activate
nuclear respiratory factors 1 and 2 (NRF-1 and NRF-2),
enhancing nuclear-encoded mitochondrial transcription fac-
tors. Transcription factor A (TFAM) binds to mitochondrial
DNA, initiates mitochondrial transcription and genome rep-
lication, and ultimately leads to reduced mitochondrial bio-
synthesis, regardless of UPRmt dysfunction or impairment
of mitochondrial respiratory chain function. Therefore,
future research should focus on restoring mitochondrial
energy metabolism while regulating the UPRmt, which is
also an important target mechanism for maintaining mito-
chondrial homeostasis in cardiomyocytes.

Moreover, the UPRmt can play multiple protective roles
or damage mechanisms in the physiological and pathological
processes of cardiomyocytes. Therefore, as a “double-edged
sword,” it is very important in the maintenance of mito-
chondrial protein homeostasis and intracellular environ-
mental homeostasis of cardiomyocytes. First, the UPRmt
can protect mitochondrial function after myocardial infarc-
tion and can promote the clearance and degradation of dam-
aged mitochondrial unfolded proteins. Future research on
the intervention mechanism of targeted drugs should focus
on elucidating how drugs affect this process and ensuring
that mitochondrial proteins are normally degraded into
components of basal cell internal circulation to support the
energy metabolism function of cardiomyocytes under stress
conditions.

In addition, the mechanism of action of the UPRmt on
mitochondrial biogenesis under stress in cardiomyocytes
has not been fully elucidated. Mild spiciness can be further
studied through relevant mechanisms to provide a targeted
drug research basis for promoting mitochondrial self-
renewal and regeneration.

Most studies on cardiomyocyte damage and mitochondria-
related mechanisms suggest that mitophagy serves as a
“Guardian” of mitochondrial function and cardiomyocyte
stability. UPRmt overexpression, which promotes damage
and mitochondrial protein homeostasis, also leads to
reverse regulation of cardioprotective effects. Moreover, it
is noteworthy that the interaction mechanism and comple-
mentary role of the UPRmt and mitophagy need to be dis-
cussed further. The extent of the UPRmt and mitophagy
also depend on the severity and duration of stress injury in
cardiomyocytes. Therefore, the “double-edged sword” of
the UPRmt needs to be reasonably utilized. In future drug
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and pharmacological research, the interaction mechanisms
of mitochondrial dynamics, mitochondrial autophagy, and
mitochondrial biosynthesis should be investigated as much
as possible to better lay a preliminary foundation for the
study of mitochondrial quality control and the steady-state
mechanisms of cardiomyocytes.
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