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Abstract: Mitochondrial damage is involved in many pathophysiological processes, such as tumor
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development, metabolism, and neurodegenerative diseases. The mitochondrial unfolded protein
response (mtUPR) is the first stress-protective response initiated by mitochondrial damage, and it

repairs or clears misfolded proteins to alleviate this damage. Studies have confirmed that the sirtuin

Received: September 24, 2019
Revised: January 01, 2020
Accepted: January 22, 2020

Dol
10.2174/1570159X18666200123165002

family is essential for the mitochondrial stress response; in particular, SIRT1, SIRT3, and SIRT7
participate in the mtUPR in different axes. This article summarizes the associations of sirtuins with
the mtUPR as well as specific molecular targets related to the mtUPR in different disease models,

which will provide new inspiration for studies on mitochondrial stress, mitochondrial function

protection, and mitochondria-related diseases, such as neurodegenerative diseases.
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1. INTRODUCTION

Mitochondria are essential cellular elements that generate
energy. In addition to being critical energy-generating or-
ganelles, mitochondria are also involved in cell differentia-
tion, cellular information transmission, and cell growth. The
complex associations between mitochondria and other com-
ponents require coordination between the nuclear genome
and the mitochondrial genome. Emerging evidence has con-
firmed that the functional and structural integrity of mito-
chondria plays a vital role in tumor development, aging, me-
tabolism, and neurodegenerative disease [1]. The key mecha-
nism by which cells maintain their normal state is called
mitochondrial protein quality control (PQC), which
determines mitochondrial fate. The early-onset mitochon-
drial unfolded protein response (mtUPR), an emerging adap-
tive stress response that is the first line of defense for mito-
chondrial PQC, ensures the optimal quality and function of
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the mitochondrial proteome as a unique process that miti-
gates mitochondrial damage [2]. Subtle adjustments in the
level of mtUPR activation in order to stop the onset and de-
velopment of diseases at the initial stage are critical for the
early intervention and treatment of irreversible diseases, such
as metabolic diseases, cancer, and neurodegenerative dis-
eases.

2. MITOCHONDRIAL
RESPONSE

The mtUPR is a PQC mechanism [2] that can individu-
ally perceive the increased expression of chaperones such as
mitochondrial heat shock protein 70, heat shock protein 60
(HSP60), and heat shock protein 60 (HSP10). Some prote-
ases related to the mitochondrial PQC system are encoded by
nuclear genes and maintain mitochondrial protein homeosta-
sis, such as the Clp protease proteolytic subunit and the
ATP-dependent metalloprotease YME1LL1 [3, 4]. Chaperone
proteins help restore misfolded proteins to their regular con-
formations and promote the correct folding of newly synthe-
sized proteins, while proteases degrade unneeded proteins. If
protein homeostasis is not maintained correctly, reactive
oxygen species (ROS) levels can increase due to the dys-
function of the electron transport chain. When mitochondrial
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damage is severe, the stress response cannot mitigate the
damage, and the process of injury is accelerated. The mtUPR
monitors not only the degradation of aberrant proteins in
mitochondria but also the balance between mitochondrial
protein entry and exit, which serves as an indirect indicator
of mitochondrial adaptation and is primarily related to the
transcription of PQC components [5]. The mtUPR has been
investigated in yeast, worms, flies, and mammalian cells [6].
Current related studies suggest that the mechanism of the
mtUPR can be divided into three axes with an additional
mtUPR translational axis. Importantly, one review article has
proposed the existence of a sirtuin (SIRT) axis in the mtUPR
and emphasized the role of this axis in the mtUPR [7]. Here,
we have summarized the functions of the mtUPR axes
shown in Fig. 1.

2.1. Classic mtUPR Axis

Activating transcription factor 5 (ATFS), a homolog of
nematode activating transcription factor associated with
stress-1, shuttles between the mitochondria and nuclei and
induces the mtUPR to promote cell proliferation and mito-
chondrial functional recovery under mitochondrial stress. In
addition, in mammalian cells overexpressing misfolded
deposition of massive amounts of unfolded proteins in the
mitochondrial matrix activates Jun N-terminal kinase 2,
which in turn triggers the binding of c-Jun to activating pro-
tein-1 and the subsequent upregulation of the C/EBP ho-
mologous protein (CHOP) and C/EBPf promoters. Dimers
of the latter two proteins can act as transcription factors that
bind to the promoters of mtUPR-related genes, thereby in-
ducing the expression of mitochondrial heat shock proteins
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and proteases [8]. Furthermore, phosphorylation of eukary-
otic initiation factor 2a (elF2a) kinase mediated by protein
kinase R leads to the increased translation of transcription
factor 4, which activates many genes, including CHOP [9].

2.2. Unfolded Protein Response in the Intermembrane
Space (IMS) of Mitochondria (UPRIMS)-Estrogen
Receptor Alpha (ERA) Axis

The accumulation of misfolded proteins in mitochondrial
membranes leads to ROS-dependent AKT kinase phosphory-
lation, which activates nuclear ERa and induces the nuclear
respiratory factor 1 (NRF1) gene to promote mitochondrial
biosynthesis. At the same time, the expression of the
membrane clearance protein high-temperature-required
protein A2 increases, which restores mitochondrial function
[10, 11].

2.3. mtUPR Translational Axis

Wade Harper et al. [12, 13] used two inhibitors of mito-
chondrial heat shock protein 90 and Lon protease homolog 1
(LONP1) to rapidly induce the mtUPR in order to examine
the mtUPR translational axis. This axis is activated only
when mitochondrial damage is mild and functions to regulate
protein homeostasis rapidly without affecting other cells. In
short, it is a local reaction that is mostly independent of tran-
scriptional effects in the nucleus.

2.4. mtUPR SIRT Axis

SIRTs, which belong to the class III histone deacetylase
enzyme family, are highly conserved enzyme homologs of
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Fig. (1). Overview of the Molecular mechanism in the mitochondrial unfolded protein response, including the classical axis (marked in
black), UPRIMS-ERa axis (marked in blue), and mtUPR Sirtuin axis. (marked in green). (4 higher resolution / colour version of this figure

is available in the electronic copy of the article).
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the yeast Sir2 protein with nicotine adenine dinucleotide-
dependent protein deacetylase and single ADP ribosyltrans-
ferase activity. The SIRT family consists mainly of seven
proteins (SIRT1-SIRT7) and is involved in a variety of cellu-
lar processes, including metabolism, DNA repair, stress re-
sponses, apoptosis, tumorigenesis, and aging [14, 15].
Among SIRTs, SIRT1, SIRT6, and SIRT7 are found mainly
in the nucleus; SIRT3, SIRT4, and SIRTS are located mainly
in mitochondria; and SIRT2 exists mainly in the cytoplasm.
In particular, SIRT3 may shuttle from mitochondria to the
nucleus under conditions of cellular stress. In addition,
SIRT1 and SIRT2 can shuttle between the nucleus and cyto-
plasm [14].

3. SIRT AXIS IN THE mtUPR

SIRTs can be used to produce therapeutic agents capable
of slowing down aging [16], and are hot topics in current
research. The specific mechanism by which the mtUPR pro-
tects mitochondrial function is not yet precisely known. A
growing number of related studies have confirmed that SIRT
proteins participate in the mtUPR by targeting different
molecules, and research has shown that the mtUPR may be
an essential component of SIRT-mediated longevity [17].
The activation of SIRTs stimulates the mtUPR; such stimula-
tion most commonly occurs after SIRT1 activation in mice
and sir-2.1 activation in worms [6, 18]. SIRT1 activation is
associated with increased mitochondrial autophagy, the
mtUPR, and the maintenance of mitochondrial protein bal-
ance [19]. In a mouse model of nonalcoholic fatty liver dis-
ease (NAFLD), nicotinamide riboside (NR) has been found
to prevent and alleviate NAFLD by inducing SIRT1- and
SIRT3-dependent mtUPRs [20]. Concerning metabolism-
related clinical conditions such as obesity, the mtUPR down-
regulates SIRT1, SIRT3, SIRT5 and NAD-dependent bio-
synthesis-related genes in the subcutaneous adipose tissue of
larger twins [21]. In breast cancer cells, the mtUPR activates
SIRT3, CHOP, and estrogen receptor alpha (ERa) via the
accumulation of misfolded proteins in mitochondria. By co-
ordinating antioxidant mechanisms and mitochondrial auto-
phagy in a manner that is independent of CHOP and ERa,
SIRT3 helps overcome toxic protein stress and mitochon-
drial stress, and the mechanisms may be important for tumor
adaptability [22]. In muscle stem cells from aged mice, sup-
plementation with NR activates SIRT1-dependent mtUPR
signaling to improve mitochondrial function and delay aging
[23]. Furthermore, in the MV389 worms, the knockdown of
sir-2.1 blocks the expression of HSP-6 in the mtUPR. The
effect of sir-2.1 overexpression is also wholly dependent on
the mtUPR, and the lifespan of the MV389 strain is almost
wholly restored to wild-type levels upon sir-2.1 overexpres-
sion [24]. Notably, interference with or blockade of the
mtUPR pathway prevents changes in longevity induced by
sir-2.1 overexpression or NR supplementation in worms
[25]. Similar to the case in sir-2.1 transgenic worms, the ra-
tio between ATP5 (encoded by nuclear [nDNA]) and mito-
chondrial cytochrome c oxidase subunit 1 (MTCO1), which
is associated with mtUPR induction, is significantly reduced
in SIRT1-overexpressing primary hepatocytes compared
with wild-type hepatocytes, while the ratio of CLPP to
HSP60 is significantly increased, showing the occurrence of
the mitochondrial stress response and the existence of mito-
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chondrial clearance protein imbalance [6]. Related articles
have also reported that SIRT3 activates a branch of the
mtUPR, regulates the mtUPR and induces mitochondrial
autophagy and antioxidant responses in human cells [26].
SIRT7 may be the key to mitochondrial protein homeostasis,
and its absence can induce the mtUPR [27]. Danica Chen
and colleagues have further demonstrated that increased ex-
pression of the SIRT7 gene inhibits NRFI-induced
multidrug resistance proteins(MRPs) in an essential mecha-
nism by which the mtUPR attenuates mitochondrial protein
folding stress (PFSmt) in mice [25, 28, 29]. Below, we will
explain the relationships between the different SIRTSs
(SIRT1-SIRT7) and the mtUPR, which are demonstrated in
Figs. 2 and 3.

3.1. SIRT1 and the mtUPR

SIRT1 is the most studied functional member of the
SIRT family. SIRT1 can deacetylate many different substrate
proteins after activation, including peroxisome proliferation
activating receptor coactivating factor la (PGC-1la), perox-
isome proliferator-activated receptor y (PPARy), Ku70, hy-
poxia-inducible factor 20, transducer of regulated CREB
protein 2, nuclear factor kappa B (NF-«xB), acetyl-CoA syn-
thetase (AceCS1), myocyte enhancer factor-2, and p53, thus
playing essential roles in aging, tumor development, stress
responses and metabolic regulation [5, 30, 31].

Mitochondrial ribosomal protein S5 (MRPSS5), a compo-
nent of the 28S small subunit of mitochondrial ribosomes, is
closely related to the function of mitochondrial complex I.
Its primary role is to synthesize proteins of the mitochondrial
respiratory chain, thus regulating lifespan in nematodes and
mice, and its functions are closely related to aging, energy
metabolism, tumor susceptibility, cell senescence, efc. [32].
In addition, it is widely distributed in almost all tissues and
organs. Hepatoma cell lines exhibit both cytoplasmic and
nuclear distribution of MRPS5. Moreover, bioinformatics
analyses have revealed that both a nuclear localization se-
quence and a mitochondrial targeting domain exist in the
protein sequence of MRPSS [33]. The combined results of
mouse population genetics and nematode RNA1 studies have
confirmed that Mrps5 and other mitochondrial ribosomal
proteins (MRPs) are metabolism and longevity regulators.
Knockdown of MRPs, which triggers ribonucleoprotein im-
balance, reduces mitochondrial respiration and activates the
mtUPR [21]. In a recent study [33], MRPSS5 was found to be
abundant in liver tumor stem cells and to decrease in abun-
dance during differentiation. In experiments in which
MRPS5 was coexpressed with SIRT1 and SIRT2, only
SIRT1 reduced the acetylation degree of MRPSS5; SIRT2 did
not. Furthermore, cells treated with SIRT1 shRNA or the
inhibitor EX527 showed increased acetylation of MRPSS,
confirming that SIRT1 directly regulates the acetylation
status of MRPSS5.

In conclusion, both in vivo and in vitro experiments have
confirmed the interaction between SIRT1 and MRPSS and
the critical role of SIRT1 in the regulation of MRPSS5 func-
tion. In addition, it has been confirmed that the expression of
SIRT1 is increased in liver cancer stem cells (CSCs); these
cells must induce the mtUPR to cope with oxidative stress by
regulating the deacetylation of MRPSS. In general, the
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existence of the mtUPR-SIRT1/MRPS5 axis has been con-
firmed in liver tumor stem cells, but this axis has rarely been
studied in other disease models and needs to be further
explored.

Poly-(ADP-ribose) polymerases (PARPs) are a group of
enzymes that are responsible for detecting and repairing
DNA damage and are primarily involved in cellular stress
responses, acting as both sensors of cell injury and active
participants in the stress response [34]. Seventeen different
genes encode PARP-related proteins, but PARP1 and
PARP2 account for the majority of PARP activity in cells.
PARPs are activated by HSP70 during heat shock stress to
alter the nucleosome structure and tryptophan tRNA syn-
thase. SIRT1 and PARP1 associate with each other to affect
gene transcription and mitochondrial function, and SIRT1
can be acetylated to respond to mechanical stresses. In addi-
tion, SIRT1 is capable of negatively regulating the PARP1
promoter, while the SIRT1 promoter is affected by PARP2
[35]. PARP1 is involved in mechanisms related to mito-
chondrial function maintenance, including the regulation of
reverse mitochondrial signal transduction to the nucleus [36].
A PARP inhibitor (Parib) has been found to trigger the
mtUPR in a SIRT1-dependent manner to increase mitochon-
drial respiratory capacity in worms [7]. In addition, findings
of increased levels of CLPP and HSP60 in muscles treated
with MRL-45696, another PARP inhibitor, have indicated
that MRL-45696 strongly affects mitochondrial translation
and ultimately induces the mtUPR. Nevertheless, it is not
clear how Paribs and MRL-45696 can cause nuclear and
cytoplasmic imbalances in mammalian cells to activate the
mtUPR [33].

Decreases in nicotinamide adenine dinucleotide (NAD+)
levels lead to the formation of complexes between the
NAD-binding protein Deleted in Breast Cancer 1 and
PARP1 and inhibit the catalytic activity of PARP. Similarly,
decreases in NAD' levels can decrease SIRTI function and
limit the mtUPR, but these effects can be overcome by NR
supplementation [37]. SIRT1 activation is indispensable for
the NR-induced mtUPR [38]. In an alcohol-induced liver
injury cell model, increased levels of NR were confirmed to
reverse liver injury by activating the mtUPR and regulating
lipid metabolism; at the same time, the activity of SIRT1 and
PGC-1a was enhanced [39] in the SIRT1/PGC-1a axis of the
mtUPR. Increased SIRT activity activates transcriptional
regulators, such as PGC-1a, which increases mitochondrial
content and metabolism as well as upregulating the mtUPR
[40]. PGC-1a is a transcriptional regulator known for its
ability to drive oxidative gene expression in various tissues
and cells. A lack of PGC-1a leads to increased oxidative
stress and makes mitochondria prone to apoptosis [41].
PGC-1a controls mitochondrial biogenesis by controlling the
expression of NRF1 and nuclear respiratory factor 2 (NRF2).
NRF1 and NRF2 themselves control the expression of mito-
chondrial transcription factors. siRNAs targeting estrogen-
related receptor alpha (ERRa) can inhibit the expression of
PGC-10, while ERRa overexpression can induce PGC-la
overexpression, which indicates that PGC-1a is closely re-
lated to ERRa and that ERRa is a key participant in the mi-
tochondrial IMS in the context of the mtUPR [42]. Notably,
one of the mechanisms by which resveratrol (RSV), an ago-
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nist of SIRT1, prolongs life span relies on mtUPR activation.
RSV improves mitochondrial function and protects against
metabolic disease by activating SIRT1 and PGC-la [43].
Although PGC-1a is coexpressed with SIRT1, RSV is not
involved in cardiac mitochondrial biogenesis. Similar
changes may be due to the existence of cell-specific associa-
tions between PGC-1a and other transcription factors or co-
factors. Overactivation of PARP1, a DNA damage sensor,
can also induce the NAD'-SIRT1-PGC-lo pathway [44].
PARP1 regulates PGC-1a by mediating the activity of
SIRT1, and inhibition of PARP2 can induce SIRT1 to acety-
late PGC-1a. PARP1 regulates forkhead box O (FOXO) 1 by
affecting SIRT1 activity, and inhibition of PARP2 induces
SIRT1 to deacetylate FOXO1, thereby further regulating
mitochondrial activity [45]. The regulation of FOXO activity
by SIRT1 can affect mitochondrial function and retrograde
signal transduction from mitochondria to the nucleus by af-
fecting the expression of nuclear genes, including FOXO1,
FOXO3A, and FOXO4. This communication forms the
SIRT1/FOXO axis of the mtUPR [30, 46].

Adenosine 5-monophosphate (AMP)-activated protein
kinase (AMPK) is the primary cellular energy sensor.
AMPK activates related transcription procedures, enhances
oxidative metabolism, and recharges cell energy reserves
[35]. PARP1 activation leads to increases in AMPK activity.
AMPK can also trigger the mtDNA quality control system.
AMPK may activate SIRT1 by indirectly increasing the lev-
els of NAD" and SIRT1. In addition, SIRT1 can deacetylate
the AMPK gene, which may increase SIRT1 activity more
than other stimuli [47]. Under mtUPR conditions induced by
a medium dose of RSV, SIRT1 can stimulate AMPK, which
plays an essential role in improving mitochondrial function
in vivo and in vitro. All the major participants in the NAD+-
SIRT1-hypoxia-inducible factor 1 alpha (HIF-1a)-oxidative
phosphorylation axis exist in lower eukaryotes; this axis co-
ordinates nuclear and mitochondrial synchronization in re-
sponse to changes in energy supply and oxygen levels. With
respect to these changes, the regulation of HIF-1a may have
different effects on life expectancy in Caenorhabditis ele-
gans depending on the animal diet and whether the mtUPR is
activated [48]. Although the mtUPR has not yet been de-
tected in skeletal muscle, the possibility that the mtUPR
works in other tissues or under different conditions cannot be
ruled out [19].

3.2. SIRT2 and the mtUPR

SIRT2 is mainly distributed in the cytoplasm but also
exists in the nucleus, especially in tissues and organs with
active metabolism, including the brain, kidneys, pancreas,
testes, liver, and adipose tissue in mice [49, 50]. SIRT2 in-
teracts with many histone and nonhistone protein substrates,
including tubulin and histone H4. It participates in cell
growth, differentiation, energy metabolism, and other cell
functions and is associated with cancer, neurodegeneration,
and metabolic diseases. Liu G et al. [51] demonstrated for
the first time that SIRT2 regulates mitochondrial metabo-
lism. SIRT2 is the principal regulatory factor of ROS pro-
duction by mitochondria [49, 52]. At present, the relation-
ship between SIRT2 and the mtUPR has not been confirmed
in the relevant literature, and the specific molecular mecha-
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nism is not clear. However, findings of increases in Parkin
and Parkin 1 (PINK1) in SIRT2 knockout mice indicate that
SIRT2 is associated with mitochondrial PQC [51] . In addi-
tion, studies have shown that SIRT2 is involved in mito-
chondrial stress; for example, SIRT2 can regulate PGC-1a,
which can protect cells from oxidative stress-induced apop-
tosis by inhibiting mitochondrial autophagy [50, 52]. SIRT2
can also bind to FOXO3A and deacetylate it, which in-
creases the transcriptional activity of FOXO3A and ulti-
mately upregulates the expression of target genes such as
manganese-dependent superoxide dismutase (MnSOD), Bcl-
2-interacting mediator of cell death (Bim) and Cyclin-
dependent kinase inhibitor 1B. These changes in turn reduce
ROS production [49, 53]. One way to inhibit SIRT2 is by
regulating mitochondrial biogenesis and kinetics via down-
regulation of transcription factor A (TFAM) and mitofusin-2
(Mfn2) and upregulation of dynamin-related protein 1
(Drpl) [54]. This evidence indicates that SIRT2 may play an
important role in the mtUPR and can provide new ideas for
further exploring the relationship between SIRT2 and the
mtUPR.

3.3. SIRT3 and the mtUPR

SIRT3 is the main deacetylase in mitochondria and is
abundant in the liver, heart, brain, and brown adipose tissue.
It not only regulates the activity of metabolic enzymes but
also promotes mitochondrial function by regulating mito-
chondrial autophagy, the mtUPR, and optic atrophy 1
(OPA1)-dependent mitochondrial dynamics [26, 55]. Acety-
lation of HSP10, a molecular chaperone that controls the
folding of mitochondrial proteins, is increased in SIRT3
knockout mice. Therefore, SIRT3 agonists [56] can reduce
the degree of acetylation. Compared with wild-type mice,
SIRT3 knockout mice have 35% lower misfolded protein
levels [57]. Protein cytotoxic stress can induce SIRT3 ex-
pression. Deletion of SIRT3 decreases mitochondrial mem-
brane potential and cytotoxic stress activity and increases
mitochondrial protein aggregation [57, 58]. In breast cancer,
the expression of SIRT3 is decreased significantly, increas-
ing ROS levels. Increased ROS activates the mtUPR by
upregulating mitochondrial chaperone proteins [57, 58]. In
aged hematopoietic stem cells (HSCs), the mitigating effects
of the mitochondrial protection mechanism are related to
decreased SIRT3 expression, which may be related to dys-
function of the SIRT3-dependent mtUPR pathway [22].
These findings indicate that SIRT3 is the key coordinator of
the mtUPR induced by mitochondrial protein cytotoxic
stress. Normally, the accumulation of ROS in the matrix is
controlled by two important proteins, superoxide dismutase
(SOD) and SIRT3 [38]. SIRT3 activated by the toxic stress
of mitochondrial proteins can deacetylate FOXO3A, leading to
its translocation to the nucleus. The activation of FOXO3A
increases the expression of target genes such as PGC-la,
SOD2, MnSOD, and catalase and reduces the production of
ROS. In general, this process participates in the antioxidant
mechanism and the expression of mitochondrial autophagy
genes. Such effects make up the SIRT3/FOXO3A axis of the
mtUPR [53, 59], which is found in C. elegans [60]. The direct
association between FOXO3A and SIRT3 in mitochondria is
controversial. At present, there is little evidence that FOXO3A
exists in mitochondria; therefore, the effect of SIRT3 on
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FOXO3A may be indirect [58]. In primary breast cancer
cases, activation of the SIRT3/FOXO3A/SOD2 axis of the
mtUPR has demonstrated that NRF1 is necessary for inva-
sion and metastasis [61]. In addition, trans sodium crocetinate
alleviates ischemia/reperfusion-induced myocardial oxidative
stress and apoptosis via the SIRT3/FOXO3A/SOD2 signaling
pathway [62]. Inhibition of SIRT3 does not affect the ex-
pression levels of LONP1, HSP10 or HSP60. The CHOP
axis and the SIRT3/FOXO3A axis of the mtUPR are inde-
pendent. They can simultaneously cope with the toxic stress
of matrix proteins and control protein quality [11]. The ma-
jor antioxidant enzyme SOD?2 in the mitochondrial matrix is
the downstream target gene of SIRT3. Relevant studies have
revealed that upregulation of SOD2 expression is consistent
with changes in SIRT3. Therefore, SIRT3 directly controls
the activity of SOD2 by deacetylation. Inadequate deacetyla-
tion of SOD2 by SIRT3 will lead to ROS accumulation and
mitochondrial damage, thus inducing the mtUPR [60]. For
example, SOD2 deacetylation mediated by SIRT3 can regu-
late ROS production and mitochondrial function in endothe-
lial progenitor cells, thereby improving vascular endothelial
repair capacity in hypertension [63]. The specific induction
of SOD2 can eliminate excess mitochondrial superoxide, and
deacetylation of Lys68 can increase the expression of SIRT3
and the activity of SOD2. In contrast, knockdown of SOD2
and SIRT3 results in inhibition of osteoblast differentiation.
Therefore, the SIRT3/SOD2 axis is necessary for mitochon-
drial stress regulation [64]. Furthermore, accumulation of
SOD1 containing copper and zinc ions in the catalytic core
in the IMS can activate the mtUPR. This process works with
the mtUPR ERa pathway in IMS to resist mitochondrial
damage. Opposite trends in SOD1 and SIRT3 have been
observed in MCF10A cells [65], as have been found in both
breast cancer cell lines and nonmalignant cell lines. The
SIRT3/SOD1 axis in the mtUPR may thus be a new target to
control tumors. Notably, AMPK is a key molecule in the
regulation of bioenergetic metabolism, and choline attenu-
ates cardiac hypertrophy via SIRT3 upregulation. Down-
regulation of SIRT3 or AMPK eliminates the ability of cho-
line to activate the mtUPR, which indicates that the
SIRT3/AMPK axis in the mtUPR plays a beneficial role in
restoring the structure and function of mitochondria. This
process represents a unique cellular mechanism by which
cells adapt to changes in metabolic needs [66].

3.4. SIRT4, SIRTS, and SIRT6 and the mtUPR

Compared with other SIRT members, SIRT4/5/6 have
been rarely studied in the context of the mtUPR. SIRT4 is
negatively regulated during the maintenance of normal mito-
chondrial function [67] and is involved in the regulation of
ROS production in mitochondria. SIRT4 inhibits the binding
of SOD2 and SIRT3, increasing acetylation and thereby re-
ducing the activity of SOD2. Thus, SIRT4 is a very promis-
ing target in the mtUPR [49]. Large amounts of SIRTS ac-
cumulate in the IMSs of mitochondria in the brain, heart,
liver, and lymphoblasts. Recently, the estrogen receptor and
mitochondrial matrix-localized SIRTS have also been found
to play roles in mtUPR regulation in response to unfolded
protein accumulation in the IMS [68]. Since SIRTS can
deacetylate FOXO3A to promote SOD2 expression, similar
to SIRT3 in the SIRT3/FOXO3A axis, this antioxidant may
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play a role in protecting lung epithelial cells from cigarette
smoke extract-induced apoptosis [69]. SIRTS inhibits lung
cancer cell growth by affecting SOD1 to mediate reductions
in ROS, which may be a SIRTS5-mediated mtUPR mecha-
nism. Furthermore, SIRT6 overexpression has been shown to
protect cardiomyocytes from ischemia/reperfusion injury
through the energy-sensitive AMPK-FOXO3A axis, which is
required for oxidative stress resistance [14]. Therefore,
SIRT6 may be critical in redox and antioxidant homeostasis
and may be involved in the mtUPR. Similarly, SIRT6 has been
shown to protect human mesenchymal stem cells (hMSCs)
from oxidative stress through coactivation of NRF2 [50].

3.5. SIRT7 and the mtUPR

SIRT?7 is also a nucleoprotein, and it is located mainly in
the nucleolus. SIRT7 has NAD'-dependent deacetylating
enzyme activity, and its catalytic activity is related to the
His187 residue. SIRT7 can deacetylate histone H3 Lys18 on

Table 1.
of the sirtuin protein family.
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part of the gene promoter and interact with various nonhis-
tone proteins, including U3 small nuclear riboprotein factor
55K, GA binding protein B1 (GABPB1), p53, Nucleophos-
min 1, DNA damage-binding protein 1, efc. SIRT7 is of
great significance in RNA polymerase transcription, ribo-
somal synthesis, cellular stress and metabolism, genome
stability, mitochondrial function maintenance and mitochon-
dria-related disease prevention. The deletion of SIRT7 in
mice can cause a wide range of types of mitochondrial dys-
function, resulting in different degrees of injury to multiple
organs and tissues [70]. Treating cells with an mtUPR in-
ducer upregulates the expression of SIRT7 in response to
stress. SIRT7 has been shown to coordinate the correct
stoichiometric ratio of nDNA and mtDNA-encoded mtDNA
proteins. When the intracellular protein mass balance is dis-
rupted, mtDNA protein stress initiates the mtUPR [71].
SIRT7 promotes the apparent genetic stability of cancer-
related gene expression programs by regulating the reaction
of nuclear-encoded mtDNA genes and mtDNA unfolded

Classification, distribution, target, function, and Homologs in C. elegans, yeast, Drosophila melanogaster, which obtained

Sirtuin Protein Homologs of Intracellular Enzymatic Activ- Substrates/targets [82-93] Possible Targets of Function [22]
Classification of Mammalian [80, 81] Location [81] ity [81] Sirtuin in mtUPR
Mammalian [19, 58, 70, 71]
SIRT1 sir-2.1 in Caenorhabditis elegans Cell nucleus; Deacetylase P53, H3, H4, H1, P300, PGC-1a, MRPS, Cell metabolism,
SIR2 in yeast (SIR2 homologs in Cytoplasm PGC-1a, FOXO, HIF-1a, PARP1, AMPK, Inflammation
yeast include Hst1, Hst2, Hst3 NF-«B, Hi-2a, MYC, FOXOI1, FOXO03A,
and Hst4) PPARy, PCAF, AceCSl, FOX04
SIRT1 in Drosophila mela- PGAM-1
nogaster
SIRT2 sir-2.1 in Caenorhabditis elegans Cell nucleus, Deacetylase FOXO3A, EIF5A, P53, PGC-1a, FOXO3A Cell cycle,
SIRT?2 in Drosophila mela- Cytoplasm G6PD, Tumor develop-
nogaster MY, Tubulin, FOXO, ment
H4K16
SIRT3 sir-2.1 in Caenorhabditis elegans Mitochondrion Deacetylase FOXO03A, SOD2, FOXO03A, SOD2, Cell metabolism
PDMCla, IDH2, GOT2, SOD1, AMPK
OTC, AceCS1, HMG-
COA, Synthase2, LCAD,
GDH, SDH
SIRT4 sir-2.1 in Caenorhabditis elegans Mitochondrion ADP- GDH, PDH Unknown Insulin secretion
SIRT4 in Drosophila mela- ribosyltransferase
nogaster
SIRT5 sir-2.1 in Caenorhabditis elegans Mitochondrion Deacetylase, CPS1 Unknown Detoxification of
Desuccinylase, ammonia
Demalonylase
SIRT6 sir-2.1 in Caenorhabditis elegans Cell nucleus Deacetylase, ADP- H3K9, H3K56, CtIP, Unknown DNA repair
sir-2.4 in Caenorhabditis elegans ribosyltransferase PARPI1, NF-kB, HIF-1a, processes,
SIRT6 in Drosophila mela- DNA-PK, PPARY Cell metabolism,
nogaster TNF factor
secretion
SIRT7 sir-2.1 in Caenorhabditis elegans Nucleolus Deacetylase HIF-1a, Hi-2a NRF1, GABPB1 Ribosomal DNA
sir-2.4 in Caenorhabditis elegans transcription
SIRT7 in Drosophila mela-
nogaster
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proteins and modulates the homeostasis of mtDNA [72].
ATFS homologous substances in Rhizoma japonicum play
essential roles in the mtUPR. Luciferase reporter gene assays
have revealed that ATFS5 can activate transcription driven by
the SIRT7 promoter [71]. Mohrin and colleagues first linked
SIRT7 to the mtUPR in HSCs. They found that HSCs inhib-
ited mitochondrial biosynthesis and oxidative phosphoryla-
tion through the mtUPR signaling pathway to coordinate the
metabolism of stem cells. Inhibiting the expression of SIRT7
in HSCs can activate the mtUPR, leading to decreased mito-
chondrial biogenesis and impaired HSC regeneration,
whereas increasing the levels of SIRT7 in aged stem cells
reduces mitochondrial protein toxicity and improves differ-
entiation potential, which suggests that SIRT7 is the primary
regulator of mitochondrial homeostasis and is involved in
mtUPR processing. ChIP-seq analysis has shown that SIRT7
binds not only to the promoter of the ribosomal subunit but
also to the promoters of many mitochondrial ribosomal
subunits and mitochondrial translation proteins. In addition,
immunoprecipitation and mass spectrometry of 293T cells
transfected with SIRT7-Flag have shown that NRF1 is one
of the proteins pulled down by SIRT7-Flag. NRF1 knock-
down experiments performed to determine whether SIRT7 is
targeted at the mtDNA promoter through NRF1 have re-
vealed that knockdown significantly reduces the enrichment
at the promoter of SIRT7 but does not reduce the enrichment
of other SIRT7 targets [73-76]. In particular, NRF1 explic-
itly mediates the binding of SIRT7 and the mitochondrial
promoter [79]. The complexity of the mtUPR is reflected in
the toxic stress of the mtUPR, which also induces the ex-
pression of NRF1 [77, 78]. Although the loss of mitochon-
drial protein homeostasis triggers the mtUPR, the interaction
between SIRT7 and NRF1 downregulates mitochondrial
stress according to the SIRT7/NRF1 axis of the mtUPR.

GABPf1 is the primary regulator of nuclear coding for
mtDNA genes. Recent studies have revealed that SIRT7 is
the most closely related to GABP among all transcription
factors that regulate mitochondrial biosynthesis and function.
A whole-genome ChIP-seq analysis has shown that a com-
plex formed by SIRT7 and GABP acts at the promoters of
the nuclear-encoded mitochondrial genes, controlling the
expression of multiple MRPs and maintaining the mitochon-
drial steady state [81]. The effect of SIRT7 on the mitochon-
drial steady state is mainly mediated by deacetylation of
GABPB1. The GABPa complex forms in the ETS domain
and with transcriptional activation of the GABPow/GABPJ
heterotetramer complex [79]. Dynamic signal changes in the
SIRT7/GABPf1 axis in the mtUPR are essential for various
cell stresses, the maintenance of mitochondrial homeostasis,
and the repair of various types of mitochondrial dysfunction.
Although the potential role of SIRT7 in mtUPR induction is
not very clear, SIRT7 may be essential to mitochondrial pro-
tein homeostasis. Because of its primary effects on MRPs, its
absence can induce the mtUPR [6].

CONCLUSION AND FUTURE DIRECTIONS

In this review, we summarize the relationships between
SIRTs and the mtUPR as well as the molecular mechanisms
underlying these relationships. This knowledge will not only
deepen our understanding of diseases related to mitochon-
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drial dysfunction but also clarify new molecular targets for
controlling the occurrence and development of these diseases
and for developing related inhibitors and agonists as poten-
tial treatments for cancer, metabolic diseases, and neurode-
generative diseases. To date, there are still many uncertain
mechanisms of the SIRT-mediated mtUPR, and more com-
plex interactions need to be further explored and verified in
additional models. Future research will surely promote pro-
gress in the diagnosis and treatment of cancer, metabolic
diseases, and neurodegenerative diseases.
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