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Energy intake and metabolic balance are the pillars of health preservation. Overnutrition causes nonspecific, persistently low
inflammatory state known as metabolic inflammation. This condition contributes to the pathophysiology of various metabolic
disorders, such as atherosclerosis, obesity, diabetes mellitus, and metabolic syndrome. The mitochondria maintain the balance
of energy metabolism. Excessive energy stress can lead to mitochondrial dysfunction, which promotes metabolic inflammation.
The inflammatory environment further impairs mitochondrial function. Accordingly, excellent organism design keeps the body
metabolically healthy in the context of mitochondrial dysfunction, and moderate mitochondrial stress can have a beneficial
effect. This review summarises the research progress on the multifaceted characterisation of mitochondrial dysfunction and its

role in metabolic inflammation.

1. Introduction

According to the World Health Organization, in 2016, more
than 650 million adults over the age of 18 were obese, more
than 340 million children and adolescents aged 5-19 were
overweight or obese, and the number of people with obesity
is increasing sharply and showing a trend of low age. This
trend is closely related to sedentary, lack of exercise, the
pressure of work, and unhealthy diet including high sugar,
fat, and salt intake (who.int).

Chronic overnutrition can trigger a low-level, chronic,
noncontrollable inflammatory condition known as meta-
bolic inflammation. This condition contributes to a series
of metabolic disorders such as obesity, insulin resistance,
and atherosclerosis [1]. Metabolic inflammation does not
have typical inflammation pathological features but exhibits

tissue and multiple organ dysfunctions [1]. Moreover, meta-
bolic inflammatory diseases are frequently accompanied by
significant mitochondrial dysfunction, suggesting that the
mitochondrion is closely related to the pathophysiology of
metabolic inflammation [2].

As the centre of energy metabolism, the mitochondrion
supplies energy to the cell through the production of ATP
by oxidative phosphorylation (OXPHOS). In addition, mito-
chondria play a central role in various biological events, such
as the citric acid cycle, fatty acid $-oxidation and biosynthe-
sis of some metabolites, signal transduction of calcium ions,
regulation of apoptosis, and involvement in developmental
and aging processes [2]. Mitochondrial dysfunction is a crit-
ical feature of metabolic inflammation, but it has not been
fully defined, and its interrelationship with metabolic
inflammation is not clear. In this review, we discussed the
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numerous pathways of mitochondrial dysfunction and the
vicious loop between mitochondrial dysfunction and meta-
bolic inflammation. We concluded that considering the
physiological design of the body itself, mitochondrial dys-
function is not always an upstream event of metabolic
inflammation.

2. Mitochondria as a Metabolic Centre

Knowledge about the structure and function of mitochon-
dria helps us understand why the mitochondrion is the cen-
tre of metabolism. The endosymbiosis theory of
mitochondria is widely accepted. The endosymbiosis theory
holds that mitochondria are organelles that evolve from
primitive bacteria that participate in the endosymbiosis pro-
cess with protoeukaryotes [3]. From the outside to the
inside, the structure of mitochondria includes the outer
mitochondrial membrane (OMM), the intermembrane
space (IMS), the inner mitochondrial membrane (IMM),
and the mitochondrial matrix. The OMM is a barrier to
mitochondria, and it is involved in information exchange
between organelles, apoptosis, and inflammatory signal
transduction and regulation of mitochondrial dynamics [4,
5]. The IMS is a subcompartment with a diameter of approx-
imately 60 nm, in which proteins are extensively involved in
the transport and signalling of metabolites, lipids, and metal
ions. The IMS also maintains the activity of the respiratory
chain by participating in the assembly of the respiratory
chain complex [6, 7]. The IMM has a high protein ratio,
indicating that the IMM undertakes more important bio-
chemical reactions, including the OXPHOS. The mitochon-
drial matrix contains many proteins involved in the Krebs
cycle, fatty acid S-oxidation, and urea cycle. In addition,
mitochondrial DNA (mtDNA) is evenly distributed in the
mitochondrial matrix, and this structure is tightly related
to mitochondrial biogenesis [8, 9].

As an energy-producing organelle, the mitochondrion is
characterised by a highly folded membrane structure, thus
providing a large surface area to generate energy. The mito-
chondrial cristae formed by the highly folded IMM assume
the function of OXPHOS. The electron transport chain
(ETC) is widely distributed in the mitochondrial crest. This
structure consists of four transmembrane protein complexes
(Figure 1). Complex I, which is also known as NADH-
ubiquinone oxidoreductase or NADH dehydrogenase, is
responsible for the transfer of electrons from matrix NADH
to ubiquinone. Complex I comprises 44 subunits in mam-
mals and is the largest complex in ETC. Electron microscopy
results exhibit that the complex I is “L” shaped, in which the
cross arm consists of hydrophobic subunits anchored in the
inner membrane and the other arm protruding into the
matrix. The matrix arm contains two structural domains,
namely, the N module, in which the flavin mononucleotide
(FMN) molecule is responsible for accepting electrons from
NADH, and the Q module, which has the ubiquinone bind-
ing site [10, 11]. Complex I receives electrons from the
matrix NADH to FMN and then passes through the Fe/s
cluster to ubiquinone. Through the Fe/s prosthetic group
of the hydrophobic subunit, the ubiquinone transfers elec-
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trons to the ubiquinone of IMM and finally reduces the ubi-
quinone to ubiquinol (QH2) [10, 11]. Complex II (succinate
dehydrogenase) transfers electrons from succinate to ubiqui-
none. Complex II consists of four subunits, of which two
hydrophobic subunits anchor the complex to the IMM and
two subunits located on the matrix side contain succinic acid
binding sites, Fe/S clusters, and FAD auxiliaries. Complex II
receives electrons from succinic acid dehydrogenation and
transfers them to ubiquinone to reduce ubiquinol (QH2)
without proton transfer [12-14]. Complex III (CoQ-cyto-
chrome C reductase) receives electrons from OH2 to cyto-
chrome C. Complex III is the structure of homodimer, and
each unit consists of 11 subunits, in which cytochrome b
(bL and bH), cytochrome C1, and Fe/S clusters have redox
activity [15]. The electron transport of complex III is
achieved through the Q cycle, in which complex III receives
electrons from QH2 and transfers them to cytochrome C
[16, 17]. Complex IV (cytochrome c oxidase) consists of 13
different subunits, of which four redox centres (hemea,
hemea3, CuA, and CuB) constitute two groups of electron
transport units (hemea-CuA and hemea3-CuB) [18, 19].
The reduced cytochrome c transfers electrons via CuA to
hemea and then to the hemea3-CuB binuclear centre and
finally reduces O, to H,O [20, 21]. The transmembrane pro-
ton gradient associated with the above electron transfer pro-
cess leads to the conformational change of FoF;-ATP
enzyme, resulting in the phosphorylation of ADP to
ATP [22].

The aerobic environment ensures the normal operation
of ETC, because O, is the only terminal electron acceptor
(TEA), and its reduction is necessary for QH2 oxidation
and continuous electron input into ETC. Under physiologi-
cal conditions, mammalian cells can maintain the normal
electron flow of ETC under hypoxia, indicating the presence
of potential electron flow pathways that can maintain mito-
chondrial function under oxygen limitation. Mammalian
mitochondria use fumarate as TEA after adapting to O, lim-
itation. The accumulation of OH2 under anoxic conditions
can reverse drive succinate dehydrogenase (SDH), resulting
in electron deposition on fumarate. Fumarate reduction
maintains electron input ETC through complex I and dihy-
droorotate dehydrogenase (DHODH), but only some tissues
have this ability [23]. A typical pathological manifestation of
metabolic inflammation is the hypoxia of cells and tissues.
The adaptation of ETC in the hypoxia environment provides
information for studying diseases with low oxygen levels in
tissues (such as obesity and diabetes).

The relationship between mitochondria and metabolism
has been widely and profoundly applied. 2,4-Dinitrophenol
(DNP), a popular weight-loss drug in the 1930s, blocks mito-
chondrial ATP synthesis and prompts cells to metabolise car-
bohydrates and fat, but its production was later discontinued
because of severe adverse reactions. However, DNP combined
with dichloroacetic acid (DCA, a PDH activator) can alleviate
the negative responses of DNP and improve the symptoms of
diabetes [24]. In addition, more safe and efficient mitochon-
drial uncoupling drugs are used in the treatment of metabolic
inflammation [25-28]. Considering the abnormal metabolism
of tumour cells, targeted mitochondrial antitumour therapy



Oxidative Medicine and Cellular Longevity

Outer membrane

Intermembrane space

Inner membrane

Matrix

Cristae

4H* 4H*

NADH NAD* FADH, FAD

Matrix

2H* nH*

ATP

synthase oo

o1ﬁ.oooooooo

900009

cccee§

FIGURE 1: Structure of mitochondria and electron transport chains (ETC). (A) Structure of mitochondria, including OMM, IMS, IMM, and
mitochondrial matrix from outside to inside. (B) ETC is a continuous reaction system composed of a series of hydrogen carrier and electron
carrier, which accepts the H" removed from metabolites and reduces O, to H,O, accompanied by the synthesis of ATP. Created with http://

Biorender.com.

has become a new antitumour direction. Accordingly, Bone-
kamp et al. [29] designed a highly selective allosteric inhibitor
IMT1B, which can affect the normal metabolic function of
mitochondria by targeting the inhibition of mitochondrial
RNA polymerase activity, thus reducing tumour volume. Sim-
ilarly, Nuevo-Tapioles et al. [30] found that nebivolol can
reduce the energy supply of tumour cells by inhibiting the
activity of complex I and ATP enzymes in ETC, thus limiting
the growth of tumour cells.

As a metabolic centre, the abundance of mitochondria
determines the metabolic level of the organ. Approximately
95% of the heart’s energy comes from mitochondria, account-
ing for one-third of the volume of cardiocyte [31]. The liver
has a high number of mitochondria. The liver has the charac-
teristics of metabolic zonation, and the metabolic function and
gene expression of hepatocytes in different zonations have sig-
nificant heterogeneity. By contrast, the morphology and func-
tion of the mitochondria, as the critical metabolism sensor,
vary according to liver zonation [32]. Mitochondria can regu-
late systemic metabolism through delivery between different
tissues and organs. Brestoff et al. [33] found that macrophages

in white adipose tissue (WAT) can obtain mitochondria from
neighbouring adipocytes to regulate metabolic homeostasis
and maintain energy balance, but the impairment of this
transfer mechanism in patients with obesity may reveal the
relationship between metabolic imbalance and mitochondria.

3. Mitochondrial Dysfunction and Its
Multifaceted Character

Mitochondrial dysfunction is the inability of mitochondria
to produce ATP levels that maintain the energy needs of
cells; that is, the mitochondria cannot fully perform their
“energy factory” function. However, mitochondrial dysfunc-
tion has multifaceted characteristics, and the mechanism
involved is very complex, making it challenging to define
mitochondrial ~dysfunction accurately. Fisher-Wellman
et al. [34] developed and verified a multichannel respiratory
flux detection platform under multisubstrate and multie-
nergy conditions, which can conduct an in-depth and com-
prehensive phenotypic analysis of mitochondrial function by
simulating the fluctuation of energy supply and demand
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in vivo [34, 35]. This method has been applied to mitochon-
dria from the hearts of mice on a high-fat diet, and the
results show that mitochondrial function was impaired
regardless of substrate levels [34, 35]. However, the limita-
tion of this detection platform is that it ignores the interac-
tion between mitochondria and other organelles, and it
was unable to analyse various pathological events of mito-
chondrial dysfunction. Mitochondrial DNA damage, ETC
function impairment, calcium (Ca**) imbalance, mitophagy
deficiency, mitochondrial biogenesis disorder, abnormal
mitochondrial dynamics, and imbalance of production/
clearance of reactive oxygen species (ROS) constitute mito-
chondrial dysfunction (Figure 2). The multifaceted charac-
teristics and pathological effects of mitochondrial
dysfunction are introduced below.

3.1. Mitochondrial DNA (mtDNA) Damage. Mitochondrial
DNA is a double-stranded circular molecule composed of
16,569 bases, which are mainly distributed in the mitochon-
drial matrix near the ETC. Similar to bacterial chromo-
somes, mtDNA is encapsulated by a series of proteins to
form a nucleoid, in which mitochondrial transcription factor
A (TFAM) is the main structure of the nucleoid. mtDNA
encodes 37 genes, including 13 peptides, 2 ribosomal RNA
(12s and 16s), and 22 tRNAs, of which 13 peptides are the
core subunits of ETC complex [36]. mtDNA is usually
inherited maternally, but some studies have found that
mtDNA is inherited biparentally [37].

mtDNA is more vulnerable to damage than nuclear DNA
depending on the following unique physiological background
of mtDNA: (1) mtDNA is a naked double-stranded molecule
that lacks histone protection; (2) mtDNA is in an active redox
environment; (3) mtDNA has no introns and is in a dynamic
process of replication and transcription; (4) mtDNA lacks
accurate damage repairability; and (5) mtDNA is more attrac-
tive for the aggregation of lipophilic compounds such as poly-
cyclic aromatic hydrocarbons [38].

Oxidative stress reduces the fidelity of mtDNA replica-
tion and inhibits TFAM-mediated mtDNA maintenance,
thus impairing mitochondrial energy metabolism and
increasing the release of proinflammatory factors [39, 40].
However, the delivery of mitochondrial components (e.g.,
TFAM and mtDNA) through extracellular vesicles derived
from mesenchymal stem cells can reduce target cells’
mtDNA damage, thus restoring the mitochondrial function
of damaged cells and reducing inflammation [41]. A strong
correlation was observed between mitochondrial DNA dam-
age and aging-related phenotype. Mice with mitochondrial
polymerase-y (Polg) deficiency and decreased integrity of
mitochondrial DNA showed accelerated vascular aging,
which could delay vascular aging after restoring mitochon-
drial DNA copies [42]. In addition, skin wrinkles and hair
loss can be improved by repairing mitochondrial DNA [43].

3.2. Impaired ETC Function. The biogenesis of electron
transport chain involves many steps, including gene expres-
sion encoded by nuclear and mtDNA and the coordinated
assembly of different subunits and cofactors [16, 44]. The
impairment of the stability and activity of ETC will lead to
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mitochondrial dysfunction. By contrast, the dysfunction of
complex and the loss of factors required for complex synthe-
sis and assembly are the main pathological factors for
impaired ETC stability and activity [16, 44].

ETC dysfunction causes the toxic accumulation of NADH,
an increase in the NADH/NAD+ ratio, and inhibition of var-
ious NAD+-dependent metabolic reactions, including glycoly-
sis [45]. As an essential intermediate in the glycolysis pathway,
glycerol-3-phosphate (Gro3P) can maintain the dynamic
redox balance of NADH/NAD". Enhancing the biosynthesis
of Gro3P can antagonise the dysfunction of complex I and
alleviate the metabolic crisis, which may provide a new thera-
peutic target for mitochondrial dysfunction-related diseases
caused by the deletion of complex I [45]. Interestingly, a slight
decrease in ETC activity during organism development can
benefit biological lifespan through epigenetic modification
[46]. Decreased ETC activity will reduce the synthesis of
metabolite acetyl-CoA (acetyl-CoA). The chromatin remodel-
ling and histone deacetylase complex (NuRD) regulate histone
acetylation levels and reshape chromatin structure by
responding to acetyl-CoA level. This persistent epigenetic fea-
ture will change the progress of aging [47].

3.3. Calcium (Ca®*) Imbalance. Mitochondria absorb and
store calcium ions through calcium ion targets that are
abundant on the membrane surface to regulate the dynamic
equilibrium of calcium ions [48]. Mitochondrial calcium
homeostasis highly affects the function of excitable cells,
such as neurons and cardiomyocytes. Low mitochondrial
Ca** uptake will lead to loss of excitable cell function, while
calcium overload causes cell injury and apoptosis [48].

Mitochondrial calcium unidirectional transporter (Uni-
plex) mediates mitochondrial calcium uptake, and this struc-
ture is mainly composed of four protein subunits, including
MCU (forming ion channels), MICU1, and MICU2 (with
gated properties), and accessory subunit EMRE (mediating
Ca" transport) [49]. Cryo-EM observed that at low Ca®',
MICU1-MICU2 was fastened to the IMS side surface of
MCU-EMRE tetramer similar to a lid, thus preventing the
intake of Ca®" [49]. In high-Ca** conditions, MICU1-
MICU?2 shifts to the edge of the MCU-EMRE tetramer, allow-
ing Ca" to pass freely through the MCU channel [49]. EMRE
maintains MICU1-MICU2 near MCU and ensures the move-
ment of MICUI-MICU2 when the concentration of Ca®"
changes [49].

The normal transmission of calcium signals can ensure
the body’s nutritional perception, and the changes of mito-
chondrial calcium flux may affect metabolic inflammation.
MCU expression in adipose tissue may increase during obe-
sity and insulin resistance [50]. The increased expression of
MCU enhances mitochondrial Ca** uptake, and continuous
calcium overload reduces NAD+/NADH ratio and antioxi-
dant activity, leading to ROS overproduction [51]. The inhi-
bition of mitochondrial calcium overload can combat brown
adipose tissue whitening induced by a high-fat diet and pre-
vent abnormal energy storage and metabolic dysfunction
[52]. However, impaired MCU-mediated calcium uptake
also disrupts metabolism, and the loss of MCU in hepato-
cytes reduces OXPHOS efficiency and leads to abnormal
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FIGUrRe 2: Multifaceted character of mitochondrial dysfunction. This schematic shows the numerous pathways of mitochondrial
dysfunction, including mtDNA damage, impaired ETC function, Ca** imbalance, mitophagy deficiency, mitochondrial biogenesis
disorder, abnormal mitochondrial dynamics, and ROS production/clearance imbalance. Created with http://Biorender.com.

lipid accumulation [53]. These studies show a dynamic
buffer range of mitochondrial calcium concentration, and
the mitochondrial dysfunction caused by the loss of this
buffering capacity is a pathological event that is involved in
the occurrence and development of metabolic inflammation.

3.4. Mitochondrial Autophagy Defects. Mitochondrial autoph-
agy (mitophagy) is mainly used for mitochondrial quality con-
trol, because it selectively eliminates damaged or ineflicient
mitochondria to maintain normal mitochondrial metabolic
activity. A short-term HFD diet compensatively activates
mitophagy in response to metabolic overload; after long-term
HED feeding, the early compensatory mechanism is disrupted
by chronic obesity, and mito-DAMPs (“mito-DAMPs”: oxi-
dized mtDNA, dsDNA, dsRNA, cardiolipin, and ROS) can lead
to metabolic abnormalities and excessive inflammation
[54-56]. However, pharmacological interventions targeting
mitophagy can improve metabolic inflammation [57-61].

The PINK1/Parkin is a crucial ubiquitinated mitophagy
pathway that is regulated by IMM and OMM synergistically.
PINKI1 resides on IMM; upon crossing the IMM in normal
mitochondria, PINK1 is identified and cleaved by MPP and
PARL before being destroyed by proteasome [62]. However,
when the mitochondria are damaged, membrane potential
depolarisation causes the accumulation of PINK1 on OMM.
PINK1 recruits E3 ubiquitin ligase Parkin to initiate mitoph-
agy [62]. The accumulation of damaged mitochondria can
exacerbate inflammation and impair the normal function of
brown adipocytes. Mice with mitophagy-deficient Parkin”
and PINK1”" exhibit an obese phenotype and elevated levels
of inflammatory cytokines in the serum [63, 64].

Mitophagy is initiated by recruiting autophagosomes or
boosting autophagosome production, which is mediated by
the autophagy receptor BNIP3L/Nix on the OMM [65]. Under
obese condition, inadequate oxygen is supplied to hypertro-
phic adipocytes, and high respiration levels in inflamed tissues
can trigger HIFla-coordinated anoxic responses. Hypoxia is
the upstream signal that triggers BNIP3L/Nix-mediated
mitophagy. BNIP3L-dependent mitophagy triggers the switch
for metabolic reprogramming, which is necessary for proin-
flammatory/M1 macrophage polarisation [66].

3.5. Mitochondrial Biogenesis Disorders. Another aspect of
mitochondrial quality control is mitochondrial biogenesis,
which is similar to the two sides of a coin. Mitochondrial bio-
genesis is associated with mitophagy, and aberrant mitophagy
impedes mitochondrial biogenesis [67]. Mitochondrial bio-
genesis originates from a preexisting mitochondrial pool,
and it requires coordination between mitochondrial and
nuclear genomes, including mtDNA transcription and trans-
lation and the synthesis, transport, and assembly of nuclear
DNA-encoded mitochondrial protein [68]. In addition,
MCU-mediated calcium uptake can promote TFAM dephos-
phorylation to enhance mitochondrial biogenesis [69].
Peroxisome proliferator-activated receptor-y coactiva-
tor-la (PGC-1a) is the primary mitochondrial biogenetic
mediator. PGC-1« is also involved in regulating lipid metab-
olism and the maintenance of metabolic homeostasis [70].
The mitochondrial biogenetic disorder is related to meta-
bolic inflammation. Abnormalities of mitochondrial biogen-
esis can be observed in obesity, insulin resistance, type 2
diabetes, nonalcoholic fatty liver, and vascular calcification
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[71-76]. After promoting mitochondrial biogenesis, it can
improve the abnormality of lipid metabolism and alleviate
disease progression [58, 77-80]. Moderate exercise during
pregnancy can also protect the offspring from hepatic steato-
sis induced by HFD, which depends on mitochondrial bio-
genesis [81]. The inhibition of mitochondrial biogenesis
can restrict the malignant development of tumours follow-
ing metabolic reprogramming because of the critical func-
tion of mitochondrial biogenesis in metabolic control [82].

3.6. Abnormal Mitochondrial Dynamics. Mitochondria form
a highly plastic dynamic equilibrium network through inter-
connection, and their fusion and fission are the key events of
dynamic balance. Changes in nutrient supply and metabolic
requirements affect the balance in the direction of fission or
fusion [83-85]. The transcription level of the mitochondrial
fusion protein decreases in the pathological background of
obesity and insulin resistance, which can be reversed by
weight loss [86]. Similarly, decreased expression of the mito-
chondrial fusion protein (Mfnl and Mfn2) and increased
expression of fission protein (Drpl) have been observed in
the WAT of mice with HFD [87]. And metabolic inflamma-
tion can be reversed by regulating mitochondrial dynamics
[57, 88-91]. For a better understanding of how mitochon-
drial dynamics are involved in developing metabolic inflam-
mation, the molecular mechanisms of mitochondrial fusion
and fission need to be determined.

As double-membrane organelles, Mfnl and Mfn2 medi-
ate OMM fusion and OPA1 mediates IMM fusion. Mfn-
mediated OMM fusion consists of three consecutive steps,
namely, tethering, docking, and merger [92]. Mfn2 sustains
dimerization via the GTPase domain following GTP hydro-
lysis, thus enhancing its membrane tethering efficacy. How-
ever, mitochondrial fusion requires a constant GTP
hydrolysis cycle, and the continual dimerization of Mfn2
reduces the GTP conversion rate; thus, the increased mem-
brane tethering efficiency of Mfn2 may not always result a
higher fusion activity, which must be studied further [93].
In addition, the heterodimer formed by Mfn2 and Minl
through the GTPase domain has higher fusion activity than
Mifn homodimer; therefore, the ratio of Mfn2 to Mfn1l will
also affect the fusion process [93, 94]. After OMM completes
the fusion, IMM quickly and efficiently follow up to com-
plete the fusion. Optic atrophy 1 (OPA1) is hydrolysed into
membrane-anchored long OPA1 (L-OPA1l) and soluble
short OPA1 (S-OPA1) by protease. L-OPA1 and S-OPALl
work together to ensure the normal fusion of IMM. OPALl
forms three interfaces, namely, “back-to-back,” “head-to-
head,” and “head-to-tail” [92]. The instantaneous “head-
tail” assembly of OPA1 causes the bending of the membrane
and the formation of unstable membrane protuberances on
the two opposite IMM. When the membrane protuberances
on both sides are docked, IMM fusion can be completed
[92]. The “back-to-back” and “head-to-head” interfaces are
involved in the shaping of the mitochondrial cristae [92].

Drpl is an essential protein that induces mitochondrial
fission. Under baseline or stimulating settings, dynamic pro-
tein (DNM1, DNM2, and DNM3) knockout does not result
in mitochondrial fission abnormalities and excessive fusion,
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which can be easily recognized by knocking out Drpl [95].
Drpl serves several purposes, including interaction with
Drpl receptors (e.g., MFF, Mid49, Mid51, and FIS1), post-
translational modification of Drpl, association with actin
cytoskeleton or mitochondrial lipid cardiolipins, and interac-
tion with numerous organelles (e.g., endoplasmic reticulum)
[96, 97]. Drpl mediates two distinct forms of fission, namely,
midzone fissions and peripheral fissions, each with a unique
role and mechanism [98]. No significant difference was
observed in the physiological state of mitochondria before
and after the midzone fissions, but the level of ROS increased,
Ca’" overload occurred, and the membrane potential and pH
value in the mitochondria decreased before peripheral fissions
[98]. Therefore, peripheral fission may be a precursor to
mitophagy initiation by damaged mitochondria. By contrast,
midzone fissions lead to mitochondrial proliferation, and the
paradox that mitochondrial fission leads to mitochondrial
proliferation and degradation seems plausible [98].

Dysregulated mitochondrial dynamics can lead to oxida-
tive stress, and the accumulation of damaged mitochondria
can impair the integrity of the mitochondrial network,
which can alter the normal mitochondrial responsiveness
to metabolic signals. In a research among several ethnic
groups, the risk of obesity and diabetes is associated with
the expression of mitochondrial dynamics-related proteins
[99]. In vitro experiments proved that cells induced by high
glucose and fat (HG/HF) showed excessive mitochondrial
fission and decreased mitochondrial fusion protein expres-
sion [100]. Further, in the pathological background of obe-
sity and diabetes, in both humans and mice, a fragmented
mitochondrial network and low mitochondrial fusion pro-
tein expression level can be observed [101]. Therefore,
abnormal mitochondrial dynamics may be a critical patho-
logical event in metabolic inflammation.

3.7. ROS Production/Clearance Imbalance. ROS is a by-
product produced by the reaction of electrons escaping from
OXPHS with oxygen [102]. The production/clearance of
ROS maintains the balance of intracellular redox, and the
clearance of ROS mainly depends on antioxidant systems,
including manganese superoxide dismutase (MnSOD), gluta-
thione and thioredoxin/peroxiredoxin systems located in the
mitochondrial matrix, and copper/zinc superoxide dismutase
located in the IMS [102]. The physiological levels of ROS are
a key redox signal, which mediates physiological processes
through the reversible oxidation of cysteine residues, such as
signal transduction of cell pathways, redox control of tran-
scription factors (TFs), the regulation of epigenetic modifica-
tion patterns, energy metabolism and circadian rhythm
dynamics, and maintenance of protein homeostasis [102].
When ROS production/clearance imbalance occurs, high
levels of ROS induce oxidative stress to damage biological
macromolecules (e.g., proteins, DNA, and lipids) and pro-
mote the progression of metabolic inflammation. The hyper-
trophy and proliferation of adipocytes during obesity
respond to overnutrition, but the accumulation of adipo-
cytes tends to produce excessive ROS [103]. High levels of
ROS exacerbate inflammation by activating the NLRP3
inflammasome, and inflammation worsens obesity and
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insulin resistance, leading to a vicious circle [104]. More-
over, ROS can induce obesity through adipogenesis and lipo-
genesis and inhibit weight gain after antioxidant treatment
[105]. In addition, obesity can be reversed through dietary
intervention and exercise training, depending on improving
oxidative stress [60, 79, 80, 106-111].

4. Mutual Regulation between Mitochondrial
Dysfunction and Metabolic Inflammation

Metabolic inflammation is a low-grade, persistent, and pro-
gressive inflammation. Overnutrition causes metabolic over-
load, and the body responds with a series of acute adaptive
reactions to preserve equilibrium. Adipocytes increases their
lipid storage capacity through hyperplasia to prevent the for-
mation of ectopic fat deposits [112]. By elevating the expres-
sion of stress indicators, hypertrophic adipocytes promote
the recruitment of proinflammatory macrophages [112].
This specific metabolic stimulation of adipose tissue macro-
phages (increased OXPHOS and glycolysis) increases
inflammatory responses [113]. Moreover, the inflammation
of adipocytes can stimulate the growth and remodelling of
healthy adipose tissue to store surplus nutrients and induce
insulin resistance [114]. Induced insulin resistance is a phys-
iological response to metabolic stress, and it promotes nutri-
tional mobilisation and reduces energy accumulation in cells
[115, 116]. The physiological role of insulin resistance dur-
ing pregnancy supports that insulin resistance reduces
maternal glucose intake and promotes maternal lipolysis to
meet the nutritional needs of foetal growth [116]. However,
this acute adaptive response occurs at the expense of meta-
bolic flexibility, and persistent inflammatory activation will
deteriorate the metabolic health of the entire body. A pro-
longed chronic inflammatory phase will ensue when the
metabolic pressure surpasses the threshold for adaptive
response. A metabolic energy crisis must be marked by
diminished mitochondrial activity. Mitochondrial dysfunc-
tion can be noticed in the evolution of metabolic inflamma-
tion, which is frequently a vicious cycle (Figure 3).

Overnutrition promotes the dynamic balance of mito-
chondrial network to mitochondrial fission, which is initially
a compensatory mechanism for metabolic stress by increas-
ing the number of mitochondria to meet cellular metabolic
demands. However, chronic metabolic stress exacerbates
the fragmentation of the mitochondrial network, accompa-
nied by excessive ROS production [117]. This finding is
reflected in mice with obesity. The increased Drpl protein
expression and the decreased OPAl expression were
observed in the adipose tissue of Ob/Ob mice [91]. During
overnutrition, fragmented mitochondrial networks trans-
form function from OXPHOS to ROS production, which
drives macrophage inflammatory polarisation and accumu-
lation of inflammatory signals that exacerbate obesity and
insulin resistance [118]. OPA1 promotes autonomous brow-
ning of adipocytes, and brown adipose tissue reduces obesity
through energy conversion. By contrast, reduced OPAl
expression in overnutrition impairs adipocyte plasticity, thus
exacerbating the obesity phenotype [119].

Moreover, excessive substrate supply during obesity will
impair mitochondrial ADP sensitivity, increase proinflam-
matory NF«B signalling, and thus impair mitochondrial
respiratory function. By contrast, the decrease in mitochon-
drial respiratory capacity will drive ROS release [120, 121].
The findings are supported by a research on the correlation
between adipocyte size and mitochondrial respiratory capac-
ity, in which the increase in adipocyte diameter was
adversely connected with adipocyte mitochondrial respira-
tory capacity [122]. Impaired mitochondrial biogenesis was
also found in patients with obesity in a study of subcutane-
ous adipose tissue from healthy monozygotic twin pairs
[123]. This finding was obtained, possibly because the intra-
cellular milieu of oxidative stress under overnutrition can
damage mtDNA and impede mitochondrial synthesis. Con-
sequently, under overnutrition, mitochondrial activity
diminishes, the build-up of damaged mitochondria and oxi-
dative stress may produce mitochondrial dysfunction, and
mitochondrial dysfunction exacerbates the development of
metabolic inflammation.

5. Mitochondrial Dysfunction Is Not Always
Upstream of Metabolic Inflammation

Numerous research has investigated the alterations in mito-
chondrial function in the pathogenic context of metabolic
inflammation. However, the causal association is hard to dem-
onstrate. Surprisingly, several investigations have discovered
that the body may exhibit advantageous metabolism despite
the presence of severe mitochondrial dysfunction. TFAM is
required to begin mtDNA transcription and maintain mtDNA
stability; however, animals with adipose tissue-specific TFAM
deletion exhibit favourable metabolic benefits and prevent
diet-induced obesity and insulin resistance [124]. Mice with
mtDNA mutant showed signs of metabolic imbalance, and
high-fat diet reverses the metabolic imbalance and improves
the mitochondrial function in these mice [125]. Similarly,
mice with PGC1 « and PGC1 f deficient are still lean mice
that are metabolically healthy [126]. Although OPA1 defi-
ciency impairs mitochondrial respiratory capacity, positive
metabolic benefits were observed in mice with OPA1 knock-
out [127]. In addition, mice with ETC proteome imbalance
in brown adipose tissue can show a healthy metabolism [128].

In the therapy of metabolic inflammation, the restoration
of metabolic balance does not appear to be dependent on
mitochondria. Caloric restriction (CR) is the first line of
defence against metabolic inflammation, PGC-1 is the pri-
mary response factor of CR, and PGC-1 can increase mito-
chondrial density and oxidation capacity; therefore, the
metabolic benefits of CR can be attributed to the stimulation
of mitochondrial biogenesis. Finley et al. [129] discovered that
mice with skeletal muscle-specific deletion of PGC-1 during
CR exhibit adequate metabolic balance. Similar improvements
in glucose homeostasis and insulin sensitivity were seen in
mice with adipose-specific PGC-1/PGC-1 double deletion
during CR [130].

In conclusion, mitochondrial dysfunction and metabolic
inflammation seem distinct; that is, mitochondrial dysfunction
does not fully converge with the molecular signals that drive
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inflammatory signalling disrupt mitochondrial quality control, including excessive mitochondrial fission (A) and fusion defects (C),
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stress oxidative stress, including NF«B signalling activation, NLRP3 inflammatory formation, and macrophage M1 polarisation. This
condition aggravates the development of metabolic inflammation. Created with http://Biorender.com.

metabolic inflammation. This condition may have resulted
from the body’s complex potential methods for coping with
energy crises in the setting of mitochondrial failures, such as
the compensation mechanism of metabolic organs or the repro-
gramming of bioenergetics. These possible therapeutic pro-
cesses increase FGF21 secretion, mitochondrial oxidation, and
thermogenic modulation of WAT and BAT and increase
energy expenditure [124-127]. For example, considering the
physiological design of the body under energy crises, in a low-
energy-intake situation, the body can ensure its blood glucose
level through gluconeogenesis (the conversion of metabolic
tuel). By looking for the potential mechanism of regulating met-
abolic homeostasis in mitochondrial dysfunction, it may pro-
vide a new direction for treating metabolic inflammation.

6. Therapeutic Strategies for
Metabolic Inflammation

According to the aetiology of metabolic inflammation, three
preventative and therapeutic strategies are accepted, namely,
minimisation of nutrient intake, increasing energy con-
sumption, and lowering inflammation. Therefore, three
prevalent methods are caloric restriction, exercise, and
anti-inflammatory medication (Figure 4). The role of mito-
chondria in this process is discussed below.

6.1. Caloric Restriction. The first line of defence against met-
abolic inflammation is caloric restriction. CR can consider-
ably improve systemic metabolic health, including blood
lipid, blood pressure and leptin levels, adiponectin concen-
trations, body fat accumulation, insulin sensitivity, glucose
homeostasis, and oxidative stress [131-133]. Although the
metabolic benefits of CR do not necessarily depend on the
biogenesis of mitochondria, changes in other mitochondrial
functions are still involved in the improvement of metabolic
homeostasis. AMP-activated protein kinase (AMPK) plays
an essential role as an energy sensor in regulating mitochon-
drial metabolism and dynamics. CR drives mitophagy by
activating AMPK, thus reducing the accumulation of dam-
aged mitochondria, and AMPK can maintain the mitochon-
drial network in a highly interconnected healthy state [134,
135]. CR can prevent the decline of mitochondrial respira-
tory function, reduce oxidative stress, and protect the integ-
rity of mitochondrial function [136]. These mitochondrial
changes in response to CR are beneficial to the improvement
of metabolic flexibility and the reduction of inflammation.
Compliance with the CR remains a major obstacle.
Long-term persistence is challenging for most individuals.
Therefore, it is a potentially viable strategy for locating
CR’s intended target. Recent analysis of adipose biopsies
from participants in the Comprehensive Assessment of
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FIGURE 4: Prevention and treatment of metabolic inflammation. Imbalance in nutritional intake and consumption induces metabolic
inflammation (e.g., obesity, IR, TD2M, AS, and NAFLD), while caloric restriction, exercise, and anti-inflammatory therapy can improve
metabolic inflammation symptoms and keep mitochondria healthy. Created with http://Biorender.com.

Long-term Effects of Reducing Intake of Energy revealed
that CR can activate anti-inflammatory pathways and
improve adipose tissue metabolism. Results indicate that
the phospholipase PLA2G?7 is the central transcription pro-
gram. After knocking down PLA2G7, metabolic dysfunction
and inflammatory response were similarly improved in
mice, suggesting that altering PLA2G7 may imitate the
advantages of CR [137]. In addition, pharmacological
mimics of CR (e.g., polyphenols, polyamines, and glycolysis
inhibitors) are effective pathways, which can mimic the
changes in mitochondrial function of CR (e.g., enhancing
mitophagy and reducing oxidative stress) to produce meta-
bolic improvements and anti-inflammatory effects [138,
139]. However, the dose mode and frequency of CR
mimetics administration still need further study.

6.2. Physical Exercise. Another strategy to deal with overnutri-
tion is changing metabolic efficiency and increasing energy
consumption, and exercise is a feasible and economical treat-
ment intervention. Physical activity can remarkably increase
the rate of energy consumption, reduce body weight, minimise
ectopic lipid accumulation, and promote white fat browning
[140, 141]. Moreover, physical exercise can enhance insulin
sensitivity, reverse abnormal glucose tolerance, inhibit macro-
phage infiltration and the release of inflammatory factors, and

reduce inflammation, which are essential for improving meta-
bolic abnormalities [140, 142, 143].

Similar to CR, exercise can improve the bioenergy effi-
ciency of mitochondria, which is not difficult to understand.
These actions both produce a negative energy balance and
have high ATP requirements. The effects of exercise on the
structure and function of mitochondria have been deter-
mined. Firstly, exercise training improves the respiratory
capacity of mitochondria and increases the number, volume,
and density of mitochondria in response to high ATP
demand [144, 145]. In addition, exercise can reduce the dys-
function of mitochondrial dynamics caused by overnutri-
tion. Exercise can also increase the ratio of fusion/fission
protein to form a more fused mitochondrial tubular net-
work, which is characterised by an increase in the expression
level of mitochondrial fusion protein (e.g., Mfnl, Mfn2, and
OPAL1) and a decrease in the expression level of fission pro-
tein (e.g., Drpl and Fisl) [144, 145]. Moreover, exercise can
improve oxidative stress and combat ROS production/clear-
ance disorders caused by overnutrition [145]. Theoretically,
improved mitochondrial respiration by exercise could lead
to increased ROS release, but oxidative stress does not
change significantly during exercise because of the effective
quenching of ROS by exercise-activated antioxidant systems
[146, 147]. However, ROS emission is abnormally reduced
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TaBLE 1: Therapy agents in metabolic inflammation target mitochondria.
Disease Agent Main action Animal/cell Signal pathways  Refs
Midi-1 Inhibition of Drpl-me.:d1ated mitochondrial Ob/Ob mice AMPK/PGC-1a 91
fission
Resveratrol Ameliorate oxidative stress Aged rat fed with HFD PKA/LKB1/AMPK 108
Obesi MitoQ Ameliorate oxidative stress Rat fed with HFD — 151
esity Melatonin Promote mitochondrial biogenesis 3T3-L1 preadipocytes — 77
Capsaicin Restrict mitochondrial calcium overload Mice fed with HFD AMPK/SIRT3 52
BAM15 Mitochondrial uncoupling Mice with diet-induced obesity AMPK 25
SHC517 Mitochondrial uncoupling Mice with diet-induced obesity — 26
Melatonin Improve m1toch.ondr1al. respiration and Skeletal muscle cell CREB/PGC-1«a 78
biogenesis
Midi-1 Regulation of mitochondrial dynamics Rat fed with HFD — 88
Ins'ultln Resveratrol Ameliorate oxidative stress Mice fed with HFD — 109
resistance
MitoQ Ameliorate oxidative stress Rat fed with HFD — 151
BAM15 Mitochondrial uncoupling Mice fed with western diet — 27
BC1618  Promote mitochondria fission and autophagy Mice with diet-induced obesity AMPK 57
Midi-1 Inhibited Drp—l—depe.ndent mitochondrial Ob/Ob mice AMPK/PGC-1a 91
fission
. o . . . . SIRT6-AMPK-
Melatonin Maintain mitochondrial quality control Rat with T2D PGC-10-AKT 58
T2DM Resveratrol Amehoratfa ox1dat1v§ strg 5 and. promote Rat with T2D SIRT1/PGC-1« 79
mitochondrial biogenesis
Metformin Regulation of mitochondrial dynamics Leukocytes ;ggatlents with — 89
. . L Leukocytes/endothelium of
MitoQ Ameliorate oxidative stress patients with T2D NF«B 153
MitoQ Ameliorate oxidative stress ApoE™" mice — 150
Resveratrol Maintain mitochondrial homeostasis HUVECs AMPK/HIF1/Bnip3 59
Atherosclerosis  Melatonin Induce mitophagy and scavenge ROS ApoE™" mice Slrt3}il;i)i(no3a/ 60
Metformin Inhibition of Drpl—m«;dlated mitochondrial ApoE™" mice AMPK 90
fission
Melatonin Maintain mitochondrial quality control Mice fed with HFD NR4AL/DNA- 61
PKcs/P53
Metformin Improve oxidative st?ess. and mitochondrial Hep G2 cell . 110
respiration
NAFLD Sorafenib Mitochondrial uncoupling Mice fed with HFD AMPK 28
Resveratrol Amehoratfe 0x1dat1v? stress andl promote Hep G2 cell SIRT1/AMPK 80
mitochondrial biogenesis
Astaxanthin Ameliorate oxidative stress Mice fed with HFD FGF21/PGC-1a 111

after excessive high-intensity exercise, which can be under-
stood as the mitochondrial compensatory shutdown of par-
tial metabolism to reduce overall ROS production to fight
oxidative stress and maintain redox homeostasis [146, 148].

The link between exercise and metabolism advantages is
not linear. The moderate activity has the most positive influ-
ence on metabolic health, whereas excessive exercise has the
opposite effect. Excessive high-intensity exercise causes sig-
nificant mitochondrial respiratory diseases, blood sugar
abnormalities, and decreased insulin production, and glu-
cose tolerance does not fully recover during the recovery

period [146]. Therefore, choosing a suitable amount of train-
ing may be more beneficial to improving metabolic health.

6.3. Anti-inflammatory Therapy. Anti-inflammation is the
fundamental component in the therapy of metabolic inflam-
mation, and reducing inflammation remarkably improves
both obesity and insulin resistance. Dietary restriction and
physical activity can be used to reduce inflammation, but
they depend on the subjective initiative of the individual,
resulting in a less successful therapy than anticipated; thus,
pharmacological treatment might be needed. Oxidative
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stress caused by excessive quantities of ROS mainly causes
inflammation, and mitochondria are the primary generator
of ROS. Targeting mitochondria with antioxidant medicines
appears to be a viable method.

MitoQ is a popular antioxidant that targets mitochon-
dria and has a solid scientific foundation. MitoQ consists
of coenzyme Q and lipophilic triphenylphosphonium
(TPP) cations rapidly collected in mitochondria under the
influence of membrane potential and reduced to the ubiqui-
none form [149, 150]. MitoQ can decrease serum total cho-
lesterol, triglyceride, and blood glucose levels, minimise fat
deposition, and enhance glucose metabolism in rats with
metabolic imbalance [150]. MitoQ can also improve insulin
signal transduction in rats with obesity and reduce weight
gain [151]. In addition, MitoQ inhibits inflammatory signal
transduction and decreases the amount of inflammatory
cytokines (e.g., TNF-a and IL-6) [152].

The key mechanisms for its effect are the reduction of
mitochondrial oxidative stress and the improvement of
mitochondrial dynamics by MitoQ. MitoQ enters the mito-
chondria and is adsorbed in the IMM, a design that allows
MitoQ to target ROS more precisely. High levels of ROS
were observed in mice with a metabolic imbalance model,
MitoQ could remarkably reduce ROS levels, and MitoQ
treatment showed the same effect in patients with diabetes
[150, 153]. In addition, MitoQ supplementation can upregu-
late the expression of mitochondrial fusion protein (e.g.,
OPALl, Mfnl, and Mfn2) and downregulate the expression
of mitotic protein (e.g., Drpl and Fisl); maintaining the
integrity of mitochondrial network can also prevent the
excessive production of ROS [154, 155].

The build-up of TPP in IMM will disrupt normal mito-
chondrial activity, posing a threat to drug safety [149]. A
28-week animal study found that long-term treatment of
MitoQ in healthy mice had no discernible adverse effects
on mitochondrial function, gene expression of the endoge-
nous antioxidant system, or metabolism [156]. A meta-
analysis of antioxidant pharmacological interventions in
people revealed that MitoQ was well-tolerated and did not
cause any significant side effects [157]. However, MitoQ’s
therapeutic dosage and manner of delivery require more
investigation. Other forms of mitochondrial-targeting anti-
oxidants have garnered acclaim and have been described in
excellent reviews [149].

7. Conclusion and Perspective

The global prevalence of metabolic inflammation remark-
ably affects the quality of life of individuals and results in
an enormous economic burden. Environmental factors and
lifestyle choices are the primary causes of metabolic inflam-
mation, suggesting that it is preventable. Therefore, the
pathophysiological mechanism of metabolic inflammation
needs to be identified. In this review, numerous pathways
of mitochondrial dysfunctionon and the vicious loop
between mitochondrial dysfunction and metabolic inflam-
mation are discussed. The altered mitochondrial function
was initially designed in response to an energy overload of
the body, but the huge metabolic burden can lead to mito-
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chondrial dysfunction, and loss of mitochondrial metabolic
buffering capacity and oxidative stress are the basic causes
of metabolic inflammation. In terms of organism behavior,
mitochondrial dysfunction is closely associated with anxiety
[158-160]. Anxiety stimulates the organism’s craving for
food, especially sweets, which can exacerbate the metabolic
burden [161]. The pathological relationship between mito-
chondrial dysfunction and metabolic inflammation estab-
lishes a molecular foundation for the development of
mitochondrial-targeted drugs. Researchers have developed
or discovered numerous drugs targeting mitochondria
(Table 1). However, various physiological barriers hinder
targeted organelle delivery of therapeutic drugs, and
mitochondria-targeted drug delivery systems have become
a great challenge. Currently, mitochondria-targeted drug
delivery systems have been extensively developed, including
mitochondria-targeted signal peptide, dequalinium, MITO-
Porter, TPP, and nanocarriers [162]. Damaged mitochon-
dria can also be replaced with healthy mitochondria, which
can be achieved by the formation of gap junction channels
between MSC and damaged cells [163]. The development
of these therapeutic strategies brings a bright prospect for
the treatment of metabolic inflammation targeting
mitochondria.

Conflicts of Interest

The authors have no competing interests to declare.

Authors’ Contributions

YQ and ZL conceptualized the study; YQ, YSQ, and LAQ
search and analyzed the literature. YQ wrote the original
manuscript. ZL revised the manuscript. ZL and YQ gener-
ated the figures. JH and XY supervised this work and edited
the final manuscript. All authors read and approved the final
manuscript. The manuscript was approved by all authors for
publication. Z. L. Zeng contributed equally to this work.

Acknowledgments

This work is supported by the National Natural Science
Foundation of China (No. 82270939), Hunan Natural Sci-
ence Foundation (2022]J70036), and the Postgraduate Scien-
tific Research Innovation Project of Hunan Province
(CX20210917).

References

[1] G. S. Hotamisligil, “Inflammation and metabolic disorders,”
Nature, vol. 444, no. 7121, pp. 860-867, 2006.

[2] A. Diaz-Vegas, P. Sanchez-Aguilera, J. R. Krycer et al., “Is
mitochondrial dysfunction a common root of noncommu-
nicable chronic diseases?,” Endocrine Reviews, vol. 41, no. 3,
2020.

[3] J. M. Archibald, “Endosymbiosis and eukaryotic cell evolu-
tion,” Current Biology, vol. 25, no. 19, pp. R911-R921, 2015.

[4] A.Gupta and T. Becker, “Mechanisms and pathways of mito-
chondrial outer membrane protein biogenesis,” Biochimica et



12

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

Biophysica Acta - Bioenergetics, vol. 1862, no. 1, article
148323, 2021.

M. Giacomello, A. Pyakurel, C. Glytsou, and L. Scorrano,
“The cell biology of mitochondrial membrane dynamics,”
Nature Reviews. Molecular Cell Biology, vol. 21, no. 4,
pp. 204-224, 2020.

M. Habich, S. L. Salscheider, and J. Riemer, “Cysteine resi-
dues in mitochondrial intermembrane space proteins: more
than just import,” British Journal of Pharmacology, vol. 176,
no. 4, pp. 514-531, 2019.

R. Edwards, S. Gerlich, and K. Tokatlidis, “The biogenesis of
mitochondrial intermembrane space proteins,” Biological
Chemistry, vol. 401, no. 6-7, pp. 737-747, 2020.

A.Judge and M. S. Dodd, “Metabolism,” Essays in Biochemis-
try, vol. 64, no. 4, pp. 607-647, 2020.

T.J. Nicholls and C. M. Gustafsson, “Separating and segregat-
ing the human mitochondrial genome,” Trends in Biochemi-
cal Sciences, vol. 43, no. 11, pp. 869-881, 2018.

K. R. Vinothkumar, J. Zhu, and J. Hirst, “Architecture of
mammalian respiratory complex I Nature, vol. 515,
no. 7525, pp. 80-84, 2014.

V. Zickermann, S. Drose, M. A. Tocilescu, K. Zwicker,
S. Kerscher, and U. Brandt, “Challenges in elucidating struc-
ture and mechanism of proton pumping NADH:ubiquinone
oxidoreductase (complex I),” Journal of Bioenergetics and
Biomembranes, vol. 40, no. 5, pp. 475-483, 2008.

J. Rutter, D. R. Winge, and J. D. Schiffman, “Succinate dehy-
drogenase - assembly, regulation and role in human disease,”
Mitochondrion, vol. 10, no. 4, pp. 393-401, 2010.

T. M. Iverson, “Catalytic mechanisms of complex I enzymes:
a structural perspective,” Biochimica et Biophysica Acta,
vol. 1827, no. 5, pp. 648-657, 2013.

G. Cecchini, “Function and structure of complex II of the
respiratory chain,” Annual Review of Biochemistry, vol. 72,
no. 1, pp. 77-109, 2003.

H.J. Kim, O. Khalimonchuk, P. M. Smith, and D. R. Winge,
“Structure, function, and assembly of heme centers in mito-
chondrial respiratory complexes,” Biochimica et Biophysica
Acta, vol. 1823, no. 9, pp. 1604-1616, 2012.

M. Protasoni and M. Zeviani, “Mitochondrial structure and
bioenergetics in normal and disease conditions,” Interna-
tional Journal of Molecular Sciences, vol. 22, no. 2, p. 586,
2021.

B. L. Trumpower, “The protonmotive Q cycle. Energy trans-
duction by coupling of proton translocation to electron trans-
fer by the cytochrome bcl complex,” Journal of Biological
Chemistry., vol. 265, no. 20, pp. 11409-11412, 1990.

B. Kadenbach and M. Huttemann, “The subunit composition
and function of mammalian cytochrome _c_ oxidase,” Mito-
chondrion, vol. 24, pp. 64-76, 2015.

J. S. Sousa, E. D'Imprima, and J. Vonck, “Mitochondrial
respiratory chain complexes,” Sub-Cellular Biochemistry,
vol. 87, pp. 167-227, 2018.

S. Shimada, K. Shinzawa-Itoh, J. Baba et al., “Complex struc-
ture of cytochrome c-cytochrome ¢ oxidase reveals a novel
protein-protein interaction mode,” The EMBO Journal,
vol. 36, no. 3, pp. 291-300, 2017.

S. Yoshikawa and A. Shimada, “Reaction mechanism of cyto-

chrome c oxidase,” Chemical Reviews, vol. 115, no. 4,
pp. 1936-1989, 2015.

(22]

(23]

(24]

(25]

[26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

Oxidative Medicine and Cellular Longevity

A. L Jonckheere, J. A. Smeitink, and R. ]. Rodenburg, “Mito-
chondrial ATP synthase: architecture, function and pathol-
ogy,” Journal of Inherited Metabolic Disease, vol. 35, no. 2,
pp. 211-225, 2012.

J. B. Spinelli, P. C. Rosen, H. G. Sprenger et al., “Fumarate
is a terminal electron acceptor in the mammalian electron
transport chain,” Science, vol. 374, no. 6572, pp. 1227-
1237, 2021.

H. Jiang, J. Jin, Y. Duan et al.,, “Mitochondrial uncoupling
coordinated with PDH activation safely ameliorates hyper-
glycemia via promoting glucose oxidation,” Diabetes,
vol. 68, no. 12, pp. 2197-2209, 2019.

C. L. Axelrod, W. T. King, G. Davuluri et al., “BAM15-medi-
ated mitochondrial uncoupling protects against obesity and
improves glycemic control,” EMBO Molecular Medicine,
vol. 12, no. 7, article 12088, 2020.

S.Y. Chen, M. Beretta, S. J. Alexopoulos et al., “Mitochondrial
uncoupler SHC517 reverses obesity in mice without affecting
food intake,” Metabolism, vol. 117, article 222, 2021.

S.J. Alexopoulos, S. Y. Chen, A. E. Brandon et al., “Mitochon-
drial uncoupler BAMI15 reverses diet-induced obesity and
insulin resistance in mice,” Nature Communications,
vol. 11, no. 1, p. 2397, 2020.

C. Jian, J. Fu, X. Cheng et al., “Low-dose sorafenib acts as a
mitochondrial uncoupler and ameliorates nonalcoholic stea-
tohepatitis,” Cell Metabolism, vol. 31, no. 5, pp. 892-908,
2020.

N. A. Bonekamp, B. Peter, H. S. Hillen et al., “Small-molecule
inhibitors of human mitochondrial DNA transcription,”
Nature, vol. 588, no. 7839, pp. 712-716, 2020.

C. Nuevo-Tapioles, F. Santacatterina, K. Stamatakis et al.,
“Coordinate $3-adrenergic inhibition of mitochondrial activ-
ity and angiogenesis arrest tumor growth,” Nature Communi-
cations, vol. 11, no. 1, pp. 1-8, 2020.

B. Zhou and R. Tian, “Mitochondrial dysfunction in patho-
physiology of heart failure,” The Journal of Clinical Investiga-
tion, vol. 128, no. 9, pp- 3716-3726, 2018.

B. Morio, B. Panthu, A. Bassot, and J. Rieusset, “Role of mito-
chondria in liver metabolic health and diseases,” Cell Cal-
cium, vol. 94, article 102336, 2021.

J. R. Brestoff, C. B. Wilen, J. R. Moley et al.,, “Intercellular
mitochondria transfer to macrophages regulates white adi-
pose tissue homeostasis and is impaired in obesity,” Cell
Metabolism, vol. 33, no. 2, pp. 270-282, 2021.

K. H. Fisher-Wellman, M. T. Davidson, T. M. Narowski, C. T.
Lin, T. R. Koves, and D. M. Muoio, “Mitochondrial diagnos-
tics: a multiplexed assay platform for comprehensive assess-
ment of mitochondrial energy fluxes,” Cell Reports, vol. 24,
no. 13, pp. 3593-3606, 2018.

K. H. Fisher-Wellman, J. A. Draper, M. T. Davidson et al.,
“Respiratory phenomics across multiple models of protein
hyperacylation in cardiac mitochondria reveals a marginal
impact on bioenergetics,” Cell Reports, vol. 26, no. 6,
pp. 1557-1572, 2019.

C.Yan, X. Duanmu, L. Zeng, B. Liu, and Z. Song, “Mitochon-
drial DNA: distribution, mutations, and elimination,” Cell,
vol. 8, no. 4, p. 379, 2019.

S. Luo, C. A. Valencia, . Zhang et al., “Biparental inheritance
of mitochondrial DNA in humans,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 115, no. 51, pp. 13039-13044, 2018.



Oxidative Medicine and Cellular Longevity

(38]

(39]

(40]

(41]

(42]

(43]

[44]

[45]

(46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

L. Zhao and P. Sumberaz, “Mitochondrial DNA damage:
prevalence, biological consequence, and emerging pathways,”
Chemical Research in Toxicology, vol. 33, no. 10, pp. 2491-
2502, 2020.

A. P. Anderson, X. Luo, W. Russell, and Y. W. Yin, “Oxida-
tive damage diminishes mitochondrial DNA polymerase rep-
lication fidelity,” Nucleic Acids Research, vol. 48, no. 2,
pp. 817-829, 2020.

M. Zhao, Y. Wang, L. Li et al., “Mitochondrial ROS promote
mitochondrial dysfunction and inflammation in ischemic
acute kidney injury by disrupting TFAM-mediated mtDNA
maintenance,” Theranostics., vol. 11, no. 4, pp. 1845-1863,
2021.

M. Zhao, S. Liu, C. Wang et al., “Mesenchymal stem cell-
derived extracellular vesicles attenuate mitochondrial dam-
age and inflammation by stabilizing mitochondrial DNA,”
ACS Nano, vol. 15, no. 1, pp. 1519-1538, 2021.

K. Foote, J. Reinhold, E. P. K. Yu et al., “Restoring mitochon-
drial DNA copy number preserves mitochondrial function
and delays vascular aging in mice,” Aging Cell, vol. 17,
no. 4, article e12773, 2018.

B. Singh, T. R. Schoeb, P. Bajpai, A. Slominski, and K. K.
Singh, “Reversing wrinkled skin and hair loss in mice by
restoring mitochondrial function,” Cell Death & Disease,
vol. 9, no. 7, p. 735, 2018.

E. Fernandez-Vizarra and M. Zeviani, “Mitochondrial disor-
ders of the OXPHOS system,” FEBS Letters, vol. 595, no. 8,
pp. 1062-1106, 2021.

S. Liu, S. Fu, G. Wang et al., “Glycerol-3-phosphate biosyn-
thesis regenerates cytosolic NAD" to alleviate mitochondrial
disease,” Cell Metabolism, vol. 33, no. 10, pp. 1974-1987,
2021.

Y. Tian, G. Garcia, Q. Bian et al,, “Mitochondrial Stress
Induces Chromatin Reorganization to Promote Longevity
and UPR™,” Cell, vol. 165, no. 5, pp. 1197-1208, 2016.

D. Zhu, X. Wu, J. Zhou et al., “NuRD mediates mitochondrial
stress-induced longevity via chromatin remodeling in
response to acetyl-CoA level,” Science advances., vol. 6,
no. 31, p. eabb2529, 2020.

R. Bravo-Sagua, V. Parra, C. Loépez-Crisosto, P. Diaz, A. F.
Quest, and S. Lavandero, “Calcium transport and signaling
in mitochondria,” Comprehensive Physiology, vol. 7, no. 2,
pp. 623-634, 2017.

M. Fan, J. Zhang, C. W. Tsai et al., “Structure and mechanism
of the mitochondrial Ca** uniporter holocomplex,” Nature,
vol. 582, no. 7810, pp. 129-133, 2020.

L. E. Wright, D. Vecellio Reane, G. Milan et al., “Increased
mitochondrial calcium uniporter in adipocytes underlies
mitochondrial alterations associated with insulin resistance,”
American Journal of Physiology. Endocrinology and Metabo-
lism, vol. 313, no. 6, pp. 641-650, 2017.

T. Ren, H. Zhang, J. Wang et al., “MCU-dependent mito-
chondrial Ca** inhibits NAD*/SIRT3/SOD2 pathway to pro-
mote ROS production and metastasis of HCC cells,”
Oncogene, vol. 36, no. 42, pp- 5897-5909, 2017.

P. Gao, Y. Jiang, H. Wu et al., “Inhibition of mitochondrial
calcium overload by SIRT3 prevents obesity- or age-related
whitening of brown adipose tissue,” Diabetes, vol. 69, no. 2,
pp. 165-180, 2020.

D. Tomar, F. Jana, Z. Dong, W. J. Quinn 3rd, P. Jadiya, S. L.
Breves et al., “Blockade of MCU-Mediated Ca** Uptake Per-

(54]

(55]

[56]

(57]

(58]

(59]

(60]

[61]

[62]

(63]

[64]

[65]

(66]

(67]

(68]

(69]

13

turbs Lipid Metabolism via PP4-Dependent AMPK Dephos-
phorylation,” Cell Reports, vol. 26, no. 13, pp. 3709-3725,
2019.

M. Tong, T. Saito, P. Zhai et al., “Mitophagy is essential for
maintaining cardiac function during high fat diet-induced
diabetic cardiomyopathy,” Circulation Research, vol. 124,
no. 9, pp. 1360-1371, 2019.

D. Shao, S. C. Kolwicz Jr., P. Wang et al.,, “Increasing fatty
acid oxidation prevents high-fat diet-induced cardiomyopa-
thy through regulating Parkin-mediated mitophagy,” Circu-
lation, vol. 142, no. 10, pp. 983-997, 2020.

V. Deretic, “Autophagy in inflammation, infection, and
immunometabolism,” Immunity, vol. 54, no. 3, pp. 437-
453, 2021.

Y. Liu, M. J. Jurczak, T. B. Lear et al., “A Fbxo48 inhibitor pre-
vents pAMPKa« degradation and ameliorates insulin resis-
tance,” Nature Chemical Biology, vol. 17, no. 3, pp. 298-306,
2021.

L. M. Yu, X. Dong, X. D. Xue et al., “Melatonin attenuates
diabetic cardiomyopathy and reduces myocardial vulnerabil-
ity to ischemia-reperfusion injury by improving mitochon-
drial quality control: role of SIRT6,” Journal of Pineal
Research, vol. 70, no. 1, article 12698, 2021.

C. Li, Y. Tan, J. Wu et al, “Resveratrol improves Bnip3-
related mitophagy and attenuates high-fat-induced endothe-
lial dysfunction,” Frontiers in Cell and Development Biology,
vol. 8, p. 796, 2020.

S. Ma, J. Chen, J. Feng et al., “Melatonin ameliorates the pro-
gression of atherosclerosis via mitophagy activation and
NLRP3 inflammasome inhibition,” Oxidative Medicine and
Cellular Longevity, vol. 2018, Article ID 9286458, 12 pages,
2018.

H. Zhou, W. Du, Y. E. Li et al., “Effects of melatonin on fatty
liver disease: the role of NR4A1/DNA-PKcs/p53 pathway,
mitochondrial fission, and mitophagy,” Journal of Pineal
Research, vol. 64, no. 1, p. 12450, 2018.

M. Onishi, K. Yamano, M. Sato, N. Matsuda, and
K. Okamoto, “Molecular mechanisms and physiological
functions of mitophagy,” The EMBO Journal, vol. 40, no. 3,
article €104705, 2021.

M. S. Ko, J. Y. Yun, L. J. Baek et al., “Mitophagy deficiency
increases NLRP3 to induce brown fat dysfunction in mice,”
Autophagy, vol. 17, no. 5, pp. 1205-1221, 2021.

D. A. Sliter, J. Martinez, L. Hao et al., “Parkin and PINK1 mit-
igate STING-induced inflammation,” Nature, vol. 561,
no. 7722, pp. 258-262, 2018.

Y. Li, W. Zheng, Y. Lu et al, “BNIP3L/NIX-mediated
mitophagy: molecular mechanisms and implications for
human disease,” Cell Death ¢ Disease, vol. 13, p. 14, 2022.
L. Esteban-Martinez and P. Boya, “BNIP3L/NIX-dependent
mitophagy regulates cell differentiation via metabolic repro-
gramming,” Autophagy, vol. 14, no. 5, pp. 915-917, 2018.

L. Liu, Y. Li, J. Wang et al., “Mitophagy receptor FUNDCI is
regulated by PGC-1a/NRF1 to fine tune mitochondrial
homeostasis,” EMBO Reports, vol. 22, no. 3, article e50629,
2021.

L. D. Popov, “Mitochondrial biogenesis: an update,” Journal
of cellular and molecular medicine., vol. 24, no. 9, pp. 4892-
4899, 2020.

Y. Liu, M. Jin, Y. Wang et al., “MCU-induced mitochondrial
calcium uptake promotes mitochondrial biogenesis and



14

[70]

(71]

(72]

(73]

(74]

(75]

(76]

(77]

(78]

[79]

(80]

(81]

(82]

(83]

colorectal cancer growth,” Signal Transduction and Targeted
Therapy, vol. 5, p. 59, 2020.

C.F. Cheng, H. C. Ku, and H. Lin, “PGC-1e« as a pivotal factor
in lipid and metabolic regulation,” International Journal of
Molecular Sciences, vol. 19, no. 11, p. 3447, 2018.

S. Pérez, S. Rius-Pérez, 1. Finamor et al., “Obesity causes
PGC-1a deficiency in the pancreas leading to marked IL-6
upregulation via NF-xB in acute pancreatitis,” The Journal
of Pathology, vol. 247, no. 1, pp. 48-59, 2019.

Y. Nishida, A. Nawaz, T. Kado et al., “Astaxanthin stimulates
mitochondrial biogenesis in insulin resistant muscle via acti-
vation of AMPK pathway,” Journal of Cachexia, Sarcopenia
and Muscle, vol. 11, no. 1, pp. 241-258, 2020.

D. Q.Xu, C.J. Li, Z. Z. Jiang et al., “The hypoglycemic mech-
anism of catalpol involves increased AMPK-mediated mito-
chondrial biogenesis,” Acta Pharmacologica Sinica, vol. 41,
no. 6, pp. 791-799, 2020.

W. Y. Khoo, B. J. Chrisfield, S. Sae-Tan, and J. D. Lambert,
“Mitigation of nonalcoholic fatty liver disease in high-fat-
fed mice by the combination of decaffeinated green tea
extract and voluntary exercise,” The Journal of Nutritional
Biochemistry, vol. 76, article 222, 2020.

W. Q. Ma, X. J. Sun, Y. Wang, Y. Zhu, X. Q. Han, and N. F.
Liu, “Restoring mitochondrial biogenesis with metformin
attenuates f-GP-induced phenotypic transformation of
VSMCs into an osteogenic phenotype via inhibition of
PDK4/oxidative stress-mediated apoptosis,” Molecular and
Cellular Endocrinology, vol. 479, pp. 39-53, 2019.

P. Lei, S. Tian, C. Teng et al., “Sulforaphane improves lipid
metabolism by enhancing mitochondrial function and bio-
genesis in vivo and in vitro,” Molecular Nutrition & Food
Research, vol. 63, no. 4, article e1800795, 2019.

H. Kato, G. Tanaka, S. Masuda et al., “Melatonin promotes
adipogenesis and mitochondrial biogenesis in 3T3-L1 preadi-
pocytes,” Journal of Pineal Research, vol. 59, no. 2, pp. 267-
275, 2015.

B. G. Teodoro, F. G. Baraldi, I. H. Sampaio et al., “Melatonin
prevents mitochondrial dysfunction and insulin resistance in
rat skeletal muscle,” Journal of Pineal Research, vol. 57, no. 2,
pp. 155-167, 2014.

W. J. Fang, C. J. Wang, Y. He, Y. L. Zhou, X. D. Peng, and
S. K. Liu, “Resveratrol alleviates diabetic cardiomyopathy in
rats by improving mitochondrial function through PGC-1«
deacetylation,” Acta Pharmacologica Sinica, vol. 39, no. 1,
pp. 59-73, 2018.

H. Rafiei, K. Omidian, and B. Bandy, “Dietary polyphenols
protect against oleic acid-induced steatosis in an in vitro
model of NAFLD by modulating lipid metabolism and
improving mitochondrial function,” Nutrients, vol. 11,
no. 3, p. 541, 2019.

R. D. Sheldon, A. Nicole Blaize, J. A. Fletcher et al., “Gesta-
tional exercise protects adult male offspring from high-fat
diet-induced hepatic steatosis,” Journal of Hepatology,
vol. 64, no. 1, pp. 171-178, 2016.

P. Huangyang, F. Li, P. Lee et al., “Fructose-1,6-bisphospha-
tase 2 inhibits sarcoma progression by restraining mitochon-
drial biogenesis,” Cell Metabolism, vol. 31, no. 1, pp. 174-188,
2020.

T. Wai and T. Langer, “Mitochondrial dynamics and meta-

bolic regulation,” Trends in Endocrinology and Metabolism,
vol. 27, no. 2, pp. 105-117, 2016.

(84]

(85]

(86]

(87]

(88]

(89]

[90]

[91]

[92]

(93]

[94]

[95]

[96]

[97]

(98]

[99]

Oxidative Medicine and Cellular Longevity

Z. Zeng, Q. Zheng, J. Chen et al., “FGF21 mitigates athero-
sclerosis via inhibition of NLRP3 inflammasome-mediated
vascular endothelial cells pyroptosis,” Experimental Cell
Research, vol. 393, no. 2, article 222, 2020.

Z.L. Zeng, Q. Yuan, X. Zu, and J. Liu, “Insights into the role
of mitochondria in vascular calcification,” Front Cardiovasc
Med., vol. 9, article 879752, 2022.

D. Bach, D. Naon, S. Pich et al., “Expression of Mfn2, the
Charcot-Marie-Tooth neuropathy type 2A gene, in human
skeletal muscle: effects of type 2 diabetes, obesity, weight loss,
and the regulatory role of tumor necrosis factor alpha and
interleukin-6,” Diabetes, vol. 54, no. 9, pp. 2685-2693, 2005.

G. Mancini, K. Pirruccio, X. Yang, M. Blither, M. Rodehefter,
and T. L. Horvath, “Mitofusin 2 in mature adipocytes con-
trols adiposity and body weight,” Cell Reports, vol. 26,
no. 11, pp. 2849-2858.e4, 2019.

C. Maneechote, S. Palee, N. Apaijai et al., “Mitochondrial
dynamic modulation exerts cardiometabolic protection in
obese insulin-resistant rats,” Clinical Science (London,
England), vol. 133, no. 24, pp. 2431-2447, 2019.

A. M. de Maranon, F. Canet, Z. Abad-Jimenez, A. Jover,
C. Morillas, M. Rocha et al, “Does metformin modulate
mitochondrial dynamics and function in type 2 diabetic
patients?,” Antioxidants & Redox Signaling, vol. 35, no. 5,
pp. 377-385, 2021.

Q. Wang, M. Zhang, G. Torres et al., “Metformin suppresses
diabetes-accelerated atherosclerosis via the inhibition of
Drpl-mediated mitochondrial fission,” Diabetes, vol. 66,
no. 1, pp. 193-205, 2017.

P. Finocchietto, H. Perez, G. Blanco et al., “Inhibition of
mitochondrial fission by Drp-1 blockade by short-term leptin
and Mdivi-1 treatment improves white adipose tissue abnor-
malities in obesity and diabetes,” Pharmacological Research,
vol. 178, article 106028, 2021.

S. Gao and J. Hu, “Mitochondrial fusion: the machineries in
and out,” Trends in cell biology., vol. 31, no. 1, pp. 62-74,
2021.

Y. J. Li, Y. L. Cao, J. X. Feng et al,, “Structural insights of
human mitofusin-2 into mitochondrial fusion and CMT2A
onset,” Nature Communications, vol. 10, no. 1, p. 4914, 2019.
S. Hoppins, F. Edlich, M. M. Cleland et al., “The soluble
form of Bax regulates mitochondrial fusion via MFN2
homotypic complexes,” Molecular Cell, vol. 41, no. 2,
pp. 150-160, 2011.

T. B. Fonseca, A. Sinchez-Guerrero, 1. Milosevic, and
N. Raimundo, “Mitochondrial fission requires DRP1 but
not dynamins,” Nature, vol. 570, no. 7761, pp. 34-42, 2019.

R. Chakrabarti and H. N. Higgs, “Revolutionary view of two
ways to split a mitochondrion,” Nature, vol. 593, no. 7859,
pp. 346-347, 2021.

F. Kraus, K. Roy, T. J. Pucadyil, and M. T. Ryan, “Function
and regulation of the divisome for mitochondrial fission,”
Nature, vol. 590, no. 7844, pp. 57-66, 2021.

T. Kleele, T. Rey, J. Winter et al., “Distinct fission signatures
predict mitochondrial degradation or biogenesis,” Nature,
vol. 593, no. 7859, pp. 435-439, 2021.

J.J. Dubé, M. L. Collyer, S. Trant et al., “Decreased mitochon-
drial dynamics is associated with insulin resistance, metabolic
rate, and fitness in African Americans,” The Journal of Clini-
cal Endocrinology and Metabolism, vol. 105, no. 4, pp. 1210-
1220, 2020.



Oxidative Medicine and Cellular Longevity

[100]

[101]

[102]

[103]

[104]

(105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

L. Hu, M. Ding, D. Tang et al., “Targeting mitochondrial
dynamics by regulating Mfn2 for therapeutic intervention
in diabetic cardiomyopathy,” Theranostics., vol. 9, no. 13,
pp. 3687-3706, 2019.

A. Houzelle, J. A. Jorgensen, G. Schaart et al., “Human skele-
tal muscle mitochondrial dynamics in relation to oxidative
capacity and insulin sensitivity,” Diabetologia, vol. 64, no. 2,
pp. 424-436, 2021.

C. Lennicke and H. M. Cocheme, “Redox metabolism: ROS as
specific molecular regulators of cell signaling and function,”
Molecular Cell, vol. 81, no. 18, pp. 3691-3707, 2021.

S. Furukawa, T. Fujita, M. Shimabukuro et al., “Increased oxi-
dative stress in obesity and its impact on metabolic syn-
drome,” Journal of Clinical Investigation., vol. 114, no. 12,
pp. 1752-1761, 2004.

R. Zhou, A. S. Yazdi, P. Menu, and J. Tschopp, “A role for
mitochondria in NLRP3 inflammasome activation,” Nature,
vol. 469, no. 7329, pp. 221-225, 2011.

S. K. Shin, H. W. Cho, S. E. Song, S. S. Im, J. H. Bae, and D. K.
Song, “Oxidative stress resulting from the removal of endog-
enous catalase induces obesity by promoting hyperplasia and
hypertrophy of white adipocytes,” Redox Biology, vol. 37, arti-
cle 101749, 2020.

S. Cienfuegos, K. Gabel, F. Kalam et al., “Effects of 4- and 6-h
time-restricted feeding on weight and cardiometabolic
health: a randomized controlled trial in adults with obesity,”
Cell Metabolism, vol. 32, no. 3, pp. 366-378, 2020.

H. T. Roh and W. Y. So, “The effects of aerobic exercise train-
ing on oxidant-antioxidant balance, neurotrophic factor
levels, and blood-brain barrier function in obese and non-
obese men,” Journal of Sport and Health Science, vol. 6,
no. 4, pp. 447-453, 2017.

Y. Huang, X. Zhu, K. Chen et al,, “Resveratrol prevents sarco-
penic obesity by reversing mitochondrial dysfunction and
oxidative stress via the PKA/LKB1/AMPK pathway,” Aging,
vol. 11, no. 8, pp. 2217-2240, 2019.

L. Gong, S. Guo, and Z. Zou, “Resveratrol ameliorates meta-
bolic disorders and insulin resistance in high-fat diet-fed
mice,” Life Sciences, vol. 242, article 117212, 2020.

Y. Geng, A. H. Villanueva, A. Oun et al., “Protective effect of
metformin against palmitate-induced hepatic cell death,”
Biochimica et Biophysica Acta - Molecular Basis of Disease,
vol. 1866, no. 3, article 165621, 2020.

L. Wu, W. Mo, J. Feng et al,, “Astaxanthin attenuates hepatic
damage and mitochondrial dysfunction in non-alcoholic
fatty liver disease by up-regulating the FGF21/PGC-1« path-
way,” British Journal of Pharmacology, vol. 177, no. 16,
pp. 3760-3777, 2020.

F. M. Wensveen, S. Valentic, M. Sestan, T. Turk Wensv-
een, and B. Polic, “The “Big Bang” in obese fat: Events ini-
tiating obesity-induced adipose tissue inflammation,”
European  Journal of Immunology, vol. 45, no. 9,
pp. 2446-2456, 2015.

L. Boutens, G. J. Hooiveld, S. Dhingra, R. A. Cramer, M. G.
Netea, and R. Stienstra, “Unique metabolic activation of adi-
pose tissue macrophages in obesity promotes inflammatory
responses,” Diabetologia, vol. 61, no. 4, pp. 942-953, 2018.
I. Wernstedt Asterholm, C. Tao, T. S. Morley et al., “Adipo-
cyte inflammation is essential for healthy adipose tissue
expansion and remodeling,” Cell Metabolism, vol. 20, no. 1,
pp. 103-118, 2014.

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

15

A. R Saltiel, “Insulin resistance in the defense against obe-
sity,” Cell Metabolism, vol. 15, no. 6, pp. 798-804, 2012.

S. M. Reilly and A. R. Saltiel, “Adapting to obesity with adi-
pose tissue inflammation,” Nature Reviews. Endocrinology,
vol. 13, no. 11, pp. 633-643, 2017.

T.Yu,J. L. Robotham, and Y. Yoon, “Increased production of
reactive oxygen species in hyperglycemic conditions requires
dynamic change of mitochondrial morphology,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 103, no. 8, pp. 2653-2658, 2006.

W. Yu, X. Wang, J. Zhao et al., “Stat2-Drpl mediated mito-
chondrial mass increase is necessary for pro- inflammatory
differentiation of macrophages,” Redox Biology, vol. 37, arti-
cle 222, 2020.

C. Bean, M. Audano, T. Varanita et al., “The mitochondrial
protein Opal promotes adipocyte browning that is depen-
dent on urea cycle metabolites,” Nature Metabolism, vol. 3,
no. 12, pp. 1633-1647, 2021.

P. M. Miotto, P. J. LeBlanc, and G. P. Holloway, “High-fat
diet causes mitochondrial dysfunction as a result of impaired
ADP sensitivity,” Diabetes, vol. 67, no. 11, pp. 2199-2205,
2018.

R. B. Nisr, D. S. Shah, I. G. Ganley, and H. S. Hundal, “Proin-
flammatory NFKB signalling promotes mitochondrial dys-
function in skeletal muscle in response to cellular fuel
overloading,” Cellular and Molecular Life Sciences, vol. 76,
no. 24, pp. 4887-4904, 2019.

J. Honecker, D. Weidlich, S. Heisz et al., “A distribution-
centered approach for analyzing human adipocyte size esti-
mates and their association with obesity-related traits and
mitochondrial function,” International Journal of Obesity,
vol. 45, no. 9, pp- 2108-2117, 2021.

S. Heinonen, J. Buzkova, M. Muniandy et al., “Impaired mito-
chondrial biogenesis in adipose tissue in acquired obesity,”
Diabetes, vol. 64, no. 9, pp. 3135-3145, 2015.

C. Vernochet, A. Mourier, O. Bezy et al., “Adipose-specific
deletion of TFAM increases mitochondrial oxidation and
protects mice against obesity and insulin resistance,” Cell
Metabolism, vol. 16, no. 6, pp. 765-776, 2012.

C. E. Wall, J. Whyte, J. M. Suh et al., “High-fat diet and
FGF21 cooperatively promote aerobic thermogenesis in
mtDNA mutator mice,” Proceedings of the National Academy
of Sciences of the United States of America, vol. 112, no. 28,
pp. 8714-8719, 2015.

S. Rodriguez-Cuenca, C. J. Lelliot, M. Campbell et al., “Allo-
static hypermetabolic response in PGClalpha/beta heterozy-
gote mouse despite mitochondrial defects,” The FASEB
Journal, vol. 35, article e21752, 2021.

R. O. Pereira, S. M. Tadinada, F. M. Zasadny et al., “OPA1
deficiency promotes secretion of FGF21 from muscle that
prevents obesity and insulin resistance,” The EMBO Journal,
vol. 36, no. 14, pp. 2126-2145, 2017.

R. Masand, E. Paulo, D. Wu et al., “Proteome imbalance of
mitochondrial electron transport chain in brown adipocytes
leads to metabolic benefits,” Cell Metabolism, vol. 27, no. 3,
pp. 616-629, 2018.

L. W. Finley, J. Lee, A. Souza et al., “Skeletal muscle transcrip-
tional coactivator PGC-1a mediates mitochondrial, but not
metabolic, changes during calorie restriction,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 109, no. 8, pp. 2931-2936, 2012.



16

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

(139]

[140]

[141]

[142]

[143]

[144]

R. Pardo, M. Vil3, L. Cervela et al., “Calorie restriction pre-
vents diet-induced insulin resistance independently of PGC-
1-driven mitochondrial biogenesis in white adipose tissue,”
The FASEB Journal, vol. 33, no. 2, pp. 2343-2358, 2019.

J. Holowko, M. M. Michalczyk, A. Zajac et al., “Six weeks of
calorie restriction improves body composition and lipid pro-
file in obese and overweight former athletes,” Nutrients,
vol. 11, no. 7, p. 1461, 2019.

R.J. Perry, L. Peng, G. W. Cline et al., “Mechanisms by which
a very-low-calorie diet reverses hyperglycemia in a rat model
of type 2 diabetes,” Cell Metabolism, vol. 27, no. 1, pp. 210-
217, 2018.

D. Kanikowska, A. Kanikowska, E. Swora-Cwynar et al,
“Moderate caloric restriction partially improved oxidative
stress markers in obese humans,” Antioxidants (Basel).,
vol. 10, no. 7, p. 1018, 2021.

S. Mehrabani, M. Bagherniya, G. Askari, M. I. Read, and
A. Sahebkar, “The effect of fasting or calorie restriction on
mitophagy induction: a literature review,” Journal of
Cachexia, Sarcopenia and Muscle, vol. 11, no. 6, pp. 1447-
1458, 2020.

H.J. Weir, P. Yao, F. K. Huynh et al., “Dietary restriction and
AMPK increase lifespan via mitochondrial network and per-
oxisome remodeling,” Cell Metabolism, vol. 26, no. 6,
pp. 884-896, 2017.

I. R. Lanza, P. Zabielski, K. A. Klaus et al., “Chronic caloric
restriction preserves mitochondrial function in senescence
without increasing mitochondrial biogenesis,” Cell Metabo-
lism, vol. 16, no. 6, pp. 777-788, 2012.

O. Spadaro, Y. Youm, I. Shchukina et al., “Caloric restriction
in humans reveals immunometabolic regulators of health
span,” Science, vol. 375, no. 6581, pp. 671-677, 2022.

S. J. Hofer, S. Davinelli, M. Bergmann, G. Scapagnini, and
F. Madeo, “Caloric restriction mimetics in nutrition and clin-
ical trials,” Frontiers in Nutrition, vol. 8, article 717343, 2021.

S. Davinelli, D. De Stefani, I. De Vivo, and G. Scapagnini,
“Polyphenols as caloric restriction mimetics regulating mito-
chondrial biogenesis and mitophagy,” Trends in Endocrinol-
ogy and Metabolism, vol. 31, no. 7, pp. 536-550, 2020.

N. Wang, Y. Liu, Y. Ma, and D. Wen, “High-intensity interval
versus moderate-intensity continuous training: superior met-
abolic benefits in diet-induced obesity mice,” Life Sciences,
vol. 191, pp. 122-131, 2017.

M. Khalafi, H. Mohebbi, M. E. Symonds et al., “The impact of
moderate-intensity continuous or high-intensity interval
training on adipogenesis and browning of subcutaneous adi-
pose tissue in obese male rats,” Nutrients, vol. 12, no. 4,
p- 925, 2020.

L. Della Guardia and R. Codella, “Exercise tolls the bell for
key mediators of low-grade inflammation in dysmetabolic
conditions,” Cytokine & Growth Factor Reviews, vol. 62,
pp- 83-93, 2021.

N. Kawanishi, H. Yano, Y. Yokogawa, and K. Suzuki, “Exer-
cise training inhibits inflammation in adipose tissue via both
suppression of macrophage infiltration and acceleration of
phenotypic switching from M1 to M2 macrophages in high-
fat-diet-induced obese mice,” Exercise immunology review.,
vol. 16, pp. 105-118, 2010.

C. L. Axelrod, C. E. Fealy, A. Mulya, and J. P. Kirwan, “Exer-
cise training remodels human skeletal muscle mitochondrial
fission and fusion machinery towards a pro-elongation phe-

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

Oxidative Medicine and Cellular Longevity

notype,” Acta Physiologica (Oxford, England), vol. 225,
no. 4, article 13216, 2019.

J. W. Heo, M. H. No, J. Cho et al., “Moderate aerobic exercise
training ameliorates impairment of mitochondrial function
and dynamics in skeletal muscle of high-fat diet-induced
obese mice,” The FASEB Journal, vol. 35, no. 2, article
€21340, 2021.

M. Flockhart, L. C. Nilsson, S. Tais, B. Ekblom, W. Apro, and
F.J. Larsen, “Excessive exercise training causes mitochondrial
functional impairment and decreases glucose tolerance in
healthy volunteers,” Cell Metabolism, vol. 33, no. 5,
pp. 957-970.6, 2021.

S. R. Mousavi, M. Jafari, S. Rezaei, H. Agha-Alinejad, and
V. Sobhani, “Evaluation of the effects of different intensities
of forced running wheel exercise on oxidative stress biomark-
ers in muscle, liver and serum of untrained rats,” Lab Anim
(NY)., vol. 49, no. 4, pp. 119-125, 2020.

M. W. Pataky and K. S. Nair, “Too much of a good thing:
excess exercise can harm mitochondria,” Cell Metabolism,
vol. 33, no. 5, pp. 847-848, 2021.

Q. Jiang, J. Yin, J. Chen et al., “Mitochondria-targeted antiox-
idants: a step towards disease treatment,” Oxidative Medicine
and Cellular Longevity, vol. 2020, Article ID 8837893, 18
pages, 2020.

J. R. Mercer, E. Yu, N. Figg et al., “The mitochondria-targeted
antioxidant MitoQ decreases features of the metabolic syn-
drome in ATM""/ApoE”" mice,” Free Radical Biology &
Medicine, vol. 52, no. 5, pp. 841-849, 2012.

G. Marin-Royo, C. Rodriguez, A. Le Pape et al., “The role of
mitochondrial oxidative stress in the metabolic alterations
in diet-induced obesity in rats,” The FASEB Journal, vol. 33,
no. 11, article 12060, 2019.

J. Yang, H. Suo, and J. Song, “Protective role of mitoquinone
against impaired mitochondrial homeostasis in metabolic
syndrome,” Critical Reviews in Food Science and Nutrition,
vol. 61, no. 22, pp. 3857-3875, 2021.

I. Escribano-Lopez, N. Diaz-Morales, S. Rovira-Llopis et al.,
“The mitochondria-targeted antioxidant MitoQ modulates
oxidative stress, inflammation and leukocyte-endothelium
interactions in leukocytes isolated from type 2 diabetic
patients,” Redox Biology, vol. 10, pp. 200-205, 2016.

L. Gan, Z. Wang, J. Si et al, “Protective effect of
mitochondrial-targeted antioxidant MitoQ against iron ion
**Fe radiation induced brain injury in mice,” Toxicology
and Applied Pharmacology, vol. 341, pp. 1-7, 2018.

X. Yin, M. Manczak, and P. H. Reddy, “Mitochondria-tar-
geted molecules MitoQ and SS31 reduce mutant
huntingtin-induced mitochondrial toxicity and synaptic
damage in Huntington's disease,” Human Molecular Genet-
ics, vol. 25, no. 9, pp. 1739-1753, 2016.

S. Rodriguez-Cuenca, H. M. Cochemé, A. Logan et al., “Con-
sequences of long-term oral administration of the
mitochondria-targeted antioxidant MitoQ to wild-type
mice,” Free Radical Biology ¢ Medicine, vol. 48, no. 1,
pp. 161-172, 2010.

S. A. Mason, G. D. Wadley, M. A. Keske, and L. Parker,
“Effect of mitochondrial-targeted antioxidants on glycaemic
control, cardiovascular health, and oxidative stress in
humans: a systematic review and meta-analysis of random-
ized controlled trials,” Diabetes, obesity & metabolism.,
vol. 24, no. 6, pp- 1047-1060, 2022.



Oxidative Medicine and Cellular Longevity

[158]

[159]

[160]

[161]

[162]

[163]

M. D. Filiou, Y. Zhang, L. Teplytska et al., “Proteomics and
metabolomics analysis of a trait anxiety mouse model reveals
divergent mitochondrial pathways,” Biological Psychiatry,
vol. 70, no. 11, pp. 1074-1082, 2011.

E. Gebara, O. Zanoletti, S. Ghosal et al., “Mitofusin-2 in the
nucleus accumbens regulates anxiety and depression-like
behaviors through mitochondrial and neuronal actions,” Bio-
logical Psychiatry, vol. 89, no. 11, pp. 1033-1044, 2021.

J. Johnson and Z. Li, “Fuel for emotion: how mitophagy in the
BLA can mediate increased anxiety in stressful social situa-
tions,” Autophagy, vol. 18, no. 2, pp. 465-466, 2022.

F.R. O. Penaforte, M. C. S. Minellj, L. R. Anastacio, and C. C.
Japur, “Anxiety symptoms and emotional eating are indepen-
dently associated with sweet craving in young adults,” Psychi-
atry Research, vol. 271, pp. 715-720, 2019.

Y. Yamada, H. M. Satrialdi, D. Sasaki, J. Abe, and
H. Harashima, “Power of mitochondrial drug delivery sys-
tems to produce innovative nanomedicines,” Advanced Drug
Delivery Reviews, vol. 154-155, pp. 187-209, 2020.

T. Huang, T. Zhang, X. Jiang et al., “Iron oxide nanoparticles
augment the intercellular mitochondrial transfer-mediated
therapy,” Science advances., vol. 7, no. 40, article eabj0534,
2021.

17



	Mitochondrial Stress in Metabolic Inflammation: Modest Benefits and Full Losses
	1. Introduction
	2. Mitochondria as a Metabolic Centre
	3. Mitochondrial Dysfunction and Its Multifaceted Character
	3.1. Mitochondrial DNA (mtDNA) Damage
	3.2. Impaired ETC Function
	3.3. Calcium (Ca2+) Imbalance
	3.4. Mitochondrial Autophagy Defects
	3.5. Mitochondrial Biogenesis Disorders
	3.6. Abnormal Mitochondrial Dynamics
	3.7. ROS Production/Clearance Imbalance

	4. Mutual Regulation between Mitochondrial Dysfunction and Metabolic Inflammation
	5. Mitochondrial Dysfunction Is Not Always Upstream of Metabolic Inflammation
	6. Therapeutic Strategies for Metabolic Inflammation
	6.1. Caloric Restriction
	6.2. Physical Exercise
	6.3. Anti-inflammatory Therapy

	7. Conclusion and Perspective
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments



