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ABSTRACT

Redox medicine improvement could come from integrating insights from both the mitochon-
dria and redox fields. One-step further is finding new clues with a comprehensive discussion of
the two fields, and their relationship, including through the reactive species interactome (RSI).
Here, the review provides a platform for future studies focusing on both mitochondria and the
RSI. Mitochondria are discussed at length with focus on the mitochondrial permeability transi-
tion pore, the regulation of cell death types, the protein quality control system, calcium
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homoeostasis, ionome, metabolome, mitochondrial carriers, and organelle interaction. Then,
the RSl is discussed focusing on its relationship with mitochondria. Finally, the mitochondria-RSI
axis is proposed as a brand-new perspective, including with the involvement of the circadian
clock and bacterial microbiota, as the first stone of the concept of MitoRedox Medicine.

Mitochondria and the Reactive Species Interactome:
Shaping the Future of MitoRedox Medicine
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Introduction

For a long time, probably for historical reasons, the
mitochondria and redox fields have developed sepa-
rately. This separation has led to too much lack of
consideration of the two fields together. The redox
field has accelerated its mutation recently with the
concept of the reactive species interactome (RSI),
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which goes beyond the sole framework of the
much studied reactive oxygen species (ROS)
(Cortese-Krott et al. 2017; Sies and Jones 2020; Sies
2020). The RSI stands for the interactome of ROS,
reactive nitrogen species (RNS), reactive sulphur
species (RSS), reactive carbonyl species (RCS), nota-
ble redox enzymes and their downstream biological

CONTACT Laurent Chatre @ chatre@cyceron.fr

© 2024 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which
permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been
published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.


http://orcid.org/0000-0001-9066-4342
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/28347056.2024.2304348&domain=pdf&date_stamp=2024-01-30

2 (&) L CHATRE

targets (Cortese-Krott et al. 2017; Bourgonje et al.
2020; Malard et al. 2021). In addition to reactive
species identification and interaction, their concen-
tration is one of the most important parameters.
Oxidative eustress is the physiological exposure to
reactive species, while oxidative distress is the supra-
physiological exposure to reactive species (Sies 2017;
Malard et al. 2021). There are so many papers pro-
posing to target the redox system in medicine, both
redox enzymes and the reactive species, mainly ROS,
that it becomes difficult to cite them all. Precision
redox targeting is of major importance and one of
the latest steps in the right direction (Meng et al.
2021).

As much as the mitochondria field has largely
focused on mitochondrial ROS, with primarily the
bioenergetic oxidative phosphorylation (OXPHOS)
system as major source. There are more and more
papers which also propose targeting mitochondria in
medicine, including in 2013 by Edeas and Weissig in
different pathologies (Edeas and Weissig 2013).
Mitochondria and the redox interactome, which inte-
grates redox catalysis, homoeostasis, flux, landscape,
homeorhesis and evolution, are two deeply connected
fields (Santolini et al. 2019). Among different examples,
three are highlighted. A concrete example is the finding
in 2023 that the deficiency in mitochondrial thiosul-
phate sulfurtransferase (TST) or rhodanese, which is
involved in RSS H,S metabolism by detoxifying cya-
nide, alters both the RSI through ROS, RSS polysul-
phides and the glutathione system, and the
mitochondria through OXPHOS remodelling in brain
cortex (Luo et al. 2023). Another example is the pro-
posed targeting of the mitochondrial redox imbalance,
specially ROS, in cancer through both antioxidant and
pro-oxidant approaches (Mani et al. 2022). Exactly the
same is proposed in neurodegenerative diseases, includ-
ing Alzheimer’s disease, again mainly with ROS mod-
ulation (Carvalho and Cardoso 2021).

Therefore, the time has come to propose unifying
both the mitochondria and redox fields with this
detailed review focusing on the mitochondria-RSI
axis as first step. First, selected elements of mitochon-
drial characteristics and roles are discussed at length.
Special focus is done on the mitochondrial permeabil-
ity transition pore, apoptosis-necroptosis-ferroptosis
death triangle, the protein quality control system,
ionome homoeostasis, metabolome, and mitochon-
drial carriers. Intracellular interactions of mitochon-
dria with other organelles that affect mitochondrial
homoeostasis are discussed. Then, mitochondrial
reactive species sources are presented, including with
enzymes involved in both mitochondria and the RSI.
Finally, the mitochondria-RSI axis is proposed as
a new concept to investigate, including considering
chronobiology and bacterial microbiota as key players
in this axis.

Major mitochondrial characteristics

Key mitochondrial characteristics are summarised in
Figure 1(a). An outer membrane (OM), an intermem-
brane space (IMS), an inner membrane (IM), and
a matrix constitute the semi-autonomous organelles
mitochondria, which structural dynamics oscillate
between fragmented and tubular networks, depending
on metabolic status (Harbauer et al. 2014; Pfanner
et al. 2019; Giacomello et al. 2020). Mitochondria are
ancient bacterial symbionts, whose matrix is organised
with a characteristic shape of IM cristae maintained by
MICOS, the mitochondrial contact site and cristae
organising system (Wallace 2005; Pfanner et al. 2019;
Giacomello et al. 2020). Mitochondrial matrix pH
ranges from 7.8 to 8.1, so more basic than the cytosol
with pH 7.2 (Casey et al. 2010). In addition, mitochon-
dria are fully functional at close to 50°C, meaning
more than 10°C from cytosolic temperature
(Chrétien et al. 2018).

Importantly, mitochondria contain cardiolipin,
which is mitochondria-specific phospholipid
(Gonzalvez et al. 2008; Li et al. 2015). Cardiolipin
constitutes 25% of mitochondrial membrane lipids,
and 65% are found in IM (Li et al. 2015). Cardiolipin
is highly sensitive to peroxidation by ROS, and is
involved in programmed cell death apoptosis, through
formation of mitochondrial membrane pores
(Gonzalvez et al. 2008; Li et al. 2015). Cardiolipin is
also a biomarker of damaged mitochondria when
translocated to OM, and when interacting with micro-
tubule-associated protein 1A/1B-light chain 3 (LC3)
autophagic marker, which is essential for autophago-
some formation in mitophagy, a quality control
mechanism to degrade damaged, and dysfunctional
mitochondria (Gonzalvez et al. 2008; Li et al. 2015).
In addition, cardiolipin is involved (1) in the stabilisa-
tion of OXPHOS (oxidative phosphorylation) system
complexes I, III, IV, and ATP synthase for mitochon-
drial ATP generation, (2) in mitochondrial fission,
through interaction with dynamin-related protein 1
(DRP1), and (3) in the stabilisation of mitochondrial
carriers such as ADP/ATP carrier which plays role in
mitochondrial pore transition, respiratory supercom-
plexes and cell death (Gonzalvez et al. 2008;
Klingenberg 2009; Li et al. 2015).

Importantly too, mitochondria contain their own
genome, namely mitochondrial DNA (mtDNA), in
multiple copies packaged into nucleoids, which are
essential for mitochondrial functions, and all dedicated
machineries for mtDNA replication, mtDNA transcrip-
tion, and mtRNAs translation (Taylor and Turnbull
2005; Harbauer et al. 2014; Ricchetti 2018; Giacomello
et al. 2020). Mitochondrial DNA alterations and disor-
ders related to mutations, replication, and transcription
affect from cellular energy metabolism to cell death
(Taylor and Turnbull 2005; Ricchetti 2018).
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Figure 1. (a) key mitochondrial characteristics. OM, outer membrane; IMS intermembrane space; IM, inner membrane; MIA, IMS
import and assembly machinery; MICOS, mitochondrial contact site and cristae organizing system; MIM, mitochondrial inner
membrane complex; mtDNA, mitochondrial DNA; OXA, oxidase assembly machinery; OXPHOS, oxidative phosphorylation; PAM,
presequence translocase-associated motor; SAM, sorting and assembly machinery; TIM, IM translocase complex; TOM, OM
translocase complex. (b) Major inter-connected roles of mitochondria. Major roles of mitochondria are summarized, as well
focus improving the understanding of mitochondria functions, namely apoptosis-uncontrolled necrosis-necroptosis-ferroptosis
death triangle, amino acid metabolism, fatty acid metabolism, iron-sulfur clusters, ionome, mitochondrial metabolome, and the
redox system. AGC, aspartate/glutamate carrier; ANT, adenine nucleotide transporter; CAC, carnitine/acylcarnitine carrier; CIC,
citrate carrier; GC, glutamate carrier; MCU, mitochondrial calcium uniporter; MPC, mitochondrial pyruvate carrier; SLC25, solute

carrier family 25.

Proteomic studies showed that mitochondria con-
tain ~1,500 different proteins in human, 99% being
encoded by the nuclear genome, and 1% by the mito-
chondrion genome (Schmidt et al. 2010; Harbauer
et al. 2014; Pfanner et al. 2019). About 100 proteins
are present in OM, ~60 proteins in IMS, more than

840 proteins in IM, and ~500 proteins in mitochon-
drial matrix (Bohovych et al. 2015). Between 20% and
25% of the mitochondrial proteome regulates mtDNA,
and ~15% of the mitochondrial proteome is involved
in energy metabolism, including in OXPHOS
(Pfanner et al. 2019). Adaptation of the mitochondrial
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proteome to bioenergetics needs is the mitochondrial
proteome plasticity (Pfanner et al. 2019).

One of the most important mitochondrial pathway
involved in mitochondrial proteome plasticity is the
mitochondrial protein import system (Schmidt et al.
2010; Harbauer et al. 2014; Pfanner et al. 2019; Zhao
and Zou 2021). This system is part of the functional
mitochondrial network, including mitochondrial
dynamics and architecture, OXPHOS-related bioener-
getic metabolism, mtDNA regulation, protein quality
control system, and Endoplasmic Reticulum-
Mitochondria interaction (Schmidt et al. 2010;
Harbauer et al. 2014; Pfanner et al. 2019; Zhao and
Zou 2021). At the OM, mitochondrial import com-
plexes include OM translocases (TOM), mitochon-
drial import complex (MIM), and sorting and
assembly machinery (SAM) (Schmidt et al. 2010;
Harbauer et al. 2014; Pfanner et al. 2019; Zhao and
Zou 2021). Intermembrane space contains IMS import
and assembly machinery (MIA) (Schmidt et al. 2010;
Harbauer et al. 2014; Pfanner et al. 2019; Zhao and
Zou 2021). Inner membrane contains IM translocases
(TIM), presequence translocase-associated motor
(PAM), and oxidase assembly machinery (OXA),
which is involved in the synthesis of several
OXPHOS subunits from matrix mitoribosomes
(Schmidt et al. 2010; Harbauer et al. 2014; Pfanner
et al. 2019; Zhao and Zou 2021). The entry of proteins
into mitochondria is managed through four import
pathways (Schmidt et al. 2010; Harbauer et al. 2014;
Pfanner et al. 2019; Zhao and Zou 2021). The prese-
quence pathway is dedicated for preproteins through
TOM complex, including TOM22 and TOM40, to
TIM23 complex, to ultimately integrate the IM or the
matrix thanks to PAM (Schmidt et al. 2010; Harbauer
et al. 2014; Pfanner et al. 2019; Zhao and Zou 2021).
The carrier pathway is for hydrophobic proteins dedi-
cated to the IM through TOM complex, including
TOM?22 and TOM40, and TIM22 complex (Schmidt
et al. 2010; Harbauer et al. 2014; Pfanner et al. 2019;
Zhao and Zou 2021). The oxidative folding pathway is
dedicated for IMS proteins, through TOM complex,
and MIA, including MIA40 (Schmidt et al. 2010;
Harbauer et al. 2014; Pfanner et al. 2019; Zhao and
Zou 2021). The transport pathway is finally dedicated
for OM proteins, through TOM complex, chaperones,
and SAM complex, including SAM50 and MDMI10
(Schmidt et al. 2010; Harbauer et al. 2014; Pfanner
et al. 2019; Zhao and Zou 2021).

Finally, voltage-dependent anion channel (VDAC),
which is the most abundant OM protein, is the major
regulator for metabolites, and ions exchange between
mitochondria and cytosol (Caterino et al. 2017;
Camara et al. 2017; Zinghirino et al. 2021; Najbauer
et al. 2021). This mitochondrial porin is proposed as
cellular hub linking bioenergetic metabolism to many
intracellular pathways (Pittala et al. 2021). Gene

expression of the three mammalian isoforms,
VDACI, VDAC2, and VDACS3, depends on transcrip-
tion factors involved in regulating bioenergetic meta-
bolism, apoptosis, and cell proliferation (Zinghirino
et al. 2021). In addition to the well described role of
VDAC in regulating mitochondrial Ca** flux, porin
also being regulated by Ca**, VDAC is involved in
apoptosis, bioenergetic metabolism, and the interac-
tion between mitochondria and the cytoskeleton
(Caterino et al. 2017; Najbauer et al. 2021; Sander
et al. 2021). Interestingly, VDAC isoforms display
common and distinct protein partners allowing speci-
fic isoform functions (Caterino et al. 2017). Protein
partners of VDACI suggest pro-apoptotic and cell
homoeostasis functions, for VDAC2 anti-apoptotic
function, and for VDAC3 marker of oxidative status,
and mitochondrial protein quality control function
(Caterino et al. 2017). Mitochondrial-associated hex-
okinase (HK) interaction with VDACI contributes to
inhibit the pro-apoptotic function of VDACI, by
delaying its mitochondrial translocation (Dubey et al.
2016; Camara et al. 2017). Tubulin and a-synuclein
block VDAC pores by direct interaction, thus increas-
ing VDAC’s sensitivity to mitochondrial membrane
potential, and regulating mitochondrial ATP genera-
tion (Rostovtseva et al. 2021). In addition, post-
translational modifications of VDACs, including acet-
ylation, cysteine oxidation, methionine oxidation, suc-
cination, and phosphorylation, affect their interaction
with protein partners, and therefore their functions
(Pittala et al. 2021). For example, post-translational
modifications of VDACI affect its interaction with
the antioxidant defence enzyme superoxide dismutase
SOD1 (Pittala et al. 2021). Moreover, the abundance of
thiols in VDAC2 suggests that this isoform can neu-
tralise ROS through cysteine oxidation (Maurya and
Mahalakshmi 2016). Finally, interaction of VDAC2
with steroidogenic acute respiratory protein (StAR)
also suggests that VDAC2 is involved in cholesterol
import into mitochondria for steroid hormone bio-
synthesis, and in  mitochondria-associated
Endoplasmic Reticulum interaction (Maurya and
Mahalakshmi 2016).

Studies are needed for extracellular mitochondria
and mitovesicles

Extracellular intact mitochondria can be found circu-
lating in the blood, “free” or inside extracellular vesi-
cles (EVs) (Al Amir Dache et al. 2020; Stier 2021).
Interestingly, lysosomal dysfunction leads to increased
secretion of mitochondria-containing EVs during
heart pathophysiology (Liang et al. 2023). In addition,
mitochondrial ROS generated by the electron trans-
port chain contribute to regulate EVs secretion rate
(Norgérd et al. 2023), and mitochondrial dysfunction
contributes to generate a specific subpopulation of



EVs, the mitovesicles, which are mitochondria-
derived EVs that contain multiple mitochondrial pro-
teins (D’Acunzo et al. 2021). However, the functional
role of “free” extracellular mitochondria, mitochon-
dria in EVs and mitovesicles is still debated, including
as possible extracellular signalling organelle, and as
new potential source of ATP to be recruited during
inflammation and in chronic diseases (Al Amir Dache
et al. 2020; Esch et al. 2020; Stier 2021; D’Acunzo et al.
2021). Therefore, due to a lack of data and studies that
are still needed, this review will not focus on extra-
cellular mitochondria and mitovesicles, although
one day soon when the data will be provided, this
review will be of very great interest with greater rea-
soning in physiology and pathology. Intracellular
mitochondria are debated in this review.

Major mitochondria roles

Major mitochondrial roles are summarised in
Figure 1(b). The most well-known roles are the bioe-
nergetic metabolism through the Krebs cycle or
TriCarboxylic Acid (TCA) cycle and the OXPHOS
system for the ATP generation, and the programmed
cell death caspase-dependent and -independent apop-
tosis (Bock and Tait 2020). Mitochondria also play
roles in the biosynthesis of iron-sulphur [Fe-S] clus-
ters and cofactors, the metabolism of amino acids, the
metabolism of lipids, including B-oxidation of long
chain fatty acids (LCFAs) and medium chain fatty
acids (MCFAs), namely the mitochondrial fatty-acid
oxidation (mitoFAQ) to generate acetyl-CoA for the
ATP synthesis (Rouault 2016; Shan and Cortopassi
2016; Lee et al. 2017; Li and Hoppe 2023).
Importantly, mitochondria play roles in the calcium
buffering to handle intracellular calcium levels, the
copper homoeostasis, the iron homoeostasis, the
neglected magnesium and zinc metabolisms, mito-
chondrial permeability transition pore, and the redox
signalling (Hacker and Medler 2008; Ghosh et al. 2014;
Baker et al. 2017; Borchard et al. 2018; Pfanner et al.
2019; Jung et al. 2020; Bernardi et al. 2023). Finally, it
is important to note that mitochondria play a major
role in the dynamics of intracellular metabolites
through mitochondrial carriers (Palmieri 2013;
Palmieri and Monné 2016; Cunningham and Rutter
2020). The next eight sections focus on notable mito-
chondrial roles that should be strengthened.

The mitochondrial permeability transition pore
(mPTP)

Among all the mitochondrial channels, the mPTP,
which is a non-selective and Ca**-dependent mega-
channel, regulates the permeability of the mitochondrial
IM (Halestrap et al. 2002; Bernardi et al. 2015, 2023;
Carraro and Bernardi 2023). To make a short story on
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more than 70 years of discoveries and several thousand
publications, while retaining a flavour of the mPTP,
several non-exhaustive aspects are addressed. First,
mitochondrial matrix pH, membrane potential, qui-
nones and lipids contribute to modulate the mPTP
opening (Nicolli et al. 1993; Bernardi et al. 2015).
Inducers include thiol oxidants and matrix Ca**, and
inhibitors include cyclosporine, which binds matrix
cyclophilin D, Mg2+, Mn?" and adenine nucleotides
(Nicolli et al. 1993; Bernardi et al. 2015). In addition,
mPTP is sensitive to oxidation-reduction events, and
regulates the electron flux within OXPHOS complex I,
therefore linking mPTP with both mitochondrial bioe-
nergetics and the redox system, including at minimum
ROS (Bernardi et al. 2015, 2023). Always open to debate
with different interpretations, including related to the
estimation of the currents crossing the induced mPTP
in different conditions, the precise molecular identity of
the mPTP crystallises the attentions. One interpretation
is a model for the mPTP in which adenine nucleotide
translocator (ANT), VDAC and cyclophilin D are the
key components (Halestrap et al. 2002). Another model
also includes F-ATP synthase, ADP/ATP carriers
(AACs) and mitochondrial phosphate carrier (PiC) as
key components too (Chevrollier et al. 2011; Trisolini
et al. 2021). Finally, it is important to emphasise the
enigmatic dual role of F-ATP synthase and ANT in the
formation of mPTP, in which F-ATP synthase mono-
mers and dimers could be a key element in resolving this
long debate (Nicolli et al. 1993; Giorgio et al. 2013;
Bernardi et al. 2015; Carraro and Bernardi 2023).
Interestingly, still with open questions, MPTP is formed
from and the F-ATP synthase (Giorgio et al. 2013;
Bernardi et al. 2015, 2023; Carraro and Bernardi 2023).
Then, both the number of open pores and the open time
of individual pores influence the consequences of MPTP
opening, from mitochondrial depolarisation to ATP
hydrolysis by the F-ATP synthase, the release of cyto-
chrome C, the generation of at minimum ROS, mito-
chondrial damage and different cell death types
(Bernardi et al. 2015, 2023; Bauer and Murphy 2020;
Carraro and Bernardi 2023). There are still questions
regarding the link between MPTP, apoptosis (Kinnally
et al. 2011; Rodriguez et al. 2021; Bernardi et al. 2023)
necrosis including necroptosis that is a regulated form
of necrosis (Karch et al. 2015), and ferroptosis (Bai et al.
2021). This link between MPTP and cell death types
ultimately positions MPTP as a major gatekeeper
(Kinnally et al. 2011), including with ROS and possibly
other reactive species yet to discover, for different cell
death types that will be discussed in the next section.

The apoptosis-necroptosis-ferroptosis death
triangle

Mitochondria are major regulators of the pro-
grammed cell death apoptosis, including with
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cardiolipin, and both B-cell lymphoma 2 (BCL-2)
effector proteins Bax (Bcl-2 associated X), and Bcl-2
antagonist/killer (BAK) activation and oligomeriza-
tion (Susin et al. 1998, 1999; Gonzalvez et al. 2008; Li
etal. 2015; Lopez and Tait 2015; Bano and Prehn 2018;
Bock and Tait 2020). Apoptosis is characterised by
several events, including the release of cytochrome c,
serine protease high temperature requirement protein
A2 (OMI/HTRA2), apoptosis-inducing factor (AIF),
and endonuclease G (ENDOG), apoptosome forma-
tion, and the nuclear genome destruction (Susin et al.
1998, 1999; Gonzalvez et al. 2008; Li et al. 2015; Lopez
and Tait 2015; Bano and Prehn 2018; Bock and Tait
2020). Classical apoptosis is caspase-dependent with
caspase activation, including caspase 3 and 7 (Barbier
et al. 2009; Brentnall et al. 2013). Importantly, apop-
tosis can also be caspase-independent (Candé et al.
2002). In both forms of apoptosis, the major factor is
AIF (Lorenzo et al. 1999; Candé et al. 2002) which is
also involved in other cell death types such as necrosis
(Boujrad et al. 2007), including necroptosis (Baritaud
et al. 2012), and ferroptosis (Wu et al. 2023). The ROS
hydrogen peroxide (H,O,) is a key inducer of apop-
tosis by inducing mitochondrial membrane disrup-
tion, and by activating key mitochondrial apoptotic
proteins, including Bcl2/adenovirus E1B 19 kDa-
interacting protein 3 (BNIP3), Bax, and Bak
(Alexandre et al. 2006; Li et al. 2012; Galluzzi et al.
2018). Although apoptosis is the most investigated cell
death type regarding mitochondria, more than ten cell
death types are described, including uncontrolled
necrosis, controlled necrosis form necroptosis, and
ferroptosis (Galluzzi et al. 2018; Hadian and
Stockwell 2023). Interestingly, H,O, is a key reactive
species linking apoptosis, uncontrolled necrosis,
necroptosis and ferroptosis (Teramoto et al. 1999;
Saito et al. 2006; Dixon et al. 2012; Stockwell et al.
2017; Galluzzi et al. 2018; Hadian and Stockwell 2023).

Necroptosis, which is induced by H,O,, initiates by
tumour necrosis factor-a (TNFa), kinase receptor-
interacting proteins (RIPK), including RIPK1 and
RIPK3, and is characterised by necrosome formation
(Nakao et al. 2008; Marshall and Baines 2014; Lu et al.
2017; Choi et al. 2019; Deragon et al. 2020; Yin et al.
2020). For example, in human lung fibroblasts, low
concentration of H,0O, less than 100 microM induced
apoptosis, while high concentration from 1mM
induced necroptosis (Teramoto et al. 1999). Another
example in human T-lymphoma Jurkat cells showed
that 50 microM H,0, induced apoptosis through cas-
pase-3/-9 activation, while 500 microM H,0, did not
activate caspase, and induced necroptosis by decreas-
ing intracellular ATP (Saito et al. 2006). Regulation of
intracellular ATP level coupled with H,O, concentra-
tion contributes to determine which cell death type
will be activated (Saito et al. 2006). Finally, impor-
tantly, mitochondrial calcium overload and

accumulation of mitochondrial ROS superoxide anion
(O,7) induce necroptosis (Marshall and Baines 2014;
Lu et al. 2017; Choi et al. 2019; Deragon et al. 2020).
Ferroptosis could also be regulated by mitochon-
dria. Ferroptosis is characterised by the accumulation
of active iron Fe** and H,0,, and cytosolic and mito-
chondrial glutathione peroxidase 4 (GPX4) dysfunc-
tion (Dixon et al. 2012; Stockwell et al. 2017; Gan
2021). Glutathione peroxidase 4 is an antioxidant
defence enzyme which regulates GSH/GSSG system
to reduce polyunsaturated fatty acids (PUFAs) perox-
idation (Dixon et al. 2012; Stockwell et al. 2017; Gan
2021). Ultimately, PUFAs peroxidation and RCS accu-
mulation, including malondialdehyde (MDA), lead to
ferroptosis (Dixon et al. 2012; Stockwell et al. 2017;
Gan 2021). It is important to note that H,O, accumu-
lation can be caused by dysfunction of enzymes that
neutralise H,O,, including GPX and catalase, and by
overactivation of both NADPH-cytochrome P450
reductase (POR) and NADH-cytochrome b5 reduc-
tase (CYB5R1), two enzymes attached to both mito-
chondria and the Endoplamisc Reticulum (ER)
membranes (Dixon et al. 2012; Stockwell et al. 2017;
Srejber et al. 2018; Yan et al. 2021). Mitochondrial O,~
and H,0,, and mitochondrial dihydroorotate dehy-
drogenase (DHODH) and GPX4, two enzymes which
detoxify lipid peroxides, are involved in ferroptosis
regulation (Stockwell et al. 2017; Gan 2021).
Altogether, the most important investigation would
be the role of mitochondria as a nexus linking apop-
tosis, necrosis including necroptosis and ferroptosis,
through (1) different mitochondrial reactive species,
and (2) related redox enzymes that will be discussed.

The mitochondrial protein quality control system

Protein quality control system in mitochondria con-
tributes to maintain healthy mitochondria with both
a mitochondrial network of chaperones and proteases,
and cytosolic proteolytic mechanisms, including ubi-
quitin-proteasome system (UPS), and heat shock pro-
teins (Hsp), such as HSP70 and HSP90 (Bohovych
et al. 2015).

Outer membrane proteins include the E3 ubiquitin
ligase autosomal recessive Parkinson’s disease 2
(PARKIN), ubiquitin ligase activator of NFKBI
(MULAN), membrane-associated ring finger C3HC4
5 (MARCH-V), mitochondrial distribution and mor-
phology 30 (MDM30), PTEN-induced putative kinase
1 (PINK1), mitofusin (MFN), and AAA+ ATPases
associated with various cellular activities mitochon-
drial sorting of proteins 1 (MSP1) (Bohovych et al.
2015). Intermembrane space proteins include HtrA2
serine protease, and ATP synthase 23 (ATP23) metal-
loprotease (Bohovych et al. 2015). Inner membrane
proteins include GTPase (OPA1), i-AAA, inner mem-
brane-embedded AAA protease, overlapping with



mitochondrial AAA m-AAA protease (OMA1) ATP-
independent metalloprotease, presenilin-associated
rhomboid-like serine protease (PARL) protease, and
inner membrane mitochondrial protease (IMP pro-
tease) (Bohovych et al. 2015). Matrix proteins include
chaperones such as HSP10, HSP60, HSP78, mitochon-
drial HSP70 (MTHsp70), presequence metallopepti-
dase  (PreP) metalloprotease, mitochondrial
intermediate peptidase (MIP), mitochondrial proces-
sing peptidase (MPP) protease, several ATP-
dependent serine proteases such as AAA+ serine pro-
tease LON, caseinolytic mitochondrial matrix pepti-
dase chaperone subunit P (CLPP), and Clp subunit
X (CLPX) (Bohovych et al. 2015). Matrix Lon and
CLPX/P proteases, which are protein quality safe-
guards, exert critical role in regulating proteolysis for
mitochondrial proteins involved in mtDNA mainte-
nance and transcription, such as mitochondrial
Transcription Factor A (TFAM), and in OXPHOS
maintenance (Szczepanowska and Trifunovic 2021).

One interesting example is the HtrA serine protease
family, which includes OMI/HTRA2 and HTRA3
(Chatre et al. 2015; Hu et al. 2019; Crochemore et al.
2019). The HTRA2 serine protease is involved in
mitochondria homoeostasis and apoptosis (Hu et al.
2019). In addition, the HTRA3 serine protease,
a cytosolic and mitochondrial protease that is upregu-
lated by the nitroso-redox balance, regulates mito-
chondrial proteins, including (POLG1), and
OXPHOS activity, as it has been demonstrated in the
progeroid Cockayne syndrome (Chatre et al. 2015).
Replicative P21-dependent senescence associated
with mitochondrial impairment is also regulated by
HTRA3 (Crochemore et al. 2019).

Finally, the mitochondrial protein quality control
system contributes to mitochondrial unfolded protein
response (MT UPR), a response to mitochondrial pro-
teotoxic stress (Jovaisaite et al. 2014). In mammals,
activating transcription factor 5 (ATF5) regulates MT
UPR function to maintain mitochondrial homoeosta-
sis and bioenergetic metabolism during mitochondrial
stress (Fiorese et al. 2016). Activation of the MT UPR
with mitochondrial chaperones, including HSP70, and
proteases, including LON protease, is involved in
longevity, in cardioprotection, and in ameliorating
neurodegenerative diseases, including Alzheimer’s
disease and Parkinson’s disease (Zhu et al. 2021; Gu
et al. 2021; Wang et al. 2022). Dysfunction of MT UPR
aggravates heart diseases by deregulating proteostasis,
and contributes to inflammation, and cancer (Zhu
et al. 2021; Gu et al. 2021; Wang et al. 2022). Finally,
MT UPR and mitochondrial protein import system
are suggested to be synchronised to avoid proteotoxi-
city, and to enhance oxidative capacity (Richards et al.
2022). Together, regulation of mitochondrial protein
import and folding, proteolysis of mitochondrial pro-
teome, proteotoxic stress response, and OXPHOS
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maintenance make this system as a major one to
further investigate (Song et al. 2021).

The mitochondrial calcium homeostasis

Mitochondria are important regulators of many cal-
cium-dependent intracellular functions by buffering,
sequestering, and releasing calcium ions (Giorgi et al.
2018). In resting conditions, mitochondrial Ca®* con-
centration is 100-200 nM as cytoplasm, while mito-
chondria can accumulate 10- to 20-fold more Ca**
than cytoplasm during calcium stimulation (Giorgi
et al. 2018). Through mitochondrial Ca** uniporter
(MCU) complex, mitochondria capture calcium ions
from cytosolic and the ER sources (De Stefani et al.
2011; Baughman et al. 2011). In addition, the role of
VDACs in mitochondrial Ca** uptake is much more
complex than expected (Sander et al. 2021). In addi-
tion, VDAC posttranslational modification, lipidic
environment, including with phosphatidylethanola-
mine (PE) and cardiolipin, protein partners, and sub-
cellular localisation in Ca** microdomains are now
being discussed as a complex physiological regulator
of mitochondrial Ca®* (Sander et al. 2021).
Mitochondrial activity, which is reflected by mito-
chondrial membrane potential, is an active force for
Ca”" uptake, while mitochondrial Na*/Ca** exchanger
(MT NCX) and mitochondrial H*/Ca** exchanger
(MT HCX) mainly contribute to mitochondrial cal-
cium ions efflux (Giorgi et al. 2018; Garbincius and
Elrod 2022). During oxidative distress, hypoxia, and
inflammation, MCU complex are targeted by ROS,
and pro-apoptotic BCL2-family proteins interact
with VDACI1 and VDACS3, thus linking mitochondrial
calcium homoeostasis with oxidative distress and
apoptosis (Baughman et al. 2011; Giorgi et al. 2018).
In addition, mitochondrial Ca®" influx and efflux con-
tribute to remodel intracellular Ca®>* dynamics and
signalling, including in the ER, the major calcium
ions storage site (Giorgi et al. 2018; Garbincius and
Elrod 2022). Moreover, mitochondrial Ca** buffering
contributes to maintain basal intracellular Ca** level,
and to limit glutamate excitotoxicity (Rueda et al.
2016; Angelova et al. 2019; Verma et al. 2022).
Finally, what makes the story more attractive is that
calcium ions are involved in apoptosis, necroptosis,
autophagy, insulin secretion, heart activity, inflamma-
tion, cancer, neuronal activity, stroke, neuromuscular
disorders, and neurodegeneration (Giorgi et al. 2018;
Garbincius and Elrod 2022; Rodriguez et al. 2022).

The mitochondrial copper homeostasis

Mitochondria also contain key cuproenzymes
involved in bioenergetics such as cytochrome
¢ oxidase (COX) from the OXPHOS system, and in
the redox system such as the superoxide dismutase 1
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(SOD1) (Hilton et al. 2018; Zischka and Einer 2018).
Cuproenzymes are metalloenzymes whose essential
cofactor is copper (Cu®*) (Hilton et al. 2018). Copper
dysregulation within mitochondria can cause mito-
chondrial disorders, given that mitochondria are
a major copper storage site (Baker et al. 2017; Garza
et al. 2023). These mitochondrial disorders include
encephalopathy, cardiomyopathy, hepatopathy, the
Menkes disease with neurodevelopment defects, and
the Wilson disease with psychiatric symptoms, hepa-
tomegaly and kidney dysfunction (Baker et al. 2017;
Zischka and Einer 2018; Garza et al. 2023). Making
this so neglected long story short, copper imbalance is
also associated with neurodegeneration, including
Alzheimer’s disease, Parkinson’s disease and amyo-
trophic lateral sclerosis, and cancer, including the tri-
ple negative breast cancer (Giampietro et al. 2018;
Ruiz et al. 2021; Cui et al. 2021). Interestingly, the so-
called metformin, which inhibits OXPHOS complex
I and that is used as first-line antidiabetic agent and
explored as potential agent against neurodegenerative
diseases, induces ROS-mediated oxidative distress by
targeting mitochondrial copper through direct bind-
ing in cancer cells (Miiller et al. 2018). On one hand,
intervening in copper homoeostasis with Cu** over-
load triggers apoptosis, necroptosis, ferroptosis and
cuprotosis, a copper-dependent form of cell death
characterised by copper binding to lipoylated proteins
involved in the TCA cycle, and iron-sulphur cluster
protein loss (Tsvetkov et al. 2022; Tang et al. 2023). On
the other hand, Cu** overload drives inflammation
through ROS H,0, accumulation, NAD" mainte-
nance and epigenetic changes including in macro-
phages, which ultimately suggests that Cu** overload
is harmful for the immunity during infections and
cancer (Solier et al. 2023). Altogether, the tight mito-
chondrial copper balance requires more investigation
in physiology and pathology.

The mitochondrial other divalent ions
homeostasis: iron, magnesium and zinc

Iron, magnesium and zinc are the three divalent ions
that require more studies including mitochondria. First,
in its forms Fe?", in haem and in [Fe-S] cluster, iron is
a major divalent ion involved in OXPHOS function
through cytochrome oxidase and the TCA cycle, and
ferroptosis activation (Dixon et al. 2012; Zhang et al.
2022). Complexes I, I and IIT from OXPHOS use more
than ten [Fe-S] clusters (Rouault 2016). Iron deficiency
is associated with altered glucose metabolism through
hyperglycaemia, and altered lipid metabolism through
hyperlipidaemia. Iron overload is associated with
reduced glucose uptake, ROS-mediated oxidative dis-
tress, dysregulated autophagy and insulin resistance
(Zhang et al. 2022). Notable proteins involved in iron
metabolism are iron regulatory protein (IRP), ferritin,

mitoferrins, and frataxin (Rouault 2016). Interestingly,
many focus are on frataxin, a mitochondrial matrix
protein that is essential for [Fe-S] cluster formation
(Anzovino et al. 2014). Frataxin deficiency causes the
inherited neurodegenerative disorder Friedreich’s
ataxia (FRDA) characterised by iron overload, ROS-
mediated oxidative distress, accumulation of lipid dro-
plets, mitochondrial dysfunction, and dysregulation of
ferroptosis (Li et al. 2020; Lynch and Farmer 2021).
Ultimately, FRDA is characterised by both hyper-
trophic cardiomyopathy and neurodegeneration,
which cause early death, and promising therapies
focus on both ferroptosis inhibitor and iron chelator
(Anzovino et al. 2014; Lynch and Farmer 2021). Finally,
accumulation of mitochondrial labile iron in FRDA
increases the sensitivity of skin fibroblast to UVA,
which triggers oxidative distress damage, mitochon-
drial dysfunction with OXPHOS downregulation, and
skin alteration (Reelfs et al. 2019). Then, the other so
neglected divalent ion is magnesium (Mg*), the main
intracellular antagonist of calcium by regulating mito-
chondrial VDAC (Pilchova et al. 2017). Mitochondria
are an intracellular Mg** storage site that is also stored
in the ER (Pilchova et al. 2017). Many bioenergetic
proteins are sensitive to magnesium, including glycoly-
tic hexokinase and pyruvate kinase, and mitochondrial
enzymes, including Krebs cycle enzymes isocitrate
dehydrogenase (IDH) and 2-oxoglutarate dehydrogen-
ase complex (OGDH) and OXPHOS complex V Fy/F;-
ATPase (Pilchova et al. 2017). Finally, it is important to
note that magnesium also contributes to regulate apop-
tosis (Pilchova et al. 2017). The last so neglected diva-
lent ion is zinc (Zn**) that is required for many
intracellular functions, including DNA synthesis, mito-
sis, apoptosis, and the antioxidant activity of SOD1 (Lu
et al. 2016). Free chelatable zinc is found in the ER, the
Golgi apparatus and mitochondria (Lu et al. 2016).
Altered zinc homoeostasis is associated with neurode-
generative diseases such as Alzheimer’s disease and
Parkinson’s disease, type 2 diabetes, and Crohn’s dis-
ease (Lu et al. 2016). Zinc supplementation improves
SOD activity, intracellular pyruvate transport, Krebs
cycle [Fe-S] enzyme succinate dehydrogenase subunit
B (SDHB) and remodels the OXPHOS complex I to
restore mitochondrial function in immortalised human
embryonic kidney cells HEK293 (Yang et al. 2017).
Finally, zinc supplementation can also restore cardiac
function by improving mitochondrial respiration and
by reducing mitochondrial ROS generation in a model
of reperfusion post-ischaemia in isolated rat heart
(Zhang et al. 2018). Altogether, this ionome platform
composed of calcium, copper, iron, magnesium and
zinc would be of great interest in mitochondria physiol-
ogy and pathology, which requires many studies
including all the five notable divalent ions together
with their interactions with bioenergetics and the
redox system.



The mitochondrial metabolome

Another level to take care is the mitochondrial meta-
bolome. Finding metabolomic signatures in physiol-
ogy, including during ageing (Adav and Wang 2021),
and pathology, including in cancer (Pandey et al.
2017) and in neurodegenerative diseases (Novotny
et al. 2023), contributes to reveal new molecular path-
ways and networks (Gucek and Sack 2021).
Mitochondrial metabolomics allow extraction, detec-
tion, and data analysis for many mitochondrial meta-
bolites such as amino acids, organic acids, nucleotides
and cofactors, and their involvement in metabolisms,
including energy metabolism, lipid metabolism,
amino acid metabolism, carbohydrate metabolism,
and cofactor metabolism (Go et al. 2014). Non-
exhaustively, this section discusses several examples
of how mitochondrial metabolome is so important to
study. For example, metabolomic analysis of different
mitochondrial diseases in patients, including with
deficiency in OXPHOS complex I and III, Kearns-
Sayre syndrome with mtDNA deletion, Pearson syn-
drome with mtDNA deletion, and Leigh syndrome
showed that urine lactate as well as most of the
Krebs/TCA cycle intermediates were not useful to
discriminate between different mitochondrial disor-
ders (Barshop 2004). Only fumarate and malate
allowed some discriminations still with no clear meta-
bolomic signature (Barshop 2004).

Another example is for the role of amino acid in
mitochondria, whose excess induces the formation
of mitochondrial-derived compartments, including
with major metabolite exchangers through mito-
chondrial IM (Schuler et al. 2021; Li and Hoppe
2023). The activation of mammalian target of rapa-
mycin (mTOR) by amino acid prevents oxidative
distress-mediated mitochondrial damage and inhi-
bits autophagy (Meijer et al. 2015; Tedesco et al.
2020; Li and Hoppe 2023). The TCA cycle is
involved in anabolism and catabolism of amino
acid, which links bioenergetics and amino acid
metabolism in mitochondria (Ryan et al. 2021; Li
and Hoppe 2023). Moreover, inhibition or disrup-
tion of the TCA cycle contributes to alter amino acid
metabolism and to activate a response to amino acid
deprivation (Ryan et al. 2021; Li and Hoppe 2023).
Genetic ablation of TCA cycle enzyme fumarase and
succinate dehydrogenase induces an increase in sev-
eral amino acid, including serine and asparagine
(Ryan et al. 2021; Li and Hoppe 2023). In addition,
mitochondrial glutamate metabolite related to glu-
tamine metabolism and glutaminase activity, is
involved in OXPHOS activity, mitochondrial
nucleotide pool maintenance with NAD"/NADH
and NADP+/NADPH (NAD phosphate), and anti-
oxidant glutathione GSH/GSSG system regulation
(Yoo et al. 2020). Reactive oxygen species are
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regulated by glutamine metabolism through GSH/
GSSG system (Yoo et al. 2020). Glutamate affects
other metabolites such as pyruvate, lactate, 2-keto-
glutarate, and Krebs cycle intermediates, an exacer-
bated effect during hypoxia (Yoo et al. 2020).
Moreover, from glutamine metabolism, several
oncometabolites are of interest, including a-KG,
R-2-hydroxyglutarate (R-2-HG), succinate, and
fumarate (Yoo et al. 2020). Metabolic reprogram-
ming is induced by glutamine and derived metabo-
lites, which makes this metabolism of interest to
target in mitochondria, including in cancer (Yoo
et al. 2020). It is important to note that glutamate
is a powerful neurotransmitter as gamma aminobu-
tyric acid (GABA) neurotransmitter (Hillen and
Heine 2020). Moreover, without mentioning all the
amino acids, biosynthesis of mitochondrial aspar-
tate, whose deficiency alters the regeneration of
NAD™" and induces inflammation (Wu et al. 2021),
is supported by the TCA cycle (Sullivan et al. 2015;
Alkan and Bogner-Strauss 2019) and many amino
acids, including aspartate, serine, phenylalanine,
isoleucine, valine, methionine, histidine, glutamate
and arginine are converted to TCA cycle metabolites
(Hara et al. 2021).

Last example is for nucleotide. In HEK293 cells,
during a study looking for an association between
mtDNA replication activation and mitochondrial meta-
bolites dysregulation in an induced metabolic stress
condition with glycolytic inhibitor 2-deoxyglucose,
nucleotides and nicotinamide adenine dinucleotide
(NAD") were identified as important metabolites
(Nomiyama et al. 2022). Supplementation with
a precursor of NAD", namely B-nicotinamide mono-
nucleotide (f-NMN), induced an increase in nucleo-
tides and improved the rate of mtDNA replication
(Nomiyama et al. 2022). Metabolomic analysis in the
context of diabetic kidney disease also reveals that many
metabolites, including uric acid, stearic acid, palmitic
acid, aconitic acid, isocitric acid, 4-hydroxybutyrate,
and glycolic acid, are involved in mitochondrial and
fatty acid metabolism (Li et al. 2017). Metabolomic
studies contribute to improve the understanding of
mitochondrial dysfunction, including in mitochondrial
diseases (Esterhuizen et al. 2017). Specific metabolites,
such as NAD'/NADH, acetyl-CoA, succinate, citrate,
lactate, pyruvate, fumarate, malate, and 2-ketoglutarate
are identified as key metabolites to track, and to reg-
ulate in mitochondrial diseases, and related pathways,
including energy metabolism and cell death
(Esterhuizen et al. 2017). It is important to remember
that mitochondrial Krebs cycle metabolites, including
acetyl-CoA, fumarate, succinate, a-ketoglutarate (a-
KG), methionine, S-adenosylmethionine (SAM) and
S-adenosylhomocysteine (SAH) are critical regulators
of the epigenome, including through chromatin mod-
ifications, and DNA methylation (Martinez-Reyes and
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Chandel 2020; Santos 2021; Morin et al. 2022). Acetyl-
CoA, whose major source is mitochondria, and NAD"
also affect histone acetyltransferase activity, and histone
deacetylase complex, thus histone acetylation and gene
expression (Lozoya et al. 2019; Zhu et al. 2020; Morin
et al. 2022). Altogether, linking metabolomics studies
with mitochondrial function, and focusing on key
metabolites, including Krebs cycle intermediates,
should reveal new mitochondrial roles.

The mitochondrial carriers

Finally yet importantly, there is a world within the
world of mitochondrial metabolites and ions which
already has its reviews and which in this paragraph is
discussed with some examples. It is the world of the
mitochondrial carriers (MCs), which has all its impor-
tance in this review with a future scope not to be
neglected. More than 50 MCS are characterised for
this superfamily of intracellular membrane transporters
with implications in physiology and diseases (Palmieri
2013; Palmieri and Monné 2016; Cunningham and
Rutter 2020; Ruprecht and Kunji 2020). Multiple path-
ways regulate MCs, from carrier gene expression with
transcriptional regulation to changes in driving forces,
kinetic parameters, concentrations of substrates and
ions dynamics, and interactions with activators and
inhibitors (Palmieri and Monné 2016). In mammals,
the vast majority of MCs are members of the solute
carrer family 25 (SLC25) (Palmieri 2013; Palmieri and
Monné 2016). Non-exhaustively, the SLC25 family
includes dicarboxylate carriers (SLC25A10; DIC) that
transport malate, succinate, malonate, Pi, sulphite, sul-
phate and thiosulphate, ornithine carriers (SLC25A15/
2; ORC1-2) that transport ornithine, citrulline, arginine
and lysine for ORC1 and ORC2, and in addition histi-
dine and homoarginine for ORC2, and thiamine pyr-
ophosphate carriers (SLC25A19; TPC) that transport
desoxynucleoside diphosphates (dINDPs), ADP, GDP,
CDP and UDP (Palmieri 2013; Palmieri and Monné
2016). The SLC25 family also includes
S-adenosylmethionine carriers (SLC25A26; SAMC)
that transport S-adenosylmethionine (SAM) and
S-adenosylhomocysteine (SAHC), and oxodicarboxy-
late carriers (SLC25A21; ODC) that transport 2-oxodi-
pate, 2-oxoglutarate, 2-aminoadipate and citrate
(Palmieri 2013; Palmieri and Monné 2016). Adenine
nucleotide transporters (SLC25A4/5/6; ANT1-3) trans-
port ADP and ATP, ATP-Mg/phosphate carriers
(SLC25A24/23/25/41; APC1-4) exchange ATP-Mg for
Pi, and also transport ADP and AMP, ADP/ATP car-
rier isoform 4 (SLC25A31; AAC4) transports ADP,
ATP, dADP and dATP, mitoferrin 2 (SLC25A28;
MFRN2) transports Fe**, and four-carbon metabolite/
phosphate carrier (SLC25A7/8/9; UCP1-3) transports
aspartate, malate, malonate, oxaloacetate, Pi+H" and
sulphate+H" (Palmieri 2013; Palmieri and Monné

2016). Interestingly, carnitine/acylcarnitine carrier
(SLC25A20; CAC) that transports carnitine and acyl-
carnitine, is considered as redox sensor through its
interactions with thiol-reactive compounds glutathione
GSH and GSSG, GSH being activator and GSSG inhi-
bitor of CAC activity, and is inhibited by ROS H,O,,
RNS NO and RSS H,S (Palmieri and Monné 2016;
Tonazzi et al. 2021). Another example is the citrate
carrier (SLC25A1; CIC), which transports citrate, iso-
citrate, malate and phosphoenolpyruvate, that is critical
for the export of citrate from the Krebs cycle to the
cytosol that will be further used by pathways involved
in oxaloacetate and acetyl-CoA synthesis, as well as in
malate import into mitochondria, which is ultimately
the citrate-malate shuttle (Palmieri 2013; Palmieri and
Monné 2016; Guo et al. 2023). The mitochondrial
import of malate is also coupled to the export of aspar-
tate, which is the malate-aspartate shuttle, a so impor-
tant shuttle involved in the NAD"/NADH system, the
Krebs cycle, glycolysis, and de novo serine biosynthesis
(Guo et al. 2023; Mh et al. 2023). Back to aspartate,
aspartate-glutamate carriers (SLC25A12/13; AGCl1-2)
exchange aspartate for glutamate and cysteine sulpho-
nate, and glutamate carriers (SLC25A22/18; GC1-2)
transport glutamate (Palmieri 2013; Palmieri and
Monné 2016). Here again, interestingly, glutamate
transport into and out mitochondria is increasingly
investigated, as glutamate is a powerful neurotransmit-
ter as gamma aminobutyric acid (GABA) neurotrans-
mitter (Hillen and Heine 2020). Mitochondrial
dysfunction, neuronal activity disturbance, global cere-
bral hypomyelination, neonatal intrahepatic cholestasis
and early infantile epileptic encephalopathy are induced
by AGC and GC dysregulation (Wibom et al. 2009;
Fiermonte et al. 2011; Lemattre et al. 2019; Hillen and
Heine 2020). In GABAergic neurons, mitochondrial
OXPHOS hyperactivity induces GABA neurotransmit-
ter accumulation into mitochondria due to Aralar activ-
ity, which contributes to social behavioural deficits
(Pardo et al. 2013; Kanellopoulos et al. 2020; Zhang
et al. 2020). More largely, from the superfamily
SLC25, MCs dysfunction and deficiency affect the
Krebs cycle, the urea cycle, fatty acid synthesis,
OXPHOS, mtDNA transcription and replication, acet-
ylation of proteins, gluconeogenesis, necrosis and the
RSS metabolism (Palmieri 2013; Palmieri and Monné
2016; Cunningham and Rutter 2020). Finally, it is just
as important to mention four MCs who are not mem-
bers of the SLC25 family. The ATP-binding cassette
subfamily B (ABCB) transporters transport iron, nutri-
ent and other unknown substrates, and sideroflexins
transport serine and possibly other substrates impor-
tant for OXPHOS complex I (Cunningham and Rutter
2020). Then, the transport of cytosolic pyruvate into the
mitochondria is provided by the mitochondrial pyru-
vate carriers (MPCI1-2), which is a crucial step for the
whole  mitochondrial  bioenergetics  function



(McCommis and Finck 2015; Cunningham and Rutter
2020). This MC is a gatekeeper for pyruvate entry to
take care given that alteration of this carrier impacts on
mitochondrial function, gluconeogenesis, the regula-
tion of blood glucose levels, and is associated with
diabetes and cancer (Bender and Martinou 2016). Last
but not least, the mitochondrial calcium uniporter
channel (MCU) is of great importance given that mito-
chondrial Ca** uptake is provided by MCU (Kamer and
Mootha 2015; Alevriadou et al. 2021). Interestingly
MCU, which is a redox sensor with at miminum ROS
H,O,, interacts with the MC APC2 (SLC25A23), car-
diolipins, is involved in mitochondrial respiration, and
cell death including apoptosis, necrosis and ferroptosis
through Ca®" dynamics (Kamer and Mootha 2015;
Alevriadou et al. 2021). To close this short loop, once
again, MCs are regulated by many factors including
ions Ca** and Mg**, ATP, and reactive species with at
minimum ROS whose oxidation can impair their car-
rier function (Palmieri and Monné 2016; Palmieri 2013;
Cunningham and Rutter 2020; McCommis and Finck
2015; Kamer and Mootha 2015).

Interactions between mitochondria and other
organelles

Mitochondria interact with other organelles using
membrane contact sites, vesicle transport, and mole-
cules transduction for many functions, including bioe-
nergetic metabolism, immune response, cell death,
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organelle biogenesis, lipid biosynthesis and exchange
including PS (phosphatidylserine), cholesterol meta-
bolism, and nuclear DNA function (Xia et al. 2019).
Several notable interactions are discussed in the next
four sections (Figure 2).

Mitochondria and the Endoplasmic Reticulum

Mitochondria interact with the ER using stable close
membrane contact sites called mitochondria-
associated ER membranes (MAMs), a maintained
interaction during ER movement along the cytoskele-
ton (Xia et al. 2019; Gordaliza-Alaguero et al. 2019;
Gao et al. 2020). The MAMs contain many proteins,
including VDACs, MFN, inositol 1,4,5 triphosphate
receptor (IP3R), BCL-2 proteins, glucose-regulated
protein 75 (GRP-75/MORTALIN/MTHSP70), ER
BiP (HSP70 member 5, GRP78), and ER
Sarcoplasmic/ER calcium ATPase (SERCA) (Xia
et al. 2019; Gordaliza-Alaguero et al. 2019; Gao et al.
2020; Cheema et al. 2021). Mitochondria-ER contact
sites are involved in Ca** exchange, enzymes involved
in lipid biosynthesis, including PS and phosphatidy-
lethanolamine (PE), cholesterol transport, apoptosis
control, including ER stress-mediated apoptosis, the
ER stress response called unfolded protein response
(UPR), insulin signalling, and glucose tolerance (Xia
et al. 2019; Gordaliza-Alaguero et al. 2019; Gao et al.
2020; Cheema et al. 2021). In addition, mitochondria-
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Figure 2. Interplay between mitochondria and key organelles. Key interactions between mitochondria and other organelles are
summarized with their functions. ER, Endoplasmic Reticulum; FAs, fatty acids; mtDNA, mitochondrial DNA; nDNA, nuclear DNA;

UPR, unfolded protein response.
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ER contact sites where mitochondrial division occurs,
coordinate mtDNA replication with mitochondrial
division, and promote mtDNA translocation to new
mitochondria (Friedman et al. 2011; Lewis et al. 2016;
Qin et al. 2020). Finally, mitochondria also commu-
nicate with the Golgi apparatus, in close contact with
the ER, the precise communication being unclear, and
possibly dependent on Ca** homoeostasis (Gordaliza-
Alaguero et al. 2019).

Mitochondria, peroxisome and lipid droplets

Mitochondria interact with the single membrane-bound
peroxisomes, which are involved in many pathways,
including a- and B-oxidation of very long chain fatty
acids (VLCFAs) to generate MCFAs, ROS H,0, and
acetyl-CoA, glyoxylate metabolism, amino acid regulation,
and antioxidant defence through catalase (Shai et al. 2016;
Xia et al. 2019; Tanaka et al. 2019; Guillén-Samander et al.
2021). Peroxisomal membrane contains “mitochondrial-
like” solute carrier family transporters, including SLC16
and SLC27, for metabolites and essential cofactors includ-
ing CoA, NAD", NADP", FAD, FMN and ATP used for
the P-oxidation of fatty acids (Chornyi et al. 2021).
Peroxisomal integrity maintenance through mitochondria
close interaction is essential (Shai et al. 2016; Xia et al.
2019). Mitochondria contribute to the formation of per-
oxisomes, including through peroxisome proliferator-
activated receptors (PPARs), and the transcription factor
peroxisome proliferator-activated receptor gamma coacti-
vator-la (PGC-la), which modulates antioxidant
enzymes, peroxisomal and mitochondrial biogenesis and
functions (Peeters et al. 2015; Xia et al. 2019). Peroxisomes
can fuse and divide, and are degraded in a lysosomal
manner, called pexophagy, a process that is regulated by
mitochondrial OM E3-ubiquitin ligase Membrane-
associated RING-CH protein V (MARCHS5) (Xia et al.
2019; Zheng et al. 2021). Mitochondria-peroxisomes inter-
action occurs with peroxisomal proteins, including per-
oxin-11 (PEX11) that binds to mitochondrial MDM34
protein (Xia et al. 2019). Mitochondria-peroxisomes inter-
action also occurs using vesicular transport, and diffusion
of reactive species, including ROS, and metabolites, includ-
ing fatty acids and acetyl-coA (Xia et al. 2019; Wang et al.
2022). Alteration of peroxisome functions impact on mito-
chondrial functions (Peeters et al. 2015; Tanaka et al. 2019;
Xia et al. 2019). In addition, both peroxisomes and mito-
chondria interact with lipid droplet for fatty acids and
antioxidant enzyme dynamics (Shai et al. 2016; Ravi et al.
2021). Mitochondria actively interact with lipid droplet for
fatty acid biosynthesis, including triacylglycerol (TAG),
and ATP generation (Gordaliza-Alaguero et al. 2019).
This interaction, which is dependent on nutrient availabil-
ity, impacts on fatty acid metabolism, mitochondrial
dynamics, and bioenergetic metabolism (Gordaliza-
Alaguero et al. 2019).

Mitochondria and lysosome

Lysosomes actively degrade mitochondrial proteins
and damaged mitochondria (Todkar et al. 2017;
Gordaliza-Alaguero et al. 2019; Deus et al. 2020).
The mitochondria-lysosomes crosstalk affects both
mitochondrial and lysosomal functions, including
through lysosomal small GTPase RAB5 and RAB7
(ras-related protein), mitochondrial fission 1 (FIS1)
and MFN2, and calcium exchange (Todkar et al.
2017; Gordaliza-Alaguero et al. 2019; Deus et al.
2020). This interaction, which could play a role in
autophagy, is dependent on glucose, nutrient availabil-
ity, and mammalian target of rapamycin (mTOR
response) (Todkar et al. 2017; Gordaliza-Alaguero
et al. 2019; Deus et al. 2020). Interestingly, peroxi-
somes also communicate with lysosomes for choles-
terol metabolism (Shai et al. 2016).

Mitochondria and the nucleus

The mitochondrial genome is only coding for 13 pro-
teins of OXPHOS, 2 ribosomal RNAs, and 22 transfer
RNAs (Ricchetti 2018; Xia et al. 2019). All the other
mitochondrial proteins are encoded by the nuclear
genome, including RNA polymerase mitochondrial
(POLRMT), POLG1/2 mtDNA polymerase subunits,
mitochondrial transcription factor A (TFAM), PGC-
la, and the key antioxidant defence and OXPHOS
modulator nuclear factor, erythroid 2-related factor 2
transcription factor (NRF2) (Xia et al. 2019). Linked to
a transitory giant mitochondrial tubular network for
high ATP generation, mitochondrial DNA transcrip-
tion and initiation of replication are prevalently coor-
dinated with nuclear DNA synthesis phases, which
includes a mtDNA replication and transcription pause
during S-phase of the cell cycle (Chatre and Ricchetti
2013). Dysfunctional crosstalk between the nucleus and
mitochondria induces bioenergetic metabolism altera-
tions, oxidative distress with DNA damage in both
organelles, calcium overload, and mTOR pathway dis-
turbance (Guaragnella et al. 2018; Xia et al. 2019).
Noncoding RNAs, including long noncoding RNAs
(IncRNAs), produce both by the nuclear genome and
mtDNA are part of the communication between the
two organelles, for mitochondrial stability, apoptosis,
and nuclear genome reprogramming (Xia et al. 2019).
In addition, it is important to note that nuclear-
encoded microRNAs modulate mitochondrial respira-
tion (Xia et al. 2019). Moreover, mitochondrial DNA
fragments named nuclear DNA sequences of mito-
chondrial origin (NUMTS) colonise the nuclear gen-
ome (Ricchetti et al. 2004; Chatre and Ricchetti 2011).
Nuclear DNA methylation by DNA methyltransferases
(DNMTs), including DNMT1 and DNMTS3, affects
mitochondria through methylation of genes involved
in mitochondria homoeostasis, including PGC-1a, in



mtDNA, including POLG1, and in OXPHOS, including
NADH:ubiquinone oxidoreductase subunit (NDUEF),
ubiquinol-cytochrome ¢ reductase core protein 2
(UQCR2) for complex III, and cytochrome c oxidase
subunit 7B (COX7B) for complex IV (Lopes 2020).
Mitochondrial DNA is also methylated, including by
the unique mitochondrial DNMT], but the functional
role remains unclear (Lopes 2020). Interestingly, several
vitamins play roles in both mitochondria and the
nucleus (Janssen et al. 2019). For example, B-vitamins,
including thiamine (B1), riboflavin (B2), niacin (B3),
pantothenate (B5) and pyridoxal phosphate (B6) are
involved in the TCA cycle than OXPHOS, by contri-
buting to the biosynthesis of flavin adenine dinucleo-
tide (FAD) and flavin mononucleotide (FMN), and by
regulating many redox reactions such as antioxidant
GSH/GSSG system, NAD"/NADH system, NADP"/
NADPH system and the biosynthesis of [Fe-S] bio-
synthesis (Janssen et al. 2019). In addition, B-vitamin
B9/B11 is involved in folate metabolism (Janssen et al.
2019). The hypoxia response Hypoxia-inducible factor
1 (HIF-1) transcription factor, as well methylation and
demethylation of DNA and histones are regulated by
B-vitamins, including B2, B6 and cobalamin (B12), by
affecting HIF-1 stability, ten-eleven translocation
family of DNA demethylase (TET demethylase) regula-
tion, and histone lysine demethylase (KDM demethy-
lase) regulation respectively (Janssen et al. 2019).
Histone acylation is also modulated by histone acetyl-
transferase (HAT) and lysine acetyltransferase (KAT)
fuelled by mitochondria-derived acetyl-coA, and by
sirtuin deacetylases, which are dependent on B3 vita-
min (Janssen et al. 2019). Modulation of mitochondrial
respiration by B3 for OXPHOS complex I, and B2 for
OXPHOS complex II, affects mitochondrial ROS gen-
eration, and oxidative distress that will further affect
nuclear DNA stability and function (Janssen et al.
2019). Moreover, during oxidative distress, accumula-
tion of mouse double minute 2 (MDM?2) into mito-
chondria, which is an oncoprotein that regulates
nuclear transcription factors including tumour protein
P53, reduces the generation of mtRNA NADH-
dehydrogenase 6 (ND6), alters OXPHOS complex
I function, and induces mitochondrial ROS generation
(Arena et al. 2018). In addition, storkhead box 1
(STOX1) winged-helix transcription factor, whose
accumulation causes human gestational disease pre-
eclampsia characterised by hypertension, proteinuria,
and cardiac hypertrophy, induces a switch of the
nitroso-redox balance from ROS H,0, to RNS
ONOO7, and promotes mitochondrial hyperactivity at
20% O, and in hypoxia in trophoblast cells (Doridot
et al. 2014). The STOX1 effects in vitro and in vivo are
successfully counteracted by supplementation in nitric
oxide synthase cofactor tetrahydrobiopterin (BH4),
which also restores gestational tension and cardiac
function (Chatre et al. 2022). Finally, mitochondrial
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dysfunctions alter telomere stability in the nuclear gen-
ome, and TERT (telomerase reverse transcriptase),
which cycles between mitochondria and the nucleus,
with a possible mitochondrial telomere-independent
function of telomerase, positively regulates mitophagy
through PINK1 modulation (Zheng et al. 2019; Shin
and Chung 2020). Upon oxidative distress in cancer
cells, including ROS accumulation, over translocation
of TERT into mitochondria could contribute to reduce
mtROS generation, and prevent nuclear DNA damage
and apoptosis (Singhapol et al. 2013). Another example
is the nuclear-encoded ENDOG, which degrades
nuclear DNA during apoptosis, that removes damage
mtDNA, and that stimulates mtDNA replication initia-
tion (Wiehe et al. 2018). Altogether, many different
ways for mitochondria-nucleus communication.

What makes this story more interesting is the invol-
vement of ROS, and more largely, of the reactive
species, including mitochondrial reactive species, at
all discussed levels.

The reactive species interactome

The concept of the Reactive Species Interactome (RSI) is
the interaction between ROS, RNS, RSS, RCS, notable
redox enzymes and their downstream biological targets
(Sies 2015; Cortese-Krott et al. 2017, 2020; Bourgonje
et al. 2020; Malard et al. 2021) Figure 3(a). Originally
defined as a redox system, the RSI could be at the heart of
the redox interactome, and requires investigation to be
fully demonstrated in physiology and pathology
(Cortese-Krott et al. 2017, 2020; Santolini et al. 2019;
Bourgonje et al. 2020; Malard et al. 2021). To overview,
the ROS metabolism initiates from the precursor O, to
form O, -derived reactive species (Chen et al. 2009;
Hayyan et al. 2016; Sies and Jones 2020) including H,
O, (Sies 2020), and notable ROS enzymes are cytosolic
and mitochondrial SODs that metabolise O, to generate
H,0, (Fukai and Ushio-Fukai 2011), peroxisomal cata-
lase that metabolises H,O, to generate water and O,
(Glorieux and Calderon 2017), peroxisomal xanthine
oxidoreductase (XOR) that generates both O, and H,
O, from O, (Bortolotti et al. 2021), and myeloperoxidase
(MPO) that metabolises H,O, with CI™ to hypochlorous
acid (HOCI) (Ray and Katyal 2016). The RNS metabo-
lism generates nitric oxide (NO)-derived reactive species
(Farah et al. 2018), including toxic peroxynitrite
(ONOO") (Bartesaghi and Radi 2018), nitrite (NO,")
(Castiglione et al. 2012) and nitrate (NO;~) (Feelisch
2012), and the notable RNS enzyme is nitric oxide
synthase (NOS) with neuronal NOS (nNOS), endothelial
NOS (eNOS) and inducible NOS (iNOS) (Roe and Ren
2012; Forstermann and Sessa 2012; Hong et al. 2021).
The RSS metabolism, which depends on cysteine meta-
bolism, generates hydrogen sulphide (H,S)-derived reac-
tive species (Cao et al. 2019; Olson 2020) including
polysulphides H,S, (Olson 2018), through many RSS
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Figure 3. (a) key reactive species from the reactive species interactome. Major reactive species are presented for each family.
Reactive species target mostly any intracellular and extracellular compounds, including DNA, proteins, lipids and themselves. Non-
exhaustively, several notable modifications induced by different reactive species are presented. (b) Only ROS in mitochondria?
Presence of ROS, RNS, RSS, RCS in mitochondria is highlighted, which includes notable enzymes involved in both RSI dynamics,
and mitochondria homeostasis. CAT/GOT, cysteine aminotransferase/glutamate oxaloacetate transaminase; CytC, cytochrome ¢;
COX, cytochrome c oxidase; DHODH, dihydroorotate dehydrogenase; DLD, dihydrolipoamide dehydrogenase; ER, Endoplasmic
Reticulum; ETF-QOR, electron transfer flavoprotein-ubiquinone oxidoreductase; G3PDH, glycerol 3-phosphate dehydrogenase;
GPX4, glutathione peroxidase 4; hydroxy-aa, hydroxyl-amino acid; MnSOD, manganese superoxide dismutase; MPO, myeloper-
oxidase; mtNOS, mitochondrial nitric oxide synthase; NO, nitric oxide; NOX4, NADPH oxidase 4; ODH, 2-oxoglutarate dehydro-
genase; OGDH, 2-oxoglutarate dehydrogenase; OXPHOS, oxidative phosphorylation; PDH, pyruvate dehydrogenase; RCS, reactive
carbonyl species; SQOR, sulfide quinone oxidoreductase; XOR, xanthine oxidoreductase.

notable enzymes that include cystathionine-y-lyase
(CSE) that metabolises L-homocysteine and L-cysteine
to L-homolanthionine and H,S (Kolluru et al. 2013;
Olson et al. 2018; Cao et al. 2019) and cystathionine
b-synthase (CBS) that metabolises L-cysteine to generate
L-serine, L-lanthionine and H,S (Kolluru et al. 2013;

Olson et al. 2018; Cao et al. 2019). The RCS metabolism,
which connects ROS, RNS, and RSS, includes malondial-
dehyde (MDA) (Cighetti et al. 2001), methylglyoxal
(MGO) (Schalkwijk and Stehouwer 2020) and
4-hydroxy-trans-2-nonenal (4-HNE) (Di Domenico
et al. 2017), and mainly originates from polyunsaturated



fatty acids (PUFAs) peroxidation (Gaschler and
Stockwell 2017; Altomare et al. 2021). The notable RCS
enzymes that block this peroxidation are the selenoen-
zymes glutathione peroxidase (GPX) that metabolise H,
O, and reduced glutathione GSH to generate oxidised
GSSG and water (Espinoza et al. 2008; Dixon et al. 2012)
and peroxiredoxin (PRDX) that metabolise H,O, and
other peroxides to generate water (Garcia-Bonilla and
Tadecola 2012; Park et al. 2016).

Importantly, notable redox enzymes link ROS,
RNS, RSS and RCS together. Superoxide dismutase
regulates RSS by oxidising H,S into polysulphides H,
S, (Olson et al. 2018). Then, catalase is also able to
produce nitrite NO,~ and nitrate NO3;~ (Ogino et al.
2001). Catalase could also be a sulphide-sulphur oxi-
doreductase to metabolise H,S as sulphide oxidase, to
generate H,S as sulphide reductase, and to eliminate
H,S, (Olson et al. 2017). Xanthine oxidoreductase
(XOR) is involved in purine catabolism to form uric
acid (Vergeade et al. 2012; Snezhkina et al. 2019;
Bortolotti et al. 2021). Importantly, XOR also contri-
butes to produce NO through nitrite and nitrate
reduction (Vergeade et al. 2012; Snezhkina et al.
2019; Bortolotti et al. 2021). Interestingly, MPO is
also a major NO scavenger, and oxidises nitrite to
generate NO, or peroxynitrite (ONOO™), which is the
MPO-H,0,-nitrite system (Burner et al. 2000;
Galijasevic et al. 2003). Furthermore, MPO also oxi-
dises H,S, and generates different RCS, including acet-
one and acrolein, from hydroxy-amino acids (Sena
and Chandel 2012; Pélinkds et al. 2015; Garai et al.
2017). Regarding NOS, coupled NOS generates NO,
while uncoupled NOS generates O,~, and NO reacts
with O, to form ONOO~, and with H,S to form
nitroxyl (Olson 2018; Wu et al. 2018; Snezhkina et al.
2019). Finally, RCS, including malondialdehyde
(MDA) and 4-hydroxynonenal (4-HNE), regulate
XOR and GPX activities (Cighetti et al. 2001; Park
et al. 2003).

Reactive species are diffused in the entire cyto-
plasm, including in mitochondria. Therefore, next
four sections focus on mitochondrial reactive species
sources, notable redox enzymes linking the RSI and
mitochondria, namely SOD, catalase, XOR, MPO,
NOS, and GPX, and the role of the antioxidant
NRF2/KEAP1 (nuclear factor E2-related factor 2/
Kelch-like ECH-associated protein 1) signalling path-
way in mitochondria.

Only ROS as mitochondrial reactive species?

A big mistake is to claim that mitochondria are the
main contributor in ROS generation, which is nowa-
days not true (Tirichen et al. 2021; Zhang and Wong

JOURNAL OF MITOCHONDRIA, PLASTIDS AND ENDOSYMBIOSIS . 15

2021). Mitochondria are significant sources of ROS
but not necessarily the main contributor (Zhang and
Wong 2021). For example, the ER is another signifi-
cant contributor of intracellular ROS (Cao and
Kaufman 2014; Tirichen et al. 2021). This debate still
requires investigation improving the understanding of
organelle contribution. In addition, in most studies
and reviews, mitochondrial oxidative distress, which
is the imbalance between ROS generation and antiox-
idant defence activity, is oversimplified to mitochon-
drial ROS (mtROS), mainly O,~ and H,O, (Murphy
2009; Sabharwal and Schumacker 2014; Tirichen et al.
2021). Only mtROS in mitochondria? Figure 3(b)

Mitochondrial ROS

Mitochondrial ROS O,™ is generated by different mito-
chondrial proteins, including glycerol 3-phosphate dehy-
drogenase (G3PDH) during glycolysis, 2-oxoglutarate
dehydrogenase (OGDH) in the tricarboxylic acid TCA/
Krebs cycle, OXPHOS complexes I, and III (Murphy
2009; Sabharwal and Schumacker 2014; Sies 2015,
2017; Snezhkina et al. 2019; Sies and Jones 2020;
Tirichen et al. 2021). Mitochondrial OXPHOS complex
I1, and electron transfer flavoprotein-ubiquinone oxidor-
eductase (ETF-QOR) also produce O, at low level (Kao
et al. 2010; Mailloux et al. 2013; Tirichen et al. 2021).
Mitochondrial NADPH oxidase 4 (NOX4) generates
0,7, and preferentially H,O, (Shanmugasundaram
et al. 2017; Tirichen et al. 2021). Reduction of O, to
H,0, is catalysed by SOD, including in mitochondria
with antioxidant isoform MnSOD SOD2 (Ganini et al.
2018; Palma et al. 2020; Kitada et al. 2020; Tirichen et al.
2021). Interestingly, related to iron overload and man-
ganese deficiency, a prooxidant alternative isoform also
exists, namely peroxidase FeSOD2, which uses H,0, to
overoxidize many cellular components (Ganini et al.
2018; Palma et al. 2020; Kitada et al. 2020; Tirichen
et al. 2021). Although Cu/Zn SODL1 is not the dedicated
mitochondrial SOD, accumulation of mutant SOD1 in
amyotrophic lateral sclerosis (ALS) decreases mitochon-
drial protein import, and induces mitochondrial dys-
function (Li et al. 2010; Tafuri et al. 2015). In addition,
accumulation of misfolded SOD1 has a possible patho-
logical role in ALS (Paré et al. 2018; Benkler et al. 2018).
Moreover, aggregation of SOD1 can spread from neuron
to neuron in ALS, and a treatment based on anti-SOD1
antibodies is considered as a promising ALS therapy
(Paré et al. 2018; Benkler et al. 2018). Furthermore,
microtubule-associated protein tau affects mitochon-
dria-lysosomes communication, and mitochondrial
function by increasing nutrient-induced mitochondrial
activity (NiMA), and both suppressing SOD1 activity
and mtDNA replication (Norambuena et al. 2022).
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Accumulation of amyloid-p oligomers in Alzheimer’s
disease inhibits tau effects, including in SOD1 activity,
and mitochondrial function (Norambuena et al. 2022).
In addition, OXPHOS IV cytochrome c oxidase (COX),
cytochrome ¢ and dihydrolipoamide dehydrogenase
(DLDH) regulate H,O, metabolism through direct inter-
action with this reactive species, adaptor protein p66Shc
is a source of H,O,, and dihydroorotate dehydrogenase
(DHODH), pyruvate dehydrogenase (PDH) and 2-oxo-
glutarate dehydrogenase (ODH) are sources of O, and
H,O, (Lambert and Brand 2009; Brand 2010; Kao et al.
2010; Mailloux et al. 2013; Cortese-Krott et al. 2017;
Snezhkina et al. 2019; Sies and Jones 2020; Tirichen
et al. 2021). Then, peroxisomal catalase, thanks to two
peroxisomal targeting signals (Petrova et al. 2004), which
dismutates H,O, to O, and H,0, is also found in mito-
chondria, thanks to also a non-canonical mitochondrial
targeting signal (Petrova et al. 2004; Tirichen et al. 2021).
The question still remains open on the competition of
peroxisomal and mitochondrial targeting signals for the
dual localisation of catalase (Petrova et al. 2004; Ast et al.
2013). Next, XOR also contributes to produce mitochon-
drial O,, although this redox enzyme is not found in
mitochondria (Vergeade et al. 2012; Snezhkina et al.
2019; Malard et al. 2021; Bortolotti et al. 2021). Finally,
MPO has been recently found in mitochondria in addi-
tion to the cytosol, vesicles, and the nucleus (Sena and
Chandel 2012; de Araujo et al. 2013; Pélinkds et al. 2015;
Garai et al. 2017; Malard et al. 2021).

Mitochondrial RNS, RSS, and RCS

As previously mentioned, SOD and catalase are both
present in mitochondria. Given that SOD also oxidises
H,S into polysulphides H,S, (Olson et al. 2018), mito-
chondrial SOD is involved in ROS and RSS metabo-
lisms. In addition, given that catalase is also able to
produce NO,™ and NO;~ (Ogino et al. 2001), and that
catalase could also be a sulphide-sulphur oxidoreductase
(Olson et al. 2017), mitochondrial catalase is involved in
ROS, RNS and RSS metabolisms. Moreover, as MPO is
also a major NO scavenger that oxidises NO,  to gen-
erate NO, or ONOO™ (Burner et al. 2000), that oxidises
H,S (Palinkas et al. 2015; Garai et al. 2017) and that
generates several RCS , mitochondrial MPO is involved
in ROS, RNS, RSS and RCS. Then, mitochondria con-
tain their own calcium-sensitive mitochondrial NOS
(MTNOS) (Ghafourifar and Cadenas 2005; Lacza et al.
2009). Importantly, GPX4, which neutralises lipid
hydroperoxides, the major source of RCS, is localised
to the nucleoplasm and mitochondria (Cighetti et al.
2001; Park et al. 2003; de Bari et al. 2020; Tadokoro et al.
2020).

Finally, other mitochondrial proteins are involved in
the RSI dynamics, in particular through the RSS family.
The accessory sulfurtransferase subunit of OXPHOS

complex I is a source of H,S (Olson 2018). The enzyme
cysteine aminotransferase (CAT), which is involved in
H,S generation, is also a glutamate oxaloacetate transa-
minase (GOT) that metabolises oxaloacetate to produce
aspartate, a-ketoglutarate, and glutamate in mitochon-
dria (Miyamoto et al. 2014; Mellis et al. 2021).
Hydrogen sulphide catabolism to form thiosulphate
occurs, including in mitochondria, and mitochondrial
sulphide quinone oxidoreductase (SQOR) generates
persulfides H,S, (Kolluru et al. 2013; Olson 2018; Cao
etal. 2019). Last, rhodanese or thiosulphate sulfurtrans-
ferase (TST) is a mitochondrial enzyme that converts
RSS SO;*™ to S,0;%7, and that is connected to
OXPHOS, including complex I system for ROS genera-
tion (Krueger et al. 2010; Paul et al. 2020).

The implication of the antioxidant NRF2/KEAP1
pathway in mitochondrial function

It is ultimately impossible to talk about the RSI with-
out addressing the major transcription factor for the
oxidative dis/eu-stress response, namely NRF2. The
NRF2/KEAP1 signalling pathway is based on the tran-
scriptional regulation by NRF2 at the antioxidant
response element (ARE) of the promotors of many
cytoprotective genes involved in the redox system,
including the glutathione system, GPX, thioredoxin
(TXN), NADPH regeneration, and haem and iron
metabolism (Tonelli et al. 2018). This transcriptional
regulation is mediated by the tight interaction between
NRF2 and KEAP1, a major sensor of oxidative and
electrophilic stress and the adaptor subunit of
CULLIN3-E3 ubiquitin ligase (Tonelli et al. 2018).
The NRF2 activity is regulated by many pathways,
including inflammatory stimuli, xenobiotics,
microRNAs, cofactors, coactivators and competitors,
which makes altogether this signalling pathway com-
plex and multifactorial (Tonelli et al. 2018). The NRF2
activity maintains redox homoeostasis, including
redox enzymes and reactive species, promotes angio-
genesis, and exhibits both anti-cancer and anti-
inflammation effects (Wu et al. 2019). Interestingly,
on one hand, H,S can bind to cysteine residues of
NRF2 and KEAPI1, which contributes to regulates
this signalling pathway (Scammahorn et al. 2021), on
the other, NRF2/KEAP1 pathway induces increase in
persulfides that belong to the sulfane sulphur family
from RSS, which are intermediates in the biosynthesis
of [Fe-S] proteins (Alam et al. 2023). The targeting of
NRF2/KEAP1 pathway is then a very promising strat-
egy to limit inflammation, including in inflammatory
bowel disease (Geertsema et al. 2023), liver injury
(Hiemstra et al. 2022), and cancer (Wu et al. 2019).
Focusing on mitochondria, the NRF2/KEAP1 sig-
nalling pathway is central to the RSI and mitochondria
by regulating cytoprotective agents in mitochondria,



including the mitochondrial GSH pool and redox
enzymes such as SOD, catalase and GPX, mitochon-
drial FAO, the Krebs cycle, the OXPHOS system,
mitochondrial calcium homoeostasis, mitochondrial
integrity and mitophagy (Holmstrém and Finkel
2014; Esteras and Abramov 2022). The NRF2 activity
mediates mitochondrial activation through mitochon-
drial SQOR and RSS metabolism by increasing
cysteine pool availability (Alam et al. 2023). The acti-
vation of NRF2 also contributes to remove damage
mitochondria by PARKIN/PINK1-dependent mito-
phagy (Gumeni et al. 2021). In addition, disruption
of the mitochondrial GSH pool activates the NRF2/
KEAPI signalling pathway, which links NRF2 to mito-
chondrial redox system (Cvetko et al. 2021). This
relationship is strengthened in colon cancer where
NREF2 silencing upregulates microRNAs through the
central inflammation transcription factor nuclear fac-
tor-kB (NF-KB), which ultimately alteres cytochrome
¢ oxidase subunit-1 (MT-CO1) of the OXPHOS com-
plex IV system (Jung et al. 2017). Another example is
in vascular smooth muscle cells where the silencing of
NRF2 reduces the expression of mitochondrial
OXPHOS complex I NAD(P)H:quinone oxidoreduc-
tase (NQO1), which contributes to alter H,S dynamics
and to inhibit H,S calcification-suppressing activity
(Aghagolzadeh et al. 2017). Altogether, the NRF2/
KEAPI1 signalling pathway is highly active in mito-
chondria, and mitochondrial dysfunction alters this
central pathway.

The mitochondria-RSI axis in mitochondrial
diseases and dysfunction

Here, the aim is not to compile all the diseases in
which, together, mitochondria and reactive species
are involved. Several key mitochondrial diseases and
diseases with mitochondrial dysfunction are
discussed.

First, a mitochondrial disease is described as
a mitochondrial impairment caused by mutations at
mitochondrial genes or nuclear genes coding for mito-
chondrial proteins (Gorman et al. 2016; Suomalainen
and Battersby 2018; Bruni 2021). Mitochondrial dis-
eases can affect any organ, including brain with neu-
rodegeneration, strokes, ataxia, Parkinson’s Disease
and psychiatrics symptoms, liver, muscle, kidney,
and the heart (Suomalainen and Battersby 2018). The
LHON disease (Leber’s hereditary optic neuropathy),
caused by LHON-associated mtDNA mutations in
a subunit of OXPHOS complex I NADH:ubiquinone
oxidoreductase, and discovered by Douglas C. Wallace
and colleagues in 1988, is the first example of mito-
chondrial disorder with bioenergetic failure (Wallace
et al. 1988; Wallace 2005, 2013; Kirches 2011). The
MELAS disease (mitochondrial encephalopathy, lactic
acidosis, and stroke-like episodes) is another well-
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known mitochondrial disease, which is a myopathy
caused by mutations in the mitochondrial
tRNALeu'V"® gene in more than 80% of MELAS
patients (Wallace 2013; Ikeda et al. 2018; Bruni
2021). Mitochondrial DNA mutations are also asso-
ciated with carotid intima-media thickness, athero-
sclerosis, and cardiovascular diseases (Kirichenko
et al. 2020; Bruni 2021). For examples, mtDNA rear-
rangement mutations, mutations in mitochondrial
DNA polymerase POLG, mtDNA maintenance pro-
tein twinkle, mitochondrial thymidine kinase 2 (TK2),
mitochondrial deoxyguanosine kinase (DGUOK),
mitochondrial malate dehydrogenase 2 (MDH2), and
mitochondrial GTPase optic atrophy protein 1
(OPA1) lead to mtDNA deletion and depletion that
affect muscle, pancreas with type II diabetes, the heart,
and brain, including with neurodegeneration (Wallace
2005, 2013; Sanchez-Caballero et al. 2016; Ait-El-
Mkadem et al. 2017; Suomalainen and Battersby
2018). Moreover, mitochondrial protein synthesis
defects associated with mitochondrial tRNA muta-
tions, and disruption of mitochondrial protein quality
control, including with mAAA protease and chaper-
one complex, are other examples of mitochondrial
diseases (Suomalainen and Battersby 2018). Finally,
mitochondrial diseases are also associated with obe-
sity, dyslipidemia, and arterial hypertension (Wallace
2005).

Then, diseases with mitochondrial dysfunction are
diseases that involve one or several factors or events or
alterations of nuclear gene(s) whose impairment can
affect mitochondrial function, non-exhaustively
including bioenergetic failure, oxidative distress
through ROS, and cell death types modulation, includ-
ing apoptosis and ferroptosis (Wallace 2005; Cao and
Kaufman 2014; Gladyshev 2014; Sies 2015; Cortese-
Krott et al. 2017, 2020; Stockwell et al. 2017; Santolini
et al. 2019; Bourgonje et al. 2020; Malard et al. 2021;
Tirichen et al. 2021). While most of studies focused on
ROS, here, the scientific community from both redox
and mitochondria fields is invited at improving the
roles of other reactive species linking mitochondrial
dysfunction and many diseases. Mitochondrial dys-
function contribute to inflammation, and many
pathologies, including neuromuscular diseases, can-
cer, neurodegenerative disorders, and premature age-
ing (Chatre et al. 2015; Bajzikova et al. 2019; Bruni
2021). Low mtDNA replication, and mitochondrial 7S
DNA accumulation are associated with Parkinson’s
Disease (Podlesniy et al. 2019). Furthermore, altera-
tion and aberrant function of mitochondrial kinase
PINK1, which is involved in mitochondrial protein
quality control and mitophagy, contribute to the
pathophysiology of Parkinson’s Disease (Podlesniy
et al. 2019; Martin-Jiménez et al. 2020; Bruni 2021).
Moreover, regarding mitochondrial protein import
system, in heart mitochondria, increase in TOM
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complex stability is cardioprotective, including
through TOM20 and TOM22, and favours the inte-
gration of VDAC in OM, a key protein involved in
mitochondrial permeability transition pore (mPTP),
and calcium dynamics (Zhao and Zou 2021; Sander
et al. 2021). Heart dysfunction, failure, and cardio-
myopathies are associated with mitochondrial import
system impairment (Zhao and Zou 2021). In addition,
impairment of TOM or TIM import activity induces
mitochondrial stress response, through mitochondrial
protein quality control system activation (Schmidt
et al. 2010; Harbauer et al. 2014; Pfanner et al. 2019;
Zhao and Zou 2021). This activation includes mito-
chondrial PINK1 and E3 ubiquitin ligase PARKIN,
two key proteins involved in Alzheimer’s disease,
Parkinson’s disease, and possibly in cancer develop-
ment (Harbauer et al. 2014; Pfanner et al. 2019).
Mitochondrial protein import system is therefore an
essential pathway for mitochondrial stability and func-
tions (Schmidt et al. 2010; Harbauer et al. 2014;
Pfanner et al. 2019; Zhao and Zou 2021). Another
good example is the progeroid disorder Cockayne
Syndrome, which is caused by DNA repair proteins
CSA or CSB mutations, and that is characterised by
accelerated ageing, neurological and developmental
abnormalities, and hypersensitivity to oxidative dis-
tress (Nardo et al. 2009; Chatre et al. 2015; Alupei et al.
2018). In the Cockayne Syndrome, caused by nitroso-
redox imbalance, meaning reactive species dysregula-
tion, the accumulation of HtrA3 serine protease
impairs mitochondrial bioenergetic metabolism,
including by deregulating mitochondrial POLGI,
and leads to excessive replicative senescence (Chatre
et al. 2015; Crochemore et al. 2019). This example is
one example amongst more and more examples, with
reactive species associated with mitochondrial diseases
and mitochondrial dysfunction in diseases, including
through OXPHOS alteration (Suomalainen and
Battersby 2018). Another concern is ageing, which is
a physiological process associated with mitochondrial
dysfunction, and many diseases. The link between
mitochondria and ageing is a long story, including
through mitochondrial ROS (Wallace 2005;
Gladyshev 2014). Originally, the free radical theory of
aging was the concept of ageing caused by ROS, and
accumulation of oxidative damage (Wallace et al.
1988; Gladyshev 2014). Nowadays, improving knowl-
edge of ageing, many questions are still opened
regarding ROS toxicity and roles, oxidative and other
types of damage, mtDNA mutations, and nutrition
related to mitochondrial bioenergetic metabolism
(Wallace 2005; Gladyshev 2014). Oxidative distress
mediated by several reactive species exerts a pro-
ageing effect, namely (1) ROS, including O, and H,
O,, by increasing senescence, (2) RNS, including NO
and ONOO", by increasing nitrative damage, and (3)
RCS, including 4-HNE and MDA (Malard et al. 2021).

Interestingly, oxidative distress mediated by RSS,
including H,S and H,S,,, exerts an anti-ageing effect
by inhibiting ROS and RNS generation (Malard et al.
2021). In addition, antioxidant defense decline,
including SOD and catalase activity, and key enzymes
overactivation, including XOR and MPO, are pro-
ageing (Malard et al. 2021).

Finally, given that NRF2 is deficient or dysregulated
in mitochondrial-related disorders, in cancer, in neu-
rodegenerative diseases, including Alzheimer’s disease
and Parkinson’s disease, the mitochondria-RSI axis
will have to be investigated including the NRF2/
KEAPI signalling pathway (Holmstrém et al. 2016;
Jung et al. 2017; Wu et al. 2019; Song and Long
2020; Cvetko et al. 2021; Hiemstra et al. 2022;
Geertsema et al. 2023).

In this RSI-mitochondria axis, in physiology and
pathology, two players may potentiate the effects,
which is the bacteria microbiota and the circadian
clock.

The bacterial microbiota in the mitochondria-RSI
axis

One of the most studied bacterial microbiota is the gut
microbiota, which includes the most abundant phyla
Firmicutes and Bacteroidetes (Liu et al. 2020).

The microbiota-gut-brain axis, which is defined as
a bidirectional communication system between the gut
and the brain, is related to metabolic pathways,
through multiple bacterial metabolites, such as
SCFAs, namely acetate, propionate, and butyrate
(Dumitrescu et al. 2018; Liu et al. 2020). In the gut,
Bacteroides, Bifidobacterium, Parabacteroides and
Escherichia spp. generate neurotransmitter GABA
(Shandilya et al. 2022). The gut bacterial microbiota
in the microbiota-gut-brain axis could be
a susceptibility factor for neurological diseases, includ-
ing epilepsy, Huntington’s disease, Parkinson’s dis-
ease, autism spectrum disorder, and Alzheimer’s
disease (Dumitrescu et al. 2018; Cryan et al. 2020).
The gut bacterial microbiota is also involved in neu-
rodevelopment, including neurogenesis, myelination,
and microglial activation, through SCFAs and other
metabolites (Dumitrescu et al. 2018; Cryan et al. 2020).
In Alzheimer’s disease, gut dysbiosis leads to over-
generation of bacterial proinflammatory neurotoxins,
and may promote neuroinflammation, amyloid-beta
accumulation, increase in blood-brain-barrier perme-
ability, insulin resistance, and oxidative distress
(Dumitrescu et al. 2018; Liu et al. 2020; Shandilya
et al. 2022). The gut bacterial microbiota is suggested
either to contribute to reactive species generation and/
or to interfere with antioxidant defence (Dumitrescu
et al. 2018; Liu et al. 2020). In Parkinson’s disease, gut
bacterial microbiota dysbiosis, including with low
abundance of bacterial SCFAs, and reduced plasma



levels of NAD (nicotinamide adenine dinucleotide)
and TUDCA (Tauroursodeoxycholic acid), could con-
tribute to mitochondrial dysfunction (Dumitrescu
et al. 2018; Liang et al. 2021; Shandilya et al. 2022).
Bacterial produced SCFA butyrate prevents mitochon-
drial bioenergetic failure by providing acetyl-CoA,
bacterial produced TUDCA is an anti-apoptotic meta-
bolites that upregulates mitophagy, and regulates
OXPHOS complex I, and bacterial produced NAM
(nicotinamide), the amide form of niacin, contributes
to regulate the plasma level of NAD, which improves
mitochondrial function, including energy generation
(Liang et al. 2021).

The bacterial microbiota-mitochondria interaction
could also be a crucial player in inflammatory diseases
(Mottawea et al. 2016; Kirichenko et al. 2020). In
Crohn’s disease, which is a type of inflammatory
bowel disease, alteration of the gut bacterial micro-
biota, including H,S producer Atopobium parvulum,
associated with decrease in butyrate content, impairs
mitochondrial function, including mitochondrial
OXPHOS, and mitochondrial proteins involved in
H,S regulation, such as sulphur dioxygenase
(ETHE1), and rhodanese/TST (Mottawea et al. 2016;
Kirichenko et al. 2020). Bacterial butyrate producer
may cause mitochondrial dysfunction, and may con-
tribute to overgenerate mtROS (Liu et al. 2020).
Mitochondrial ROS accumulation also affects the
composition of the gut bacterial microbiota
(Mottawea et al. 2016; Kirichenko et al. 2020). Then,
in atherosclerosis, which is characterised by (1) fats
and cholesterol deposition in the wall of the artery, (2)
inflammation, and (3) increase in risk of myocardial
dysfunction and stroke, bacterial metabolite trimethy-
lamine N-oxide (TMAQ) may deregulate lipid meta-
bolism (Kirichenko et al. 2020). Increase in plasma
TMAO is associated with increase in fats and choles-
terol deposition in the wall of the artery (Kirichenko
et al. 2020). In addition, mitochondrial dysfunction,
through mtROS accumulation and associated with
inflammation, is involved in the progression of ather-
osclerosis (Kirichenko et al. 2020).

Then, the gut bacterial microbiota-mitochondria
axis is also involved in obesity and type 2 diabetes
(T2D), through bacterial metabolites dysregulation,
including SCFAs, and mitochondrial dysfunction at
OXPHOS level due to mitochondrial ROS, NO, and
ONOO™ accumulation (Vezza et al. 2020). Thus, gut
bacterial microbiota dysbiosis is also a serious con-
cern, including with low abundance of Bacteriodetes
and Akkermansia muciniphila in obese and T2D
patients, and a correlation between Clostridium and
Lactobacillus species with insulin resistance (Vezza
et al. 2020). In this line, genetic variants of the
mtDNA affect mitochondrial bioenergetic function,
and both the composition and the activity of the gut
bacterial microbiota, including with different diet, and
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during exercise (Clark and Mach 2017). High protein
consumption during resting days and training could
negatively affect the gut bacterial microbiota composi-
tion and activity, including through overgeneration of
H,S, and so consequently possibly with mitochondrial
dysfunction (Clark and Mach 2017).

Another recent good example is the viral infection
with severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) - COVID19. During viral infection in
COVID-19 pathogenesis, COVID-19 viral proteins
can bind to host mitochondrial proteins, including
the mitochondrial import receptor subunit TOM70
(Gordon et al. 2020, 2020) nonstructural protein 4
and 8 (NSP4 and NSP8), which are involved in the
regulation of the mitochondrial membrane potential
and permeability through interaction with ANT and
VDAC (Gordon et al. 2020, 2020) citrate synthase
(Stukalov et al. 2021) and fumarate hydratase
(Stukalov et al. 2021) from the Krebs cycle, OXPHOS
subunits including ATP synthase subunits (Stukalov
et al. 2021), and ORF9B (Stukalov et al. 2021) and
ORF9C (Gordon et al. 2020, 2020) that interacts with
OXPHOS subunit. And viral microRNA 2392 from
COVID-19 blocks the transcription of nuclear genes
coding for OXPHOS subunits (Guarnieri et al. 2023).
In this complex viral context, mitochondrial dysfunc-
tion linked to oxidative distress mediated by mito-
chondrial ROS, may contribute to bacterial
microbiota dysbiosis, which will further contribute to
coagulopathy, iron and ferroptosis dysregulation, and
the vicious cycle of inflammation and oxidative dis-
tress in many organs (Saleh et al. 2020).

Regarding ageing, the diversity of the gut bacterial
microbiota could be a hallmark of healthy ageing
(Cryan et al. 2020). Ageing is associated with
areduction in diversity of the gut bacterial microbiota,
a decrease in SCFA generation, including butyrate,
and a colonisation by different species, including
streptococci, staphylococci, and enterococci (Catoi
et al. 2020). In long living people, including centenar-
ians, Firmicutes and Bacteroidetes are still dominants,
and an enrichment has been reported in both faculta-
tive anaerobes from Proteobacteria phylum, and
Akkermansia, Lactobacillus, and Bifidobacterium
(Cétoi et al. 2020). Furthermore, dysregulation of the
gut bacterial microbiota affects oxidative distress and
mitochondrial function in microglia from aged mice,
through N (6)-carboxymethyllysine metabolite, which
is a member of RCS that contributes to modulate ROS
generation (Mossad et al. 2022).

In brain, in inflammation, in metabolic disorders,
and in ageing, the bacterial microbiota is linked to
both mitochondria and reactive species, not only
ROS (Dumitrescu et al. 2018; Ballard and Towarnicki
2020). The nexus between bacterial microbiota and
mitochondria could be the RSI and related notable
enzymes. As already discussed, ROS are regulating
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and are regulated by both bacterial microbiota and
mitochondria (Ballard and Towarnicki 2020). For
examples, Lactobacillus stimulate ROS production in
gut stem cells, and gut bacterial dysbiosis is associated
with decrease in colanic acid, SCFA acetate, propio-
nate, butyrate, indole, phenolic acid, which together
induce mitochondrial dysfunction, and mitochondrial
ROS generation (Dumitrescu et al. 2018; Ballard and
Towarnicki 2020). Then, looking at RNS and RSS, in
the gut, bacteria Lactobacilli and Bifidobacterium con-
vert nitrite and nitrate into NO, Streptococcus generate
NO, while Salmonella and Escherichia coli produce H,
S (Carlstrom et al. 2020; Shandilya et al. 2022).
Commensal oral bacteria, including Firmicutes
Staphylococcus, ~ Streptococcus,  Veillonella, and
Actinobacteria play a crucial role in shaping the devel-
opment of pulmonary hypertension, obesity, and car-
diovascular diseases, through regulation of nitrate,
nitrite, and NO synthesis and signalling, including
with nitrite and nitrate reductase activities (Koch
et al. 2017). In Parkinson’s disease, H,S generated by
gut bacterial microbiota, including by Akkermansia
muciniphila, Bilophila wadsworthia, Prevotella, and
Porphyromonas, may induce the disease, with an
excess of H,S that promotes mitochondrial dysfunc-
tion, increases iron content and ROS, and leads to
alpha-synuclein aggregation (Murros 2022). In addi-
tion, during inflammation in the intestinal epithelium,
H,S is overgenerated by multiple bacteria, including
Fusobacterium (Blachier et al. 2019). Moreover, colo-
nic inflammation and colorectal cancer are associated
with increase in RCS, including 4-HNE and MDA,
which alter the gut bacterial microbiota by reducing
the growth of beneficial anaerobic bacteria, and by
increasing the growth of redox-resistant deleterious
bacteria (Lei et al. 2021). Moreover, the gut bacterial
microbiota contributes to produce the aminated meta-
bolite of epigallocatechin-3-gallate polyphenol, which
scavenges RCS, including 4-HNE and MDA (Zhang
et al. 2019).

Focusing on notable enzymes involved in the RSI
and mitochondria, during exercise, inflammation, and
gut dysbiosis, the gut bacterial microbiota regulates
SOD activity, although it requires further investigation
improving the relationship between the gut bacterial
microbiota, SOD, and the intestinal redox balance
(Clark and Mach 2017). The colonic bacterial micro-
biota contributes to infectious colitis with Citrobacter
rodentium that leads to increase in Bacteroides, and
reduction in both antioxidant glutathione GSH, and
mitochondrial MnSOD/SOD2 (Ghosh et al. 2011;
Clark and Mach 2017). To limit the immune response
linked to mitochondrial dysfunction, several patho-
genic bacteria tend to reduce mitochondrial ROS gen-
eration through overactivating SOD activity, such as
with Mycobacterium tuberculosis, and Ehrlichia chaf-
feensis (Liu et al. 2012; Saint-Georges-Chaumet and

Edeas 2016; Clark and Mach 2017). Healthy gut bac-
terial microbiota, including with Bifidobacterium ado-
lescentis, contributes to improve healthspan and
lifespan, and to limit osteoporosis and neurodegenera-
tion by regulating catalase activity (Chen et al. 2021).
Bacterial microbiota-derived tryptophan indoles pro-
tect tissues during intestinal inflammation, by selec-
tively inhibiting MPO (Alexeev et al. 2021). Reduction
in generation of hypochlorous acid by MPO through
indoles, contributes to reduce intestinal damage, and
inflammation (Alexeev et al. 2021). The catecholate
siderophore enterobactin produced by Escherichia coli
is also an inhibitor of MPO, which contributes to gain
a survival advantage for E.coli during inflammatory
gut diseases (Singh et al. 2015; Dumitrescu et al. 2018).
Together, the MPO inhibition links the bacterial
microbiota, MPO within the RSI, and innate immune
system (Singh et al. 2015; Alexeev et al. 2021).
Interestingly, brain damage due to extensive stroke
lead to gut bacterial dysbiosis, which also affects
immune system, thus contributing to pro-
inflammation, and systemic oxidative distress
(Khoshnam et al. 2017; Dumitrescu et al. 2018). In
addition, regarding NOS enzyme, the gut bacterial
microbiota is regulated by NO produced by NOS,
while bacterial infection can lead to both upregulation
of NOS and increase in NO content, which in turn
activate the immune response (Hong et al. 2021).
Furthermore, in mice, lactic acid bacteria, including
Lactobacillus rhamnosus and Lactobacillus reuteri,
contribute to reduce uric acid in serum and urine,
through reduction in XOR activity, by increasing
SCFAs generation (Ni et al. 2021). Finally, intestinal
ischemia/reperfusion (I/R) alters gut microbiota, and
induces ferroptosis (Deng et al. 2021). Interestingly, in
mice, gut bacterial microbiota capsiate metabolite
reduces I/R-induced ferroptosis by enhancing GPX4
expression (Deng et al. 2021).

Finally, growing evidences on the relationship
between NRF2 and gut microbiota strongly suggest
including the NRF2/KEAP1 pathway in the mitochon-
dria-RSI axis considering at minimum bacterial
microbiota studies in physiology and pathology. For
example, the gut-resident Lactobacillus rhamnosus
activates NRF2 to protect against oxidative distress
induced by liver injury mediated by acute ethanol
toxicity, and acetaminophen overdose (Saeedi et al.
2020). The microbial metabolite urolithin
A enhances the gut barrier integrity by activating the
NRF2 pathway (Singh et al. 2019). In addition, dysre-
gulated gut-microbial-derived tryptophan metabolites
alter the NRF2 signalling pathway, which induces liver
oxidative distress and injury (Shang et al. 2023). Last
example is the activation of NRF2 that regulates the
gut-microbiota-testis axis through steroidogenesis,
which includes testosterone with both pro- and anti-
oxidant effects (Zhao et al. 2020). Altogether, several



points were discussed to encourage investigating the
mitochondria-RSI (including NRF2 pathway) axis by
including bacterial microbiota as a new key player
(Figure 4).

The circadian clock in the mitochondria-RSI axis

The circadian rhythm is a 24-hour cycle that oscillates
in light/dark solar day, infradian rhythm being for
a period greater than 24 h and ultradian rhythm for
a period less than 24 h (Tartour et al. 2022). This
oscillation has at its heart the molecular circadian
clock, which orchestrates physiology and behaviour
in living organisms to follow the solar day and to
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adapt to environmental changes (Tartour et al. 2022).
The mammalian circadian clock is based on
a transcriptional-translational feedback loop with the
oscillation of activators that peak in expression during
the light phase, namely circadian locomoter output
cycles kaput (CLOCK) (Gekakis et al. 1998) and
brain and muscle ARNT-like 1 (BMAL1) (Lande-
Diner et al. 2013; Doruk et al. 2020) and repressors
peak in expression during the dark phase, namely
period (PER1, PER2 and PER3) (Ye et al. 2014;
Tartour et al. 2022) and cryptochrome (CRY1 and
CRY2) (Ye et al. 2014; Tartour et al. 2022). Mass-
spectrometry based proteomics on isolated mitochon-
dria from mice liver showed that rate-limiting
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Figure 4. The gut bacterial microbiota and the mitochondria-RSI axis. Key links between the gut bacterial microbiota and the
mitochondria-RSI axis are summarized. GPX4, glutathione peroxidase 4, MPO, myeloperoxidase; mtRS, mitochondrial reactive
species; NAD, nicotinamide adenine dinucleotide; NOS, nitric oxide synthase; OXPHOS, oxidative phosphorylation; RCS, reactive
carbonyl species; RNS, reactive nitrogen species; ROS, reactive oxygen species; RSS, reactive sulfur species; SCFAs, short-chain fatty
acids; SOD, superoxide dismutase; TMAO, trimethylamine N-oxide; TUDCA, tauroursodeoxycholic acid; XOR, xanthine
oxidoreductase.
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mitochondrial enzymes, including carnitine palmi-
toyl-transferase 1 (CPT1), which is involved in the
conversion of palmitoyl-CoA to palmitoylcarnitine in
the presence of carnitine and for the entry of LCFAs
into mitochondria, and short chain 3-hydroxyacyl-
CoA dehydrogenase (HADH) for the FAO pathway,
several members of the OXPHOS system and of the
TIM/TOM import machinery were cycling with a peak
during the light phase and dependent on PER1/2
(Neufeld-Cohen et al. 2016). Again in mice liver, the
bioenergetic and redox metabolite NAD™ has a clock-
driven cycle with a rhythmic biosynthesis (Peek et al.
2013). This metabolite also controls the circadian
clock through the regulation of the nuclear transloca-
tion of PER2 (Levine et al. 2020). In addition, mito-
chondrial dynamin-related protein 1 (DRP1) involved
in mitochondrial fission, ROS generation and bioener-
getic is controlled by the circadian clock through the
modulation of its phosphorylation, including with
a peak of phosphorylated DRP1 during the light
phase (Schmitt et al. 2018). Interestingly, the oscilla-
tion of mitochondrial respiratory activity is synchro-
nised with BMALLI expression, and the expression of
BMALL is altered by potassium cyanide (KCN) that
inhibits OXPHOS complex IV, and carbonyl cyanide
4-(trifluoromethoxy)phenylhydrazone (FCCP) that is
an uncoupler of OXPHOS (Scrima et al. 2016). This
rhythmic mitochondrial respiration is also regulated
by mitochondrial Ca2+, whose influx disturbance by
inhibiting MCU dysregulates the expression of both
BMALI and CLOCK (Scrima et al. 2020). In pace-
maker neurons from Drosophila, the mitochondrial
cation antiporter leucine zipper-EF-handcontaining
transmembrane protein 1 (LETM1) contributes to
drive ionic rhythms, which connect ionome, the cir-
cadian clock and bioenergetics together (Morioka
et al. 2022).

In addition to mitochondria, the circadian clock is
also tightly linked to the redox system through the GSH
system, redox enzymes, including SOD (Colepicolo
et al. 1992; Singh et al. 2003) catalase (Singh et al.
2003; Navigatore-Fonzo et al. 2014) GPX (Singh et al.
2003; Navigatore-Fonzo et al. 2014) XOR (Kanemitsu
et al. 2017), NADPH oxidase (NOX) (Anea et al. 2013),
PRDX (Edgar et al. 2012), MPO (Deng et al. 2018), and
species (Stangherlin and Reddy 2013;
Mezhnina et al. 2022). The circadian clock influences
the ROS generation through redox enzymes, and ROS
disturbance alters the circadian clock (Tamaru et al.
2013; Mezhnina et al. 2022). In addition, alteration of
NO metabolism impairs both the circadian rhythm
during ageing (Kunieda et al. 2008), and the rhythmi-
city of autophagy (Mitter et al. 2010). Moreover, defi-
ciencies in H,S and GSH in muscle impair circadian
clock genes, including CLOCK, BMAL1, PER2 and
CRY?2 (Parsanathan and Jain 2019). In skeletal muscle,
the circadian clock system also contributes to the RSS-

reactive

related trans-sulphuration pathway linked to mito-
chondrial PGC1A and mitofusin-2 (MFN-2) (Tyagi
et al. 2023). Last but not least, the loss of the antioxidant
transcription factor NRF2 function in mice fibroblasts
and liver alters the circadian clock genes CLOCK and
BMALLI through its interaction with CRY2 (Wible et al.
2018). The NRF2/KEAPI signalling pathway is also
regulated by the circadian clock through the binding
of BMALLI to the promoter of NRF2 (Sun et al. 2021).
Finally, circadian clock disruption is associated with
many diseases, which are shared with mitochondrial
dysfunction and redox dysregulation, including chronic
inflammation, cancer and neurodegenerative diseases
(Altman et al. 2015; Padmanabhan and Billaud 2017;
Deng et al. 2018; Douma and Gumz 2018; Lananna and
Musiek 2020; Ahmed et al. 2021; Li et al. 2022).
Altogether, the circadian clock is closely linked to
both mitochondria and the RSI, which makes this
player a crucial pathway to study within the mitochon-
dria-RSI axis for future investigations.

It is all the more important that the circadian clock
also shares with mitochondria and the redox system
another player, the bacterial microbiota. In mice, in
a gender-dependent manner, deletion of BMALI that
induces a circadian clock disruption alters the faecal
bacterial composition, thus showing that the gut
microbiota is controlled by the circadian clock
(Liang et al. 2015). In mice, CLOCK mutation also
induces gut bacterial dysbiosis (Voigt et al. 2016). In
a Drosophila model, both the gut bacterial microbiota
and the rhythmicity of feeding regulate the circadian
transcriptome, including through epigenetic with his-
tone acetylation (Zhang et al. 2023). Moreover, the
circadian clock and the gut bacterial microbiota
together synchronise the host’s response to diet,
including with bioenergetics and redox metabolisms
(Gutierrez Lopez et al. 2021). Therefore, this interplay
between the circadian clock and the gut bacterial
microbiota, including with mitochondria and the
redox system, is of major importance in daily life,
with different diets and environmental changes.
Finally, this interplay is also of major importance in
space biology, in which regulating the circadian clock
combined with a controlled diet and sleep to keep
a healthy gut microbiota is the object of all attention
and new studies (Guo et al. 2014; Voorhies et al. 2019;
Siddiqui et al. 2021). Making major discoveries will
require integrating the mitochondria-RSI axis, includ-
ing the circadian clock and gut bacterial microbiota
(Figure 5).

Gender effects, genetic and epigenetic, and
environmental factors

Other factors and influences, which will strengthen the
mitochondria-RSI axis, will have to be better consid-
ered in the near future. Even if this is not the main
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Figure 5. The interplay between the circadian clock, the gut microbiota and mitochondria-RSI axis. BMAL1, brain and muscle
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subject of this already well-developed review, a few
lines are necessary to raise awareness of what will need
to be integrated into redox medicine. Integrating
insights from both the mitochondria and redox fields
for the mitochondria-RSI axis is one step, including
the circadian clock and gut bacterial microbiota is
a second one, and the third one is reminding that
genetic, epigenetic, gender and environmental factors
will play a significant role in shaping the redox med-
icine field. (1) The gender effect. For example, greater
resistance of mitochondrial OXPHOS function is asso-
ciated with reduced lipid peroxidation and greater
antioxidant enzyme activities in sedentary females
compared with males rats (Farhat et al. 2017). In
addition, exercise training better improves mitochon-
drial function oxidative capacities in males (Farhat
et al. 2017). Another example is for sexual hormones,
which decline during aging, that affect the NRF2/
KEAPI signaling pathway, the oxidative distress man-
agement, mitochondrial function and the

inflammation status in the brain (Torrens-Mas et al.
2020). In female, estrogens affect epigenetic through
the histone deacetylases sirtuins, which regulate the
expression of multiple genes involved in oxidative
stress response including NRF2, in mitochondrial
function and biogenesis including PGCIA, in DNA
damage response including tumor suppressor P53,
and in inflammation including NF-KB (Torrens-Mas
et al. 2020). Gender effect is also crucial in cancer
incidence, cancer therapy and survival through multi-
ple facets with at minimum higher ROS levels and
mitochondrial DNA alteration in males, DNA damage
and repair, sexual hormones, chromatin organization,
anticancer immunity, and longevity influences (Rubin
2022; Ozdemir et al. 2022). (2) The environmental
exposure. Environmental exposures, including altered
respiration with different contaminants, are linked to
oxidative distress, mitochondrial dysfunction and
multiple organ dysfunctions (Caito and Aschner
2015; Reddam et al. 2022). Contaminants can be
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carcinogen, teratogen, toxicant, xenobiotic, develop-
mental/reproductive toxicant, endocrine disrupter,
and different toxins (Caito and Aschner 2015;
Reddam et al. 2022). This includes cigarette smoke,
air pollutants, pesticides, nanomaterials and heavy
metals (Caito and Aschner 2015; Reddam et al.
2022). Mitochondrial DNA alterations, heteroplasmy
and mitochondrial respiration are biomarkers for
environmental health (Reddam et al. 2022). At mini-
mum accumulation of ROS and accumulation of DNA
damage due to overoxidation, and NRF2 response
alterations are also biomarkers of environmental
health (Zheng et al. 2020; Reddam et al. 2022).
Moreover, environmental exposure also comprises
infections. For example, the coronavirus 2 (SARS-
CoV-2) pandemic teached us that COVID-19 patho-
genesis with hyper-inflammatory status, hyper-
ferritinemia and hyper-coagulability, is in fact
a redox disease with an “oxidative” and “metabolic”
storm (Edeas et al. 2020; Cumpstey et al. 2021). (3)
Another crucial environmental factor is lifestyle diet.
This factor is of great interest for the mitochondria
function, the redox status, the gut bacterial microbiota
and even the circadian clock. Many studies are looking
for the best diet to reduce at minimum ROS, to control
the redox balance and to improve bioenergetics, which
includes the type of diet such as Mediterranean diet
(Pollicino et al. 2023), high-fat diet (Kyriazis et al.
2022), caloric restriction (Kyriazis et al. 2022), keto-
genic diet (Kyriazis et al. 2022), fasting and Nordic
diet (Kyriazis et al. 2022). (4) Combining the type of
diet and exercise training is also another lifestyle influ-
ence for the redox and mitochondrial systems (Pileggi
et al. 2022), for the gut microbiota function and ulti-
mately to delay aging (Strasser et al. 2021). (5)
Combining lifestyle diet and the circadian rhythm is
also an emerging approach to regulate oxidative stress
and mitochondrial metabolism through a possible
personalized chrononutrition (Galimberti and
Mazzola 2021). (6) The genetic etiology. Complex
genetic etiology, which includes nuclear and mito-
chondrial genetic variants in human population, com-
plicates the situation of metabolic dysfunction and
diseases with both mitochondria and redox alterations
(Brown et al. 2020). (7) Finally, the redox system with
ROS and RNS regulates the epigenetic machinery with
histone acetylation/deacetylation, histone methyla-
tion/demethylation, and DNA methylation/demethy-
lation, which will affect global gene expression (Wu
et al. 2022). Altogether, different but interconnected
factors that should be deeper investigated considering
the mitochondria-RSI axis.

Conclusion

An improved understanding of the multifaceted role
of the reactive species interactome in mitochondria

will open perspectives in key mechanisms involved
in physiology and pathology. Mitochondrial perme-
ability transition pore, regulation of cell death type
switch, the protein quality control system, ionome
homoeostasis, metabolome and the mitochondrial
carriers are key mechanisms to further investigate.
Importantly, the circadian clock and the gut bacterial
microbiota have to be more investigated as the two
major players in the mitochondria-RSI axis. Also to
consider in the near future for the mitochondria-RSI
axis will be the gender effect, the environmental expo-
sure, the lifestyle diet, the combination of diet with
exercise and chronobiology, the contribution of
genetic variation and epigenetics. This review provides
the basis for building and developing new studies
combining both the mitochondria and redox fields,
chronobiology and bacterial microbiota for the new
proposed concept of “MitoRedox Medicine” of which
this review is the first stone.
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