4open 2022, 5, 5
Ó V. Weissig & M. Edeas, Published by EDP Sciences, 2022
https://doi.org/10.1051/fopen/2022002
Available online at:
www.4open-sciences.org

REVIEW ARTICLE

Recent developments in mitochondrial medicine (part 2)
Aging, longevity and microbiota
Volkmar Weissig1,*

and Marvin Edeas2,3

1

Midwestern University, College of Pharmacy, Department of Pharmaceutical Sciences, 19555 N. 59th Avenue,
Glendale, AZ 85308, USA
2
Université de Paris, INSERM U1016, Institut Cochin, CNRS UMR8104, Faculté de Médecine Cochin-Port Royal,
75014 Paris, France
3
Laboratory of Excellence GR-Ex, Paris 75015, France
Received 29 October 2021, Accepted 17 December 2021
Abstract – Called “bioblasts” in 1890, named “mitochondria” in 1898, baptized in 1957 as the “powerhouse of
the cell” and christened in 1999 as the “motor of cell death”, mitochondria have been anointed in 2017 as
“powerhouses of immunity”. In 1962, for the ﬁrst time a causal link between mitochondria and human diseases
was described, the genetic basis for which was revealed in 1988. The term “mitochondrial medicine” was coined
in 1994. Research into mitochondria has been conducted ever since light microscopic studies during the end of
the 19th century revealed their existence. To this day, new discoveries around this organelle and above all new
insights into their fundamental role for human health and disease continue to surprise. Nowadays hardly any
disease is known for which either the etiology or pathogenesis is not associated with malfunctioning mitochondria. In this second part of our review about recent developments in mitochondrial medicine we continue tracking and highlighting selected lines of mitochondrial research from their beginnings up to the present time.
Mainly written for readers not familiar with this cell organelle, we hope both parts of our review will substantiate what we articulated over a decade ago, namely that the future of medicine will come through better understanding of the mitochondrion.
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Introduction
In this second part of our review about “Recent developments in mitochondrial medicine” (for Part 1, please see [1])
we continue to highlight selected lines of mitochondrial
research from their beginnings up to the present time.
Studies of this organelle can be traced back for over
170 years and to this day new revelations about basic mitochondrial functions and their implications for human health
never cease to surprise.
Light microscopic studies on cells conducted over
150 years ago revealed the existence of small sub-cellular
particles resembling in size and shape bacteria which Robert
Altmann (1852-1900) named “bioblasts” in 1890 [2, 3]. Eight
years later, Carl Bendas (1857–1932) coined the term “mitochondria” with “mitos” (Latin/Greek) meaning thread and
“chondrion” (Latin/Greek) meaning grain, thereby properly
describing their appearance on the microscopic slide. The
*Corresponding author: vweiss@midwestern.edu

following 50+ years of intense biological and biochemical
research (see part 1 of our review [1]) culminated in the
popularization of mitochondria as the “powerhouse of the
cell” [4]. During the early 1960s the vital role of mitochondria
for human health began to unfold, when Rolf Luft (1914–
2007) described “a clinical case of severe hypermetabolism
of nonthyroid origin with a defect in the maintenance of
mitochondrial control. . .” [5]. It should be mentioned that
it was also Rolf Luft, who in a retrospective paper in 1994
coined the term “Mitochondrial Medicine” [6]. Also in the
early 1960s, Margit M.K. and Sylvan Nass discovered the
existence of DNA inside mitochondria [7], which was
sequenced in 1981 [8]. This in turn, during the late 1980s,
opened up the way for unraveling the genetic basis for what
has meanwhile become known as “Luft’s disease”: in 1988 Ian
James Holt and co-workers described the link between
mutations of mitochondrial DNA (mtDNA) and myopathies in a Nature paper [9] and Douglas Wallace and his
team reported the association of mtDNA mutations with
Leber’s Hereditary Optic Neuropathy in a Science paper
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[10]. The 1990s saw a boom in mitochondrial research. First,
based on the pioneering work by Wallace and Holt and their
co-workers, the number of diseases found to be associated
with mutations and deletion of the mitochondrial genome
literally exploded. Second, the pivotal role of mitochondria
for “Programmed Cell Death” (apoptosis) has been revealed
which prompted the pioneers of this line of research to
christen mitochondria in 1999 as the “arsenal of the cell” or
the “motor of cell death” [11]. Characterizing mitochondrial
research during the 1990s as a booming ﬁeld of biomedical
science did not leave much room for ﬁnding a proper term
to describe the last two decades, during which the number
of publications on mitochondria has skyrocketed. In 2017,
for example, mitochondria gained yet another moniker,
when a review for Nature Immunology sanctiﬁed mitochondria as “powerhouses of immunity” [12] thus indicating that
this organelle also seems to lie at the heart of immunological
responses. In summary, nowadays there is little doubt that
either the etiology or the pathogenesis of almost every
disease appears to be linked to, or at least involves, malfunctioning or damaged mitochondria.
Mainly written for readers who are not familiar with the
mitochondrial ﬁeld of biomedical research we hope these
two reviews will ﬁrst succeed in conveying to the reader
our fascination with this organelle and second substantiate
what we have written over a decade ago, that “the future of
medicine will come through mitochondria” [13].

Mitochondria and aging
Longevity, sometimes used as a synonym for “life expectancy”, was deﬁned in 2006 by Benedictis and Franceschi as
the capability to survive past the average age of death [14].
The human life expectancy and ageing outcomes have
improved in the past century, largely as a consequence of
improved social and environmental conditions and
advanced medical care. Besides social and environmental
factors also genes involved in different pathways of regulation, e.g. immune-inﬂammatory responses and regulation of
oxidative stress, play a crucial role in “successful aging”. In
particular, the impact of oxidative stress on healthy ageing
and longevity is currently a hotly disputed topic in the ﬁeld
of age-related studies [15, 16] as we shall discuss below.
In 2013 mitochondrial dysfunction was acknowledged in
a widely cited paper [17] as one out of nine “Hallmarks of
Aging” (Fig. 1).
The idea of mitochondria being linked to biological
aging, however, goes back to the 1950s. Denham Harman
(1916–2014) proposed in 1956 his free radical theory of
ageing based on the realization that reactive oxygen species
(ROS) i.e. highly reactive free radicals are able to oxidatively damage biological macromolecules [18]. Such damage
in turn would be the cause or at least signiﬁcantly contribute to a general malfunctioning of cells, tissues and
organs thereby bringing about aging. Haman wrote in his
seminal paper that “aging and the degenerative diseases
associated with it are attributed basically to the deleterious

Figure 1. The nine hallmarks of aging. Redrawn based on
Figure 1 in [17]

side attacks of free radicals on cell constituents and on the
connected tissues” [18]. During the following years Haman
transformed his free radical theory into the “Mitochondrial
Free Radical Theory of Aging” (MFRTA) and the title of a
paper he published in 1972 asked the question “A biologic
clock: the mitochondria?” [19]. Haman’s conclusions were
supported in the 1980s and 1990s among others by Miquel
et al. [20], Sastre et al. [21] and Hagen et al. [22]. One major
target for free radicals inside mitochondria is mtDNA.
It should be mentioned here again (please also see Part 1
of our review) that mitochondria contain their own
genome, which is a double-stranded circular DNA molecule
of 16 569 bp. Originally described in 1963 by Margit M.K.
Nass and Sylvan Nass as “intramitochondrial ﬁbers with
DNA characteristics” [23], it was in 1981 one of the ﬁrst
parts of the human genome to be sequenced [8]. All gene
products of the mtDNA are essential for the synthesis
and maintenance of the Oxidative Phosphorylation Electron Transfer Chain (OXPHOS-ETC). Consequently, any
damage of mtDNA will result in the reduced production
of adenosine triphosphate (ATP), i.e. the cellular energy
currency. It has been proposed that the capacity for oxidative phosphorylation (i.e. for the generation of ATP) declines with age due to an increased load of defective mtDNA
which also may play a role in the etiology of age-related
neuromuscular and neurodegenerative diseases [24]. There
is evidence that mtDNA damage seems to accumulate
with age. For example, Cooper et al. described an agerelated accumulation of the 5-kb common deletion of
mtDNA in human skeletal muscle and in brain [25] and
Hattori et al. found an age-dependent increase of a 7.4 kb
deletion in mitochondrial DNA of the human heart [26].
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In line with these ﬁndings, it could also be demonstrated
that the overexpression of endogenous antioxidants, which
are capable of neutralizing and removing free radicals,
extends the life span of adult Drosophila melanogaster
(commonly known as fruit ﬂy), a widely used model organism in biological research [27, 28]. However, data demonstrating the opposite and thereby weakening the MFRTA
appeared after 2000 For example, Huang et al. found that
the overexpression of Copper–Zinc Superoxide Dismutase
(CuZnSOD), an endogenous antioxidant, does not extend
the life span in mice [29], which is not surprising considering
that the end product of the SOD reaction, hydrogen
peroxide, can only be detoxiﬁed by the seleno-enzyme
Glutathione peroxidase [30]. Likewise, Van Remmen et al.
showed in 2003 that although a life-long reduction of
Manganese Superoxide Dismutase (MnSOD) activity,
another endogenous antioxidant, leads to increased levels
of oxidative DNA damage it does not appear to affect aging
as one would expect [31]. Andziak et al. [32] compared in
2006 the antioxidant capacity and the level of oxidative
damage in the naked mole-rat (Heterocephalus glaber) with
similar-sized mice. Naked mole-rats are the longest living
rodent species known, with an average life span of over
28 years their life is an order of magnitude longer than
predicted based on their body size. Very surprisingly it
was found that naked mole-rats have a signiﬁcantly lower
level of endogenous antioxidants and a much higher level
of oxidative damage to lipids, DNA and proteins compared
to “normal” weight-matched mice. The authors concluded
that other mechanisms than attenuated oxidative stress
must contribute to the exceptional longevity of this species
[32] and two papers published in 2009 and 2012 were even
asking in their title “is the oxidative stress theory of aging
dead?” [33, 34]. Although an excess of free radicals (aka
oxidative stress) can cause signiﬁcant damage to cell components, it is nowadays accepted that the MFRTA alone is not
sufﬁcient to satisfactorily explain the complex process of
aging. Multiple non-free radical mitochondrial mechanisms
may also promote aging. For example, Sharma et al.
reviewed recent studies that show how mitochondrial ﬁssion,
fusion, and trafﬁcking are altered with age. They discussed
factors that change with age to directly or indirectly inﬂuence mitochondrial dynamics while examining roles for
altered mitochondrial dynamics in healthy aging and underlying functional outputs that might affect longevity. Gathering data from past and emerging research, the studies
highlighted in this review revealed that no single speciﬁc
mitochondrial morphology state is pro- or anti-aging. For
example, fragmented mitochondria are directly linked to
aging and short longevity in yeast, whereas the exact
opposite was observed in the fruit ﬂy in which fragmented
mitochondria prevented ageing [35].
As if the connection between aging and mitochondria is
not already complicated enough, yet another factor entered
the scene, which even independently of its possible involvement in aging came as a big surprise. Since the sequencing
of mtDNA in 1981 [8] we have known that mtDNA
contains 37 genes, which encode 13 proteins, 22 tRNAs
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and 2rRNAs. But surprisingly, 20 years later, in 2001 Ikuo
Nishimoto and his team from the Keio University of
Medicine in Tokyo discovered a small peptide which was
derived from a fragment of the 16S rRNA [36]. In other
words, the mitochondrial gene for the 16S rRNA harbors
the information for another gene product. This peptide
named “humanin” is just 24 amino acids long and was found
to have a wide range of neuroprotective properties [36–38].
A mitochondrial transcriptome analysis done 10 years later
revealed the existence of several more small RNA molecules
derived from mtDNA [39, 40]. As of last year, a total of
eight so-called “mitochondrial-derived peptides” have been
identiﬁed [41].
Back to humanin, in 2020 Yen et al. showed that humanin is a regulator of lifespan and health span. The authors
have demonstrated that overexpression of humanin is sufﬁcient to extend lifespan. Having established that humanin is
sufﬁcient to increase lifespan in worms (C. elegans), they
examined if humanin treatment started in mid-life would
it be able to increase lifespan in mice. Administration of
humanin to female mice did not increase lifespan, but it
was able to improve metabolic parameters (body size,
weight, and fat) without changing food intake. They concluded that “humanin is not only correlated with health
and lifespan but can signiﬁcantly improve both parameters
on its own” [42].
Finally, we refer the interested reader to a published
review by Brandon Berry and Matt Kaeberlein [43] in which
the authors make the case that mitochondrial dysfunction
(i.e. dysregulation of mitochondrial metabolism) may contribute to all other hallmarks of aging and which in a reciprocal way may promote (is this a better expression?)
malfunctioning of mitochondria. This intricate interaction
between the nine hallmarks of aging, with perhaps mitochondria at the center, poses in our opinion a tremendous
challenge to the ongoing endeavors aimed at slowing down,
stopping or even reversing aging.

Mitochondrial quality control and age related
diseases
At the Inaugural World Conference on Targeting
Mitochondria in Berlin, Germany in 2010 Michael R.
Duchen from University College of London emphasized that
“. . .major neurodegenerative diseases of later life (Parkinson’s, Alzheimer’s. . .) are all associated with mitochondrial
dysfunction..” and he further stated that “... in this context
the notion of mitochondrial “Quality Control” has emerged
as a key concept in mitochondrial biology” [44]. Mitochondrial quality control (MQC) refers to a complex system
involving all factors and processes needed for maintaining
a fully functioning and healthy population of mitochondria
[45]. Qiu et al. deﬁne MQC as the “continuous biogenesis,
fusion, ﬁssion and mitophagy (which) contribute(s) to the
balance of mitochondria’s morphology, quantity and quality”
[46]. Any disturbances within this system results in an
accumulation of dysfunctional mitochondria over time
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and can contribute to the development of age-related
diseases [47]. The mechanism for each of the three main processes responsible for sustaining a healthy mitochondrial
population, i.e. biogenesis (formation of new mitochondria),
dynamic (ﬁssion and fusion of mitochondria) and mitophagy
(degradation and eliminating of damaged mitochondria) is
currently under investigation. Any detailed discussion
thereof is beyond the scope of this review. For an update
about mitochondrial biogenesis please see [48], for mitochondrial dynamics [49] and for mitophagy [50]. Here we just
would like to highlight a few aspects of interest.

Mitochondrial biogenesis
Any cell division requires cell organelles to double in size
and divide to ensure the formation of two identical daughter cells. Mitochondria are no exception; they are formed by
growth and division of existing organelles in coordination
with the cell cycle [51]. However, mitochondria are also able
to adapt to stress. This was observed for the ﬁrst time
during the 1960s, when John O. Holloszy (1933–2018)
found that exercise training in rodents resulted in a signiﬁcant increase of the mitochondrial mass in skeletal muscle
[52, 53]. In his classic study from 1967 [52] Holloszy found
a nearly doubled oxidative capacity, respiratory enzyme
activity and mitochondrial biogenesis in rodent limb
muscles after high-intensity running for 12 weeks, 5 days
per week and 2 h per day. Subsequently, Holloszy and his
group tried uncover the mechanisms for these adaptations,
for example they were able to show that muscle contractions can increase an insulin-independent glucose transport
into myocytes [54].
But it took about 40 years until the regulatory mechanisms behind the stress response Holloszy described during
the 1960s began to become understand. In 1998, studying
the regulation of adaptive thermogenesis in mice, Bruce
Spiegelman’s group cloned a transcriptional coactivator
from a brown fat cDNA library, which they named peroxisome proliferator-activated receptor-gamma coactivator
1 (PGC-1). It should perhaps be mentioned here that transcriptional co-activators do not bind directly to DNA as
transcription factors do. But since regular transcription factors alone do not have the enzymatic activity to start translation of a particular gene, they need co-activators to do the
job. Spiegelman’s PGC-1 was identiﬁed as a factor that
interacts with a “regular” transcription factor called peroxisome proliferator-activated receptor gamma (PPAR-ϫ). In
addition to PGC-1’s role in the response of mice to cold
exposure, Spiegelman’s team also described the activation
of key respiratory chain enzymes and most strikingly an
increase of the cellular content of mitochondrial DNA
following the ectopic expression of PGC-1 in white adipose
cells [55].
Within less than a decade, Spiegelman’s PGC-1 was
recognized and subsequently became known as the “master
regulator of mitochondrial biogenesis” [56] PPAR-ϫ coactivator-1a (PGC-1a)”. More than 10 isoforms of PGC-1a

displaying differential regulation and tissue distribution
have been reported [57]. Currently, PGC-1a is considered
the most important regulator of mitochondrial biogenesis,
which can rapidly be induced under conditions of high energy
consumption like cold, exercise and fasting [46, 58, 59].
Since the upregulation of mitochondrial biogenesis
appears as a plausible strategy to overcome cellular energy
deﬁcit caused by malfunctioning mitochondria we would
like to elaborate on this topic. Triggering the new formation
of “additional” mitochondria (better increasing the mitochondrial mass) might even be a universal approach
towards the therapy off all diseases associated with energy
deﬁciency. Komen et al. stated that “boosting mitochondrial
numbers would hypothetically increase the residual
OXPHOS activity present in all patients” [60] suffering from
mitochondrial diseases.
A few years after PGC-1a was cloned, a very close homolog, known as PGC-1b, was identiﬁed [61, 62]. Calling PGC1a the master regulator of mitochondrial biogenesis might
do some injustice to its close beta homolog, because both,
PGC-1a and PGC-1b complement each other in ensuring
mitochondrial maturation and function under varying physiological conditions. But in contrast to PGC-1a, the beta
homolog does not appear to be involved in reacting to physiological stress like exercise or cold exposure. While knockout mice with either interrupted PGC-1a or PGC-1b are
viable, PGC-1a/b double knockout mice died due to cardiac
failure within 24 h [63]. Strikingly, several laboratories
conﬁrmed that the overexpression of PGC-1a leads to an
increase of mitochondrial mass [64–67]. Subsequently,
PGC-1a has turned into an extremely valuable pharmacological target for increasing the mitochondrial mass in cells
harboring dysfunctional mitochondria. One could argue
that increasing the mitochondrial copy number in cells with
malfunctioning mitochondria will only result in cells with
more malfunctioning mitochondria. That might be true,
but a larger number of malfunctional mitochondria together
produce more ATP than cells with a smaller number of dysfunctional mitochondria. Komen and Thorburn wrote a few
years ago in an excellent review which they appropriately
named “Turn up the power – pharmacological activation of
mitochondrial biogenesis. . .”: “. . .all patients with OXPHOS
disorders have residual enzyme activity because a complete
loss of activity is not compatible with life. Hence, up-regulation of the amount of less active mitochondria may increase
ATP synthesis capacity above a certain threshold” [60] at
which clinical symptoms caused by dysfunctional mitochondria could disappear. Since this is in our opinion such an
important concept, we will add yet another level of detail
to this review by brieﬂy describing how the master regulator,
PGC-1a, itself is being regulated or can be pharmacologically activated. Our explanation of PGC-1a control is
mainly based on [58–60, 68–70] and Figure 2 has been
adapted in a simpliﬁed form from [60].
PGC-1a already present in the cell (“constitutive”
PGC-1a) can be activated or deactivated and additional
PGC-1a can be synthesized following transcriptional activation. In the absence of physiological stress and during
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Figure 2. Schematic overview of factors controlling the activity
of PGC-1a (adapted in a simpliﬁed form from [60].) QN,
Quercetin; RL, Resveratrol; BF, Bezaﬁbrate.

caloric abundance, constitutive PGC-1a exists in an inactivated acetylated state. Exercise as well as caloric restriction
use up existing ATP which leads to an increased AMP/ATP
ratio. To replenish ATP, reduced Nicotinamide Adenine
Dinucleotide (NADH) is oxidized by OXPHOS which leads
to an increased NAD+/NADH ratio. Both of these metabolite ratios control the activity of constitutive PGC-1a.
An increased ratio of NAD+/NADH activates Sirtuin 1
(SIRT 1), an enzyme which deacetylates and thereby
switches on PGC-1a. Sirtuins are a large group of
enzymes/proteins which have been discovered just during
the last two decades (please see below). Interestingly from
a nutritional point of view, SIRT 1 can also be activated
by quercetin, a polyphenol found in fruits and vegetables
as well as by resveratrol, a stilbenoid mainly found in a variety of berries and the skin of grapes. On the other hand, an
increased AMP/ATP ratio activates AMP-Kinase (AMPK)
which phosphorylates and thereby also activates PGC-1a.
Intriguingly, a long-known drug, 5-aminoimdazole-4carboxamide ribonucleoside (AICAR), used since the late
1980’s to protect against cardiac ischemic injury [71], also
activates AMPK. Noteworthy, AICAR has become notorious when it was used during the 2009 Tour de-France as a
performance-enhancing drug and has subsequently been
banned by the World Anti-Doping Agency [72, 73].
So, what is the role of activated PGC-1a? As an activated transcriptional co-activator it binds to and activates
a variety of “regular” transcription factors which in turn
launch the transcription and translation of a large number
of genes needed for the production of additional mitochondria. To simplify, only two groups of those transcription
factors will be introduced, Nuclear Respiratory Factors 1
and 2 (NRF1 and NRF2) and PPARs (Fig. 2). NRF 1
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and 2 are transcription factors which control the gene
expression of a large number of diverse proteins and
enzymes needed for metabolism, cellular growth and stress
responses. During the past decade, NRF2 has been recognized for its essential role in maintaining mitochondrial
integrity and function. Moreover, experimental data
suggest that NRF2 activity may have a direct effect on mitochondrial biogenesis [74–76]. Therefore, not surprisingly,
NRF2 is the pharmacological target of RTA 408, a synthetic
triterpenoid, which is currently tested in clinical trials for the
treatment of mitochondrial myopathy and Friedreich’s
ataxia [77]. The second group of transcription factors activated by PGC-1a involves at least three different PPARs
which activate the transcription of a large number of genes
encoding a multitude of proteins essential for cellular function, noteworthy including PGC-1a itself. Bezaﬁbrate, is
in clinical use since the 1970s as a lipid-lowering drug for
the treatment of hyperlipidemia has surprisingly been found
to be able to activate PPAR-regulated gene expression
including the expression of PGC-1. Consequently, based
on its ability to induce mitochondrial biogenesis, Bezaﬁbrate
has recently been discussed as a drug candidate for improving osteogenesis in patients with Leigh’s syndrome [78].

Mitochondrial dynamics
The discovery of “mitochondrial dynamics” dates back
to 1914 when Margaret Adaline Reed Lewis (1881–1970)
and her husband, Warren Harmon Lewis (1870–1964)
observed frequent changes in the appearance of mitochondria in living cells. In their paper from 1914 they wrote:
“The mitochondria are almost never at rest. . . the changes
in shape are truly remarkable not only in the great variety
of forms, but also in the rapidity with which they change
from one form to another” [79]. In a more detailed followup paper from 1915 Margaret Lewis published a time-lapse
study covering a period of 25 minutes during which she
tried to capture how mitochondria constantly change their
shape by drawing them with her own hand. In one of the
ﬁgure’s legend she wrote “The changes were so rapid that
it was not always possible to draw each mitochondrium”
[80]. Amazingly, these early observations seem to have been
largely forgotten or ignored until the beginning of the 2000s
when the mechanism of ﬁssion and fusion as well as the
importance of mitochondrial dynamic for human diseases
began to be discovered [81–87]. Two recent very comprehensive reviews covering mitochondrial dynamics [49, 88]
do not cite any work done prior to 1998 (except in [88],
where one reference from 1986 dedicated to the mitochondrial genome is cited). Therefore, to us it does not appear
as exaggerated to claim that there has been an explosion
of knowledge during the last two decades about the mechanism of mitochondrial ﬁssion and fusion and at the same
time about the involvement of mitochondrial dynamics in
etiology and pathogenesis of human diseases. What we
know today, has recently been summarized by the pioneer
of studying mitochondrial dynamics in mammalian cells,
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David C. Chan (California Institute of Technology, Pasadena, CA) in [49]: ﬁrst, the dynamic behavior of mitochondria is essential for their function; second, the key mediators
of ﬁssion and fusion have been identiﬁed as GTP using
enzymes that perform mechanical work on lipid bilayers;
third, several neurodegenerative diseases (e.g. Parkinson’s,
Alzheimer’s) are associated with mutations in genes encoding for those enzymes needed for fusion and ﬁssion; Fourth,
even some common diseases like cancers are associated with
mitochondrial dynamic, but the causal link still has to be
determined [49].

Mitophagy
An essential component of MQC, i.e. of maintaining a
healthy population of mitochondria is the degradation
and removal of damaged mitochondria. The presence of
degraded mitochondria in cells was reported in 1915 by
Margaret Lewis in the same paper in which she described
the constant change of shape of these organelles [80]. She
wrote over a hundred years ago: “Some cells are found which
contain many normal mitochondria, some partly degenerate, and others entirely degenerate. . . It is apparent that
some change has taken place which has completely changed
not only the morphology but also the composition of the
mitochondria” [80].
They key to unlocking the secret surrounding the
demise of mitochondria as observed by Margaret Lewis
was provided 40 years later by Christian de Duve (1917–
2013; Nobel Prize in Physiology or Medicine in 1974) who
serendipitously discovered cytosolic particles which he
named in 1955 “lysosomes”, Greek for “digestive bodies”
[89]. With ﬁnancial support from the Lilly Research
Laboratories Christian De Duve’s major goal was to investigate the action of insulin on the liver. In the course of
these studies, he focused on the characterization of glucose-6-phosphatase, an enzyme now known to be responsible for the releases of glucose from hepatocytes following
gluconeogenesis. To distinguish this speciﬁc phosphatase
he had to separate it from a non-speciﬁc acid phosphatase
which caused experimental problems since this enzyme
turned out to be trapped in “sac-like particles surrounded
by a membrane” [90]. Follow-up experiments revealed more
insight into these sac-like particles [91] nowadays known as
lysosomes and in retrospective, De Duve wrote in 2005 “. . .
we were hooked. . . insulin and carbohydrate metabolism
were abandoned” [92]. Though de Duve’s serendipitous
discovery of lysosomes is not directly linked to the topic
of our review, we would like to quote from the same paper
his reﬂection about the value of serendipity we deem still to
be of high importance: “My ﬁnal point concerns the value of
serendipity and, especially, of its necessary correlate, the
freedom to follow a new trail opened by chance, irrespective of previous commitments. It is noteworthy that in the
paper in which lysosomes are ﬁrst mentioned, the Lilly
Research Laboratories are acknowledged for their ﬁnancial
support, despite the fact that their major interest, insulin, is

conspicuously absent from the paper. One could only wish
that funding agencies might show the same liberal attitude
today” [92].
Going back to Margaret Lewis’ observed demise of mitochondria, in 1962 Thomas P. Ashford and Keith R. Porter
discovered mitochondrial fragments in liver lysosomes using
electron microscopy. They wrote “One may reasonably
conclude that the mitochondria are in various stages of
breakdown or hydrolysis” and they called this process “autolysis” [93]. The term “autolysis” was replaced ﬁve years later
by Christian de Duve who proposed “autophagy” derived
from the Greek meaning of “eating of self” [94, 95]. For
the following 40 years the process of cytoplasm being
sequestered into autophagosomes for subsequent delivery
to and fusion with lysosomes for degrading macromolecules
and cell organelles was thought to be a random process.
This view changed when Nadine Camougrand and her
colleagues from the University of Bordeaux were able to
demonstrate in 2004 that in yeast a speciﬁc membrane protein in the mitochondrial outer membrane was essential for
mitochondrial autophagy. Mutation of this protein suppressed autophagy of mitochondria without any impact
on autophagic degradation of other cytosolic components
[96, 97].
Subsequently, one year later, John J. Lehmasters from
the University of North Carolina at Chapel Hill proposed
in 2005 the new term “mitophagy” “. . . to emphasize the
non-random nature of the process” [98].
Considering the vital role of mitophagy for maintaining
a healthy population of fully functioning mitochondria (see
MQC above) it is not surprising that mitophagy has
emerged as an important potential new therapeutic target.
During the last decade, a number of low-molecular compounds as well as lifestyle interventions have been found
to modulate mitophagy and subsequently to positively
affect health and lifespan. This new ﬁeld of biomedical
research (modulating mitophagy) has recently been comprehensively reviewed by Daniela Bakula and Morten
Scheibye-Knudsen from the University of Copenhagen
who coined the new term “mitophaging” in [50]). The
authors wrote in their concluding remarks: “. . . given the
central role of mitophaging in multiple age-related pathologies it appears highly likely that these new promising
approaches may present possible interventions in agerelated diseases. The future is bright!” [50]. Only a few of
these “new promising approaches” will be discussed. First,
lifestyle interventions which have a positive impact on
mitophagy (or on “mitophaging”) are caloric restriction
and exercise [50]. Second, one of the best studied small
molecules in term of lifespan extension and disease development in animal models are rapamycin and its analogs,
called rapalogs [99]. Rapamycin is a naturally occurring
macrolide, i.e. a large cyclic lactone ring with conjugated
sugars, which was isolated in 1972 from a speciﬁc bacterium
found on Easter Island [100]. It was approved by the FDA
(USA) in 1999 as an immunosuppressive and is being
traded under the name Rapamune (Pﬁzer). The study of
this potent immunosuppressive and anti-proliferative
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compound actually led to the discovery of whole new signaling pathway triggered by mTOR, which stands for mechanistic (mammalian) target of rapamycin [101, 102]. This
“mechanistic target of rapamycin (mTOR)” represents a
large group of protein kinases, which are enzymes that activate or deactivate proteins and other enzymes involved in
fundamental cellular processes like growth, proliferation,
differentiation, motility and others [103, 104].
Other metabolites and enzymes affecting mitophagy are
NAD+, SIRT1 and AMPK [50], which were discussed
above for their role in mitochondrial biogenesis. As
reviewed in [50], numerous mitophagy modulators have
been identiﬁed, many of them are naturally occurring
compounds. The big challenge for pharmacologically augmenting mitophagy however is associated with the speciﬁc
targeting of damaged mitochondria. Whether the future of
mitophagy modulators for lifespan extension and healthy
aging is bright will depend on clinical trials yet to be
designed and conducted.

Mitochondrial unfolded protein response
(UPRmt)
Transmembrane and secretory proteins undergo posttranslational protein modiﬁcation and subsequently fold
into their native conformation inside the endoplasmic reticulum (ER). The ER is also the site of biosynthesis for steroids including cholesterol and many lipids which requires
the presence of numerous enzymes. Subsequently, the total
ER protein concentration can reach up to 100 mg/mL [105]
(for comparison, the protein concentration in blood serum is
60–80 mg/mL). To maintain full functionality of all proteins present inside the ER at any given time and to prevent
aggregation and accumulation of misfolded proteins a system of chaperone molecules has evolved which uses metabolic energy to ensure proper protein folding. An increase
in the level of misfolded proteins triggers signaling pathways which leads to upregulation of chaperon expression.
The ﬁrst investigations into these chaperon proteins and
into this pathway were launched at the beginning of the
mid-1970s [106]. By the beginning of the 1990s this signaling pathway has been designated as “unfolded protein
response (UPR)” [106, 107] and by the beginning of the
2000s malfunctioning UPRs have been linked to a variety
of human diseases [105].
Considering the very high protein concentration
inside mitochondria (in hepatocyte mitochondria up to
500 mg/mL [108]), Nick Hoogenraad and colleagues started
in the mid-1990s to investigate whether mitochondria possess a similar signaling pathway which can be triggered
by an increasing load of misfolded mitochondrial proteins
[109]. Subsequently, between 1996 and 2012, this group
has published a series of papers demonstrating that
mitochondria possess their own unfolded protein response,
termed UPRmt [110–114]. Though the UPRER and the
UPRmt share common elements, controlling factors are
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entirely different [109]. Current efforts focus on the further
elucidation of the UPRmt mechanism and on its exploration
as a potential therapeutic target [109, 115, 116].

What is the nuclear factor kappa B (NF-kB)
doing in mitochondria?
During the mid1980’s Ranjan Sen working in the
laboratory of Nobel laureate David Baltimore identiﬁed a
protein that binds to a speciﬁc and conserved DNA
sequence in nuclei of activated B lymphocytes, which he
named “Nuclear Factor binding near the k light chain gene
in B cells”, abbreviated as NF-kB [117, 118]. We know now
that NF-kB involves a whole family of related protein
complexes which exist either as hetero- or homodimers
drawing from a pool of 5 different monomers resulting in
the formation of up to 15 different NF-kB complexes
[118–120]. The role of NF-kB in the proper functioning of
cells cannot be underestimated; by either activating or
repressing “hundreds of target genes” [118] it controls
DNA transcription, cytokine production, cell survival and
other fundamental cellular events. In particular NF-kB is
involved in regulating the immune response to infection.
As of today, the diverse family of NF-kB transcription factors “has been extensively characterized in organisms ranging from ﬂies to humans” [121] and their recent discovery in
basal phyla including sea anemones, corals, hydras, jellyﬁsh
and sponges has triggered further investigations into the
evolutionary roots of this group of transcription factors
which is expected to lead to a better understanding of the
origins of regulated innate immunity [121]. Also interesting,
inhibitors of NF-kB signal transduction pathways are considered as promising anti-inﬂammatory therapeutics [122].
So, what is the connection between NF-kB and mitochondria? It is to the credit of Benedict C. Albensi (since
June 2021 at Nova Southeast University in Florida) who
drew the attention of the mitochondrial community most
recently to this “master regulator of evolutionarily conserved
biochemical cascades” [123] by a paper with the thoughtprovoking title “What is NF-kB doing in and to the mitochondrion?” [124]. Though ﬁrst reports about NF-kB
subunits having been found in puriﬁed mitochondria were
published in 2001 [125, 126] and three conﬁrming papers
appeared shortly thereafter [127–129], “not much follow-up
work has been done to date” [124] which is “surprising”
[124] considering the fundamental role and the evolutionary
history of this transcription factor family and of mitochondria. Albensi then discusses, on occasion in a speculative
and perhaps even provocative way (in his own judgement),
possible connections between NF-kB and mitochondrial
dynamic, mitochondria-based apoptosis, mitochondrial
respiration, mitochondrial metabolism and even mitochondrial gene expression. At the end of his review paper,
Albensi is re-asking the question “What is NF-kB doing in
and to the mitochondrion?” and gives the immediate and
short reply “a lot!” [124]. It does not appear as unreasonable to assume that during the next decade NF-kB will
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get into the limelight of mitochondrial research. Currently
(please see below) NF-kB is already being explored as a
therapeutic target for the treatment of mitochondrial
diseases.

The emerging role of NRF2 in mitochondrial
bioenergetics
At the 6th World Congress on Targeting Mitochondria
in October 2015 in Berlin, Germany, Albena DinkovaKostova from the University of Dundee gave a presentation
about the increasingly recognized importance of the
KEAP/NRF2 pathway for mitochondrial physiology and
bioenergetics. NRF2 was ﬁrstly discovered and described
in 1994 as a basic leucine zipper transcription factor with
unclear biological function [130]. Two years later, studies
of NRF2 knockout mice were unable to detect any abnormal phenotype of these mice but revealed that they were
susceptible to stress [131]. In 1997, it was revealed that
NRF2 knockout mice were unable to induce the expression
of two antioxidant enzymes [132]. Today we know that
NRF2 is a transcription factor for over 500 genes, most of
which have cytoprotective functions. NRF2 regulates a
large variety of genes that are crucial for controlling cellular
resistance to intrinsic and extrinsic stressors [133–135]. In
particular, it has been demonstrated that NRF2 stimulates
mitochondrial biogenesis by promoting purine nucleotide
biosynthesis and by controlling the levels of nuclear respiratory factor 1 and peroxisome proliferator-activated receptor
ϫ coactivator 1a [75]. In summary, NRF2 has emerged as an
important factor for maintaining the structural integrity of
mitochondria [75] and its activation appears to generally
improve mitochondrial function [76] which makes it a prime
therapeutic target for the treatment of mitochondrial
diseases (see below).

NRF2 and NF-kB as therapeutic targets for
the treatment of mitochondrial diseases
Both, the NRF2 and the NF-kB pathways are increasingly being discussed as potential therapeutic targets for
the treatment of a variety of clinical conditions [135–145].
With respect to the drug development for the therapy of
mitochondrial diseases (extensively reviewed in [77]) one
potential new drug (New Chemical Entity, NCE) will be
highlighted. RTA 408 (Omaveloxolone) is a synthetic
oleanane triterpenoid which has been shown to activate
NRF2 and to suppress NF-kB [146]. This NCE has undergone one Phase II clinical trials (completed in 2017) for
the treatment of mitochondrial myopathy and is currently
being tested in an ongoing Phase II clinical trial for the
treatment of Friedreich’s ataxia [77]. In vitro studies conducted with cells isolated from patients have shown (based
on mitochondrial membrane potential measurements) that
RTA 408-mediated activation of NRF2 increases mitochondrial functions [146]. It appears that RTA 408 might be able

to improve the generation of ATP and at the same time
may suppress uncontrolled inﬂammatory responses [77].
Preliminarily released data from a cohort of 69 Friedreich’s
ataxia patients show that NCE is well tolerated and at an
optimal dose of 160 mg/day appears to improve neurological functions [146].

Mitochondrial sirtuins
Sirtuins are a group of enzymes which act as essential
signaling proteins in large number of fundamental cellular
processes. The name “sirtuin” has been derived from its
“founding member” [147] Sir2, which stands for “Silent
Information Regulator” [148]. The entire ﬁeld of sirtuins
exploded during the last 20–25 years, not least due a study
which showed that the overexpression of one particular
sirtuin signiﬁcantly increases the lifespan of yeast [149], a
ﬁnding which was soon thereafter conﬁrmed in worms
[150] and in ﬂies [151]. But the effect of sirtuins on lifespan
extension has been under dispute [147]. For example,
sirtuin-activating compounds were found to slow-down
aging in mice and non-human primates [152], but corresponding clinical trials were inconclusive [153]. Any discussion of inconsistencies around the effects of sirtuins on
lifespan is however beyond the scope of our review.
Most sirtuins act as deacylases, which are enzymes
which remove either acetyl, malonyl or succinyl residues
from the amino acid lysine in target proteins and thereby
regulate protein function and activities. In contrast to “classical” deacylases however, sirtuins couple the deacylation
process to NAD+ hydrolysis thereby generating free nicotinamide. A few sirtuins function as ADP-ribosyltransferases,
i.e. they conjugate the ADP-ribose moiety to lysines in
proteins.
Since the activity of all sirtuins depends on the availability of NAD+, all post-translational sirtuin – based protein
modiﬁcations are directly coupled to the energy state of
the cell. It has been found that several factors (not discussed
here) may play a role in the observed age-related decline of
NAD+ levels in humans [154, 155] and it has been hypothesized that “NAD(+) depletion may play a major role in the
aging process, by limiting energy production, DNA repair
and genomic signaling” [154].
Seven distinct sirtuins have been identiﬁed in mammals,
named SIRT1 to SIRT7; three of them, SIRT 3, 4 and 5 are
localized inside mitochondria. The functions and detailed
mechanisms of actions of all three mitochondrial sirtuins
have been recently and comprehensively reviewed by
Chih-Hao Wang and Yau-Huei Wei, respectively [156]. In
brief, SIRT3, SIRT4 and SIRT5 regulate in a highly coordinated fashion, via activation or deactivation of numerous
key enzymes, cellular metabolism (fatty acid oxidation,
TCA cycle, urea cycle), redox homeostasis (antioxidant
activities) and the OXPHOS pathway (ATP production).
Defects related to all three mitochondrial sirtuins have also
been postulated to contribute to the pathogenesis of insulin
resistance and type 2 diabetes (T2D) [156].
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In summary, mitochondrial sirtuins play an important
role and their dependence on the presence of cellular
NAD+ which declines with age, dietary supplementation
with NAD+ precursors could also be considered.

The changing dogma about mitochondrial
Reactive Oxygen Species
Equally famous for being the powerhouse of the cell,
mitochondria have gained and persistently retain the reputation of being the major source of highly toxic Reactive
Oxygen Species (ROS). The notion that electrons leak from
the mitochondrial electron transfer chain to reduce oxygen
to superoxide radicals which is converted by superoxide
dismutase to hydrogen peroxide that in turn and in the
presence of free Fe2+ forms highly reactive hydroxyl radicals
has become common textbook knowledge. Even an Editorial from 2015 still considers ROS as nothing but being
“detrimental by-products” of cellular respiration [157].
The presence of strong intracellular oxidants of course
can cause non-speciﬁc oxidative damage to nucleic acids,
lipids and proteins. The identiﬁcation of such “oxidative
stress” as a major factor for the etiology and pathogenesis
of a wide spectrum of human diseases including cancer,
Alzheimer’s, Parkinson’s diabetes and aging has led to the
general embracement of all types of natural and synthetic
antioxidants for prophylaxis and therapy of human disease
states which in turn gave rise over the last three decades to
a large branch of the supplement industry. Remarkably,
despite the straightforward sounding concept of ﬁghting
toxic oxidants by administering antioxidants the literature
is ﬁlled with reports about failed antioxidant therapy studies (reviewed in [158]).
So, how did mitochondria gain their reputation as the
major source of toxic ROS and what has changed during
the last 20 years?
Intact mitochondria have been established as a novel
source of intracellular hydrogen peroxide at the beginning
of the 1970s. At that time “the possibility of a respiratory chain linked hydrogen peroxide production under
physiological conditions” has been considered for the ﬁrst
time [159, 160]. A series of follow-up in vitro studies were
summarized in 1979 in an inﬂuential review paper about
hydroperoxide metabolism in mammalian cells [161] in
which the author concluded from the data available that
approximately 2% of the total inspired oxygen is converted
to hydrogen peroxide. This conclusion remained unchallenged for over 20 years and the concept that ROS are
highly toxic agents which cause the random oxidation of
macromolecules became a dogma.
It was Anthony William Linnane (1930–2017) and
colleagues who started in the early 2000s to question this
supposition by compiling substantial evidence of the vital
requirement for the “continuous regulated formation and
functional utilization of superoxide anion and hydrogen
peroxide, as well as the free radical gas nitric oxide and peroxynitrite” [162–165]. According to Linnane [164], St-Pierre

Figure 3. Scheme illustrating functions and effects of three
different levels of the intracellular concentrations of reactive
oxygen/nitrogen species (adapted from [158])

and his group reported in 2002 [166] that the earlier studies
signiﬁcantly overestimated the amount of superoxide
anions and hydrogen peroxide by about two orders of magnitude. Instead of 10 nM H2O2/minute/mg mitochondrial
protein only about 0.1 nM H2O2/minute/mg mitochondrial
protein is formed under physiological conditions [164]. The
papers by Linnane and by St-Pierre and additional papers
by Nohl [167, 168] show that inhibited respiring mitochondria produce only very low levels of ROS and that under
physiological conditions hydrogen peroxide is not as toxic
as its reputation, except at elevated concentrations reaching
the mM range.
In summary, the developments made in redox biology
since around 2000 have revealed the vital function of
ROS and in particular hydrogen peroxide as messenger
molecules essential for the regulation of the entire metabolome. Cellular signaling by ROS and Reactive Nitrogen
Species RNS is now generally acknowledged as a major
and essential physiological process [169, 170]. Whether
ROS are toxic or not largely depends on their intracellular
concentrations. It has been suggested to distinguish
between three levels of ROS/RNS (Fig. 3), each one playing
different biological roles: i) a “physiologic level” at which
ROS/RNS are essential components of redox-sensitive
signaling pathways; ii) “elevated levels” arising from cellular stress preparing the cell for survival, and iii) “pathologic
levels” at which ROS or RNS lead to massive oxidative damage of cellular components resulting in cell death
[171].
In conclusion, for any successful antioxidant therapy,
delivery technologies have to be developed which are aimed
at neutralizing only the excess of ROS/RNS, but this is
beyond the scope of this review.
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Targeting mitochondria with low molecular
weight drugs
A 1969 paper from by Vladimir Skulachev’s group in
Moscow (Russia) described the membrane potentialdependent accumulation of methyl-triphenylphosphonium
(MTPP) cations inside the matrix of mammalian mitochondria [172]. MTPP is an amphiphilic molecule with a delocalized positive charge, also simply called a delocalized cation
(DLC). During the 1980s similar amphiphilic molecules with
a delocalized positive charge (e.g. rhodamine 123, dequalinium) were found to localize inside respiring mitochondria
[173–176] which lead to the dogma that amphiphilicity
paired with a delocalized positive charge center is the
ultimate prerequisite for inherent mitochondriotropism of
low-molecular weight compounds. Sufﬁcient lipophilicity
in combination with the delocalization of the charge center
to reduce the free energy change when moving from an aqueous to a hydrophobic environment were believed to be pre a
requisite for mitochondrial accumulation of DLCs in
response to the mitochondrial membrane potential [176].
However, the nature of “mitochondriotropism” of low-molecular weight compounds appears to be more complex. In
2007, a non-biased sample of over 100 mitochondriotropics
(i.e. compounds reported to accumulate at or inside mitochondria) was generated from the literature and examined
using physicochemical classiﬁcation as well as the combination of quantitative structure-activity relationship (QSAR)
models with a Fick–Nernst–Planck physicochemical model.
Thus although DLCs have been regarded as the commonest
structural type, only a third were such. Much the same proportion were acids, potentially or actually anions and many
mitochondriotropics were electrically neutral compounds
[177]. In conclusion, it can be said that all DLC are mitochondriotropics, but not all mitochondriotropics are DLCs.
The inherent mitochondriotropism of Skulachev’s
MTPP was explored during the 1990s by Mike Murphy
and his group to deliver a large variety of small molecules
via conjugation to triphenylphosphonium cations into mammalian mitochondria [178–184], among them the active
antioxidant moiety of vitamin E. Murphy and co-workers
could show that the mitochondrially targeted vitamin E
derivative accumulates several hundred-fold inside the mitochondrial matrix, prevents lipid peroxidation and thereby
protects mitochondria from oxidative damage [183, 185].
Follow-up work eventually led to the development of MitoQ,
which underwent four clinical trials over the past ﬁve years
for the treatment of mitochondrial diseases as well as ﬁve
more trials listed for treatment of other conditions [77]. A
well-proven safety proﬁle and ﬁrst indications of therapeutic
efﬁcacy seem to make MitoQ a promising new drug for the
therapy of a variety of diseases associated with an increased
oxidative stress. Structurally closely related to MitoQ is
SKQ1, developed by Vladimir Skulachev himself (S and K
are the two ﬁrst letters of the inventor’s last name). SKQ1
has been tested in two clinical trials in the US for the potential treatment of Dry Eye Disease (DED). It has been
hypothesized that mitochondria-induced oxidative damage

in the lacrimal gland is associated with the development of
DED. In Russia this drug has already received a market
approval.

Mitochondria-targeted peptides
A serendipitous discovery at the beginning of the 2000s
laid the ground for the development of a potentially potent
drug for the therapy of mitochondrial disorders. While
developing peptides displaying high afﬁnity and selectivity
for the l-opioid receptor it was discovered rather surprisingly [186] that a few of those synthetic peptides, among
them the tetrapeptide MTP-131, accumulated at the inner
mitochondria membrane and even prevented mitochondrial
swelling and oxidative cell death during reperfusion injury
[187]. Further investigations revealed that these mitochondriotropic peptides selectively bind to cardiolipin (CL), a
phospholipid speciﬁc for the inner mitochondrial membrane. As a result of that binding the interaction between
cytochrome C and CL appears to be modulated which in
turn seems to accelerate electron ﬂow through the electron
transfer chain (ETC) [186, 188]. It is hypothesized that the
support of the electron transport through the ETC contributes to an increased ATP output [189, 190]. During
the last 5 years, MTP-131 (“Elamipretide”) was tested in
eight clinical trials for a variety of clinical conditions [77].
In general, it appears that this new experimental drug is
safe and seems to exert a supporting effect on mitochondrial
function in disease states associated with malfunctioning
mitochondria. Its discovery, again, was purely accidental.

Mitochondrial ion channels
Mitochondrial ATP production through oxidative phosphorylation requires a mitochondrial inner membrane
essentially impermeable to ions in order to minimize energy
dissipation. Although by the middle of the 2000s plenty of
evidence for the existence of mitochondrial ion channels has
been accumulated, mitochondrial inner membrane channels
have been considered still as a “nascent subject of investigations” [191]. Since a comprehensive discussion of this particular ﬁeld is beyond the limits of this review, only a few
selected examples illustrating the history and signiﬁcance
of research about mitochondrial ion channels will be
reviewed below. For an extensive review of mitochondrial
ion channels the reader is referred to [191, 192].

Voltage-dependent anion channel
As one of the earlier identiﬁed channels the VoltageDependent Anion Channel (VDAC) was puriﬁed from
paramecium mitochondria and reconstituted in liposomes
in 1976 [193]. It is a highly conserved protein with homology
to bacterial porins and forms an outer membrane pore with
a diameter of up to 3 nm. It allows the passage of ATP,
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ADP, phosphate, as well as Ca2+, K+ and Na+. The exact
structure of VDAC, its interactions with a variety of other
mitochondrial proteins and above all its role in mitochondrial pathologies including apoptosis is still under intense
investigation. For example, a paper published in 2005, i.e.
30 years after the discovery of VDAC, carried the title:
“On the role of VDAC in apoptosis: Fact and Fiction”
[194]. A most recent review entitled “Renaissance of
VDAC: New insights. . .” [195] stated that it “has become
impossible to review all the existing literature on VoltageDependent Anion selective Channel (VDAC) in a single
article”.

Uncoupling proteins
To better understand the function of uncoupling proteins
(UCPs), a brief refresher of the mechanism of mitochondrial
ATP production might be helpful. During glycolysis, betaoxidation and the citrate cycle, hydrogen in the form of
NADH2 and FADH2 is extracted from glucose and fatty
acids. The subsequent oxidation of hydrogen atoms to form
water, i.e. the transfer of electrons to molecular oxygen takes
place at the respiratory complex at the mitochondrial inner
membrane (see also Part 1 under “From Atmungsferment
to Respirasomes”). When done in vitro, the oxidation of
hydrogen to water is an explosive process (“Knallgas” reaction), but during the step-by-step transfer of electrons along
the complexes of the ETC the energy is gradually released
and used to build up a proton gradient across the highly
impermeable inner mitochondrial membrane (IMM).
Finally, protons move back into the mitochondrial matrix
through the ATP Synthase (complex V), which in turn
produces ATP via phosphorylation of ADP. During the
entire pathway of oxidative phosphorylation, chemical
energy (glucose, NADH2, fatty acids, FADH2) is converted
ﬁrst into redox energy (electron ﬂow), then electroosmotic
energy (proton gradient) and ﬁnally again into chemical
energy (ATP). In this process the electron ﬂow through
the ETC is “coupled” with the production of ATP. Any opening of the inner mitochondrial membrane would allow
protons to move back into the mitochondrial matrix bypassing complex V. Instead of being stored as chemical energy in
form of ATP the electroosmotic energy would then be
released as heat energy. Under such conditions, the electron
ﬂow is considered being “uncoupled” from the ATP production and that is exactly what a mitochondrial uncoupling
protein does: “(It) provides a carefully regulated proton
re-entry pathway across the mitochondrial inner membrane
operating in parallel to the ATP synthase” [196]. As result,
the rate of respiration increases in order to produce heat
energy in addition to chemical energy in form of ATP.
The observation that brown adipose tissue is potentially
able to produce more heat than other tissues has been made
by several investigators during the 1960s [197]. The mechanism behind this phenomenon began to unfoldin 1978 when
David G. Nicholls (today Professor Emeritus of Mitochondrial Physiology at the Buck Institute in Novato, CA)
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identiﬁed a 32 kDa protein in the IMM which is able to
facilitate the transfer of protons back from the intermembrane space into the mitochondrial matrix [198]. This
protein was originally named uncoupling protein, it also
became known as “Thermogenin”, eventually was called
Uncoupling Protein 1 (UCP1) and it was cloned for the ﬁrst
time in 1988 [199, 200]. Although by 2012 four more isoforms of UCP1 had been communicated in the literature
(UCP2-5) [201–204], their discoveries were apparently not
free of controversies. In a most recent review from 2021,
David G. Nicholls wrote: “In the 40 years since UCP1 was
ﬁrst described, an extensive, and frequently contradictory,
literature has accumulated. . . ﬁnally, the troubled history
of the putative novel uncoupling proteins, UCP2 and
UCP3, will be evaluated” [196]. Any detailed discussion of
this dispute is however beyond the scope of our review.

Mitochondrial Ca2+ channels
Mitochondrial Ca2+ uptake has described for the ﬁrst
time in the early 1960s [205]. Since then the importance of
mitochondrial Ca2+ homeostasis for cellular physiology
and pathophysiology has been widely recognized (reviewed
in [206]). Yet the molecular structure and identity of mitochondrial Ca2+ channels and/or transporters has remained
elusive until around 2010 when two papers described a comparative genomic approach which led to the identiﬁcation of
two channels, called “Mitochondrial Calcium Uptake 1”
(MICU1) [207] and “Mitochondrial Calcium Uniporter”
(MCU) [208]. Fabiana Perocchi presented both of her papers
at the 3rd World Congress on Targeting Mitochondria in
Berlin, Germany and her presentation had the subtitle
“50-year search for Calcium channels ends”. During the
same time, De Stefani and colleagues described in another
paper in 2011 the identiﬁcation of the MCU as a 40-kDa protein located in the inner mitochondrial membrane (IMM)
[209]. Studies of the exact mechanisms of how mitochondria
regulate cellular Ca2+ homeostasis are ongoing. For example, most recently, in 2020, detailed structures of the human
MCU in the presence and absence of Ca2+ have been
published [210], a discussion thereof is however beyond the
scope of our review. Any impairment of the proper function of the MCU can have catastrophic consequences. Noemi
Esteras and Andrey Abramov from the UCL Queen Square
Institute of Neurology in London, UK, comprehensively
reviewed available data which show a strong link between
malfunctioning MCUs and neurological disease such as
Alzheimer’s Disease (AD) [211]. Brieﬂy, two histopathological hallmarks of AD are the appearances of aggregates of
misfolded proteins (beta-amyloid and tau) inside and
outside neurons. Recent studies point at a direct role of
these protein aggregates in disrupting the mitochondrial
inﬂux and efﬂux of calcium which in turn triggers cell death
by mitochondria-mediated apoptosis. The recognition of
such speciﬁc mechanism may lead to new mitochondriatargeted therapies for AD and similar neurological disorders
[211].
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K+ channels
The ﬁrst mitochondrial inner membrane K+ channel
(mitoKATP) was identiﬁed in 1991 using the direct mitoplast patch-clamp method [212]. Mitoplasts are mitochondria stripped off their outer membrane. The same
technology revealed in 1999 the existence of a second channel (mitoKCa) [213]. As the nomenclature indicates, the ﬁrst
one is ATP sensitive, while the second one is controlled by
calcium. Both potassium channels are thought to play a role
(among others) for cellular tolerance to ischemia-reperfusion injury. Already back in 1985 it was demonstrated that
agents able to open K+ channels in the plasma membrane of
myocardial cells can protect hearts against ischemiareperfusion injury [214]. Currently, mitochondrial K+
channels are being investigated as drug targets for cardioprotection [215–217].

Bidirectional cross-talk between mitochondria
and microbiota: physiology and implication in
many diseases
The human body is inhabited, from birth on, by millions
of small microorganisms, which all together form the
human microbiota. This microbiota, itself made up by
millions of bacteria, fungi, and viruses, are shown to be vital
for the well-being of the human body. The biggest populations of microorganisms inhabit the gut, while other popular places for microbiota are the skin, the genitals, and the
respiratory tract. The healthy microbiota is of a vital
importance for nutrition, immunity, and can also affect
the metabolic and the neurobehavioral state of humans.
More in depth, the gut microbiota is an important
plus for the human body in terms of fermenting the nondigestible dietary ﬁbers, endogenous mucous, and others.
The most important byproducts of the colonic microbial
fermentation are urolithin A, and short chain fatty acids
(SCFAs), primarily acetate, propionate, and butyrate
[218]. Due to these metabolites, among others, the microbiota interacts with host cells in particular, more precisely
by interlacing with the mitochondrial activities. In fact, this
microbiota–mitochondria interplay is not surprising due to
the features they share in common. In 1967, as we pointed
out in Part 1 of our review [219], Lynn Margulis published
the endosymbiotic theory in which she elegantly proposed
a shared phylogenetic history between bacteria and mitochondria, both sharing the same ancestor [220]. Since then,
this theory became the cornerstone of the modern molecular
and cell biology.
The SCFAs, especially butyrate, were shown to enhance
microbial diversity and promote the abundance the bacteria
that secrete these compounds. On the other hands, they are
also known to activate the AMP kinase, needed to promote
mitochondrial biogenesis (see above). This remains a good
example on how gut microbiota inﬂuence mitochondrial
functions related to energy production, mitochondrial biogenesis, and ROS modulation. Moreover, bearing in mind
that mitochondria are the predominant site of substrate

oxidation and energy production, needed for the healthy
muscular contraction, it is well-known that butyrate and
urolithin A enhance skeletal muscle’s oxidative capacity
and mitochondrial function. Hence, it is not surprising to
say that metabolic health and mitochondrial health are
synonymous, and these ﬁndings corroborate a musclemicrobiota re-inforcement in both directions [221]. In the
same context, factors that regulate the microbiota quality
and diversity like diet, probiotics, and others can have an
effect on the muscular activity and resistance to stress in
case of endurance exercise and chronic training of athletes
[222].
In recent years, it has become increasingly evident that
there is a bidirectional interaction between mitochondria
and microbiota [223]. Even though we are still in the infancy
of understanding such interplay, several reports revealed
that speciﬁc microbiota composition (in terms of quality
and diversity) is associated with many chronic inﬂammatory
diseases, metabolic disorders, and even neuropsychological
disorders (Fig. 4).
Owing to the fact that mitochondria are the main
source of ROS, it is obvious that these cellular powerhouses
are key determinant of the innate immune response.
Depending on the ROS level inside the cell, it can induce
cell proliferation, pro-inﬂammatory cytokine release, or
apoptosis [223]. Nonetheless, mitochondria invoke also
adaptive immune responses thereby promoting adequate
self-defenses against invaders such as pathogenic bacteria
or viruses, e.g. the emerging COVID-19 virus [224].
Beside the mitochondrial role in regulation of healthy
gut epithelial barrier [223] and in triggering chronic inﬂammatory response and cancer [225]. Jackson et al. reviewed
the role of dysfunctional mitochondria in tumorigenesis.
They explained how cancerous cells exhibit hybrid metabolism (both glycolysis and oxidative phosphorylation) in a
trial of adapting to their microenvironment. Altered mitochondrial enzymes generate precursors needed for the fast
cellular proliferation. They also mentioned how hypoxia
drives the production of many oncometabolites and the
progression of colorectal cancer. Many mtDNA mutations
were also found in early neoplasia. The increased risk of
colorectal cancer has been associated with dysbiosis of the
gut microbiome and decreased production of SCFAs, but
the exact involvement of microbiota in driving intestinal
cancerogenesis is not fully understood [226].
In the context of gastrointestinal disorders, the effects of
mitochondrial dysfunction and the microbiota dysbiosis on
the development of inﬂammatory bowel diseases (IBD),
such as Crohn’s disease (CD) and ulcerative colitis (UC)
were also reported [225]. Particularly in the onset of CD, a
recent study done by Mottawea et al. revealed that the onset
of pediatric CD is associated with a signiﬁcant decrease in
butyrate-producing bacteria in the intestinal microbiota.
As such, they argued that the depletion of butyrateproducing microbes from may diminish the capacity of
H2S detoxiﬁcation by the body, owing to the fact that butyrate activates the expression of the genes encoding the mitochondrial H2S detoxiﬁcation components. This decrease in
butyrate producers is associated with a signiﬁcant increase
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Figure 4. Scheme illustrating the crosstalk between microbiota and mitochondria and its systemic impact on the host

in H2S-producing H2S, among which the Atopobium parvulum. Consequently, the enhanced production of the proinﬂammatory H2S caused additional metabolic stress and
subsequently increased mucosal inﬂammation [227].

At a systemic level, the intriguing anti-inﬂammatory
role of mitochondria is not surprising and had been
associated with the maintenance of the systemic homeostasis of the body. Actually, dysfunctional mitochondria are
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well-known to activate many cytosolic multiprotein complexes that promote inﬂammation and cellular distress,
referred to as inﬂammasomes (more about inﬂammasomes
see below). Owing to the fact that some metabolites in
the gut microbiota seem to interfere with mitochondrial
oxidative stress and the activation of the inﬂammasomes,
recent evidence and research showed that the gut microbiota can regulate crucial mitochondrial factors, coactivators, and enzymes involved in chronic metabolic disorders
such as obesity and T2D [228]. Firstly, in obese patients,
the altered adipose proﬁle (accumulation of macronutrients
in adipose tissues) stimulates the secretion of pro-inﬂammatory cytokines and contributes to ROS generation and
oxidative stress which, in turn, trigger a systemic inﬂammation state with hyperinsulinemia and insulin resistance. In
addition, oxidative stress has been showed to be closely
related to the dysfunction of b-cell which are the central
players in the insulin secretion. Of note, several papers
reported that obese people present consistent changes in
their gut microbiota as compared to normal individuals.
However, and unfortunately, the molecular mechanisms
by which the intestinal microbiota could contribute to the
pathogenesis of such metabolic disorders are still poorly
understood [228, 229].
The microbiota-mitochondria interplay was recently
also assessed in the context of endometriosis. Classically,
it was known that endometriosis is a local estrogenmediated disorder upon retrograde menstruation. A study
by George Anderson in 2019 showed that underlying mechanism of endometriosis is multifactorial including not only
estrogen, but also mitochondrial dysregulation affected by
immunity, gut and uterine microbiome, and vitamin A.
Increased oxidative stress is evident in endometriosis and
overly compensated by heightened levels of oxidative phosphorylation and ATP production. Moreover, the women
with endometriosis showed an alteration in their gut, and
their uterine microbiome [230]. The latter results are in concurrence with other results provides by another study in the
same year by Ata et al. they conclude that the overall
microbiome among women with endometriosis and normal
individuals seems to be similar, but they showed many differences at the genus level of the bacteria. Further studies
are needed to see if these differences are random and if
the endometriosis can lead to microbiota dysbiosis or vice
versa [231].
Finally the human microbiome is not only inﬂuenced by
the chronic metabolic disorders but also by many therapeutic strategies such as the use of antibiotics, and dialysis in
patients suffering from chronic kidney diseases. A pilot study
conducted by one of us (M.E.) and his coworkers in 2018 was
the ﬁrst to reveal a change in the human microbiota associated with a mitochondrial dysfunction in hemodialysis (HD)
patients (using citrate dialysate) and suffering from cramps.
The authors explained the mitochondrial dysfunction in HD
patients with cramps by an inadequate mitochondrial number or an alteration of many processes at the molecular levels
among them dysfunction of their electron transport and
ATP-synthesis-machinery. Nonetheless, they showed a
change in the quality and diversity of the gut microbiota

in HD patients with cramps compared to patients with no
cramps. They attributed such dysbiosis to a modiﬁcation
of key factors and mediators produced by bacteria (butyrate,
H2S, ROS, others), that, in turn, would alter the mitochondrial function and affect the skeletal muscular contractions
[232]. The microbiome quality and diversity in patients with
chronic kidney diseases undergoing hemodialysis and peritoneal diseases was also assessed and reviewed in the same
year by Simões-Silva et al. [233]. In conclusion, considering
that drug therapies could potentially interfere with the
human microbiota and that in return, dysbiosis of the microbiota then can affect the severity of the disease’s symptoms
as well as the host’s susceptibility to metabolic disorders
such as obesity and diabetes [229], complementation of
therapies with probiotics appears as advisable. Not only by
the administration of pre-/probiotics, the manipulation of
microbiota could also be achieved by fecal transplant, an
appropriate diet, as well as phage therapy. Recently, Edeas
and coworkers shed the light on the importance of phages
not only for the elimination of pathogenic bacteria that lead
to gastrointestinal infections but also for the modulation of
the beneﬁcial bacteria population by adding new functions
such as metabolite biosynthesis (SCFAs and H2S) [234].
In summary, the cross-talk between mitochondria and
microbiota plays a crucial role for maintaining homeostasis
in the human body. The dysfunction of this bidirectional
inter-talk, or one of its components, was shown to be implicated in the onset or the progression of many inﬂammatory
disease states, cancers, metabolic, and neuropsychological
disorders. In conclusion, targeting the mitochondriamicrobiota interplay emerges as a whole new treatment
strategy for many disorders and age-related morbidities.
The challenge now is to ﬁnd out how the microbiota in term
of quality and diversity can be targeted via using different
approaches which for example may include prebiotics, probiotics, special diets as well as phages.

Extracellular mitochondria in circulating blood
Human blood, the well-known opaque red liquid, is a
circulating ﬂuid supplying the body with needed oxygen
and nutrients and removing metabolic waste products. It
carries numerous cells and proteins suspended in it and it
has vital functions for immunity (white blood cells or leucocytes, neutrophils, eosinophils), gas transport (red blood
cells or erythrocytes), hemostasis (platelets and clotting
factors) and the body’s electrolyte balance. It has been
extensively studied for its important role in the pathophysiology of many metabolic disorders, auto-immune diseases,
and cancers. Nevertheless, researchers most recently demonstrated that human blood which we thought to know so well
surprisingly contains components that had not been
detected previously. Dache et al. [235] and Song et al.
[236] discovered the existence of cell-free circulating mitochondria in the bloodstream of humans and animals. These
studies instantly suggest that plasma and any related products should be used with caution in any kind of application
or research that might be affected by contamination with
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mitochondria. In the ﬁrst study, the authors revealed the
presence of highly stable structures containing whole
mitochondrial genomes (between 200 000 and 3.7 million
per mL of plasma) in circulating blood. Using ﬂuorescenceactivated cell sorting analysis, ﬂuorescence microscopy,
and transmission electron microscopy to examine their size
and density, as well as the integrity of their DNA, these
particles were shown to be intact cell-free mitochondria.
Further functional studies (via Oxygen consumption analysis) done by the same team showed that these mitochondria
seem to be “respiratory competent”, i.e. functional. However,
the functionality of these cell-free mitochondria was re-evaluated by Antoine Stier and his group using high-resolution
respirometry and they proposed that circulating cell-free
mitochondria are unlikely to be functional in vivo mainly
because they did not display any potential for oxidative
phosphorylation [237].
The obvious question now is whether these “extracellular
blood mitochondria” are just an accident or whether they
may play a role in multiple pathologies including diabetes,
immune and neurodegenerative disorders. Song et al.
showed that puriﬁed mitochondria from bovine sera contribute to T- and B-cell activation, and human mitochondria upregulated the percentage of CD4+ and CD8+ T
cells and thereby reduced the production of pro-inﬂammatory cytokines in blood. The authors suggested that the
extracellular mitochondria in blood may function as a novel
mediator for cell–cell communications and maintenance of
homeostasis [236]. Results from another study by Yu et al.
[238] revealed that platelet-derived mitochondria can
trigger an up-regulation of naïve and central memory
CD4+ T cells, the down-regulation of effector memory
CD4+ T cells, and modulations of cytokine productions
and gene expressions. Knowing that the auto-immune effector memory CD4+ T cells are key modulators of the initiation and development of type 1 diabetes (T1D) [239], the
platelet-derived mitochondria emerge as novel and potential
immune modulators to treat T1D and other autoimmune
diseases. Other controversial pro- and anti-inﬂammatory
roles for extracellular blood mitochondria were also discussed [240]. Interestingly, in the context of the role of these
newly discovered extracellular blood mitochondria for
human diseases, it was previously reported that the level
of circulating cell-free mitochondrial DNA (ccf-mtDNA),
distinct from the leukocyte mitochondrial DNA copy
number, was elevated in patients suffering from major
depressive disorder (MDD). The data shown suggested that
plasma ccf-mtDNA may be reﬂective of certain aspects of
MDD pathophysiology and of the response to some antidepressants [241]. Most recently even links between extracellular mtDNA and the SARS-CoV-2 coronavirus have
been proposed. For example, Storci et al. showed that the
increase in levels of the extracellular mitochondrial DNA is
age- and sex-dependent and they suggest that this might
explain why elderly men are more prone to hyper-inﬂammation and severe COVID complications than women [242].
For a more detailed discussion of a connection between mitochondria and the SARS-CoV-2 coronavirus, please see
below.
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Mitochondria and COVID-19
Currently, tremendous efforts are being undertaken to
develop novel strategies for vaccination and therapies in
order to cope with the Covid-19 pandemic. In addition,
different ongoing research projects are dedicated to understanding the pathogenesis and the molecular mechanisms
of the respiratory syndrome caused by the novel SARSCov-2 virus. However, one of the most important questions
that is clinically asked and remains unfortunately not
fully answered is why the elderly people, especially with
co-morbidities are at higher risk of cytokine storm, sepsis,
and multi-organ failure compared to younger populations.
Emerging evidence suggests that COVID-19 highjacks
mitochondria of immune cells, replicates within mitochondrial structures, and impairs mitochondrial dynamics leading to cell death. Data suggest that mitochondria from
COVID-19 infected cells are highly vulnerable, and vulnerability increases with age. Mitochondria are also known to
interact with viral particles when they infect human host
cells, engaging interferon and cytokine release, stimulating
inﬂammation, and inﬂuencing viral survival and replication
[243]. The novel SARS-CoV-2 uses its spike glycoprotein on
the angiotensin-converting enzyme-2 (ACE-2) host receptor
to enter human host cells via endocytosis [244]. Based on
the fact that ACE-2 inﬂuences mitochondrial functions,
Singh et al. argued that an age-related decline in ACE-2
expression and function correlates with decreased ATP production and altered activation of NADPH oxidase 4 in the
mitochondria, which is normally used for ROS production
[245]. The decrease in these components will prevent the cell
from killing the virus and inhibit the infected cell apoptosis.
Additionally, advanced studies showed that SARS-CoV-2
also inﬂuences mitochondrial function by acting on the
estrogen-related receptor alpha, which is a nuclear receptor
that regulates transcription of mitochondrial functions and
energy homeostasis. It is intriguing that this hormonal regulation of mitochondrial targets and functions differs
between men and women, which can partially explain
why SARS-CoV-2 infection results in high rate of mortality
in men compared to women [245, 246].
Once the SARS-Cov-2 enters the cell, the virus can
directly manipulate the mitochondrial function to evade
host cell immunity to its advantage and facilitate virus
replication and COVID-19 disease onset. The viral RNA
localizes the mitochondria and results in the mitochondrial
DNA (mtDNA) release in the cytoplasm. This release will
trigger the activation mtDNA-induced inﬂammasome and
suppress innate and adaptive immunity [245]. Indeed,
mtDNA itself acts as a danger-associated molecular pattern
(DAMP). Its release in the cytoplasm, or into the extracellular compartment, results in a detrimental inﬂammatory
response as suggested by Nakahira et al. who demonstrated
the association of elevated cell-free, plasma mtDNA levels
with increased ICU-related mortality [247].
In the same context, when severely damaged, the mitochondrial spinoffs released in the cytoplasm is accompanied
by the upregulation of Ca2+ levels and the production of
the pro-inﬂammatory cytokines, interleukin 6 (IL-6) and
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interleukin 1 beta (IL-1b) [248] which are the hallmarks of
the Covid-19 cytokine storm [249]. Therefore, knowing that
the mitochondrial dysfunction is associated with aging and
age-related morbidities and metabolic syndromes, scientists
now can comprehend why people who exhibit age- and
comorbidities-related mitochondrial dysfunction have a
poor prognosis in Covid-19 infection showing a high risk
of sepsis, cytokine storm, and multi-organ failure [250].
Nonetheless, preventive treatments based on therapies
improving mitochondrial turnover, dynamics and activity
would be essential to protect against Covid-19 severity
[250, 251].
On another note, it was suggested that mitochondrial
disruption by SARS-Cov-2 could be also due to high ferritin
levels, which by itself, leads to elevated iron-mediated oxidative stress, production of ROS, and the pro-inﬂammatory
cytokine release [248, 252]. Additionally, the ferritin overload can disrupt glucose tolerance in these cells with mitochondrial oxidative stress, which has implications for
diabetic patients [253]. Despite its strong association with
high risk of cytokine storm and mortality in Covid-19
patients, the implication of hyper-ferritinemia in the
progression of cases is not yet fully elucidated. However, as
proposed by Edeas et al. it is crucial to investigate coexisting
iron parameters in COVID-19 patients including transferrin
saturation, plasma iron levels, non-transferrin bound iron
(NTBI) as well as hepcidin. In a trial to target the iron
homeostasis in COVID-19, the use of iron chelators, ferroptosis, and erythropotein could be a promising therapeutic
approach, among others, that helps in the control of the disease progression [254].
Among the other factors that could exacerbate the
severity of the Covid-19 infection via the sepsis and cytokine storm, it was believed that the gut microbiota and
its dysbiosis possibly play a role in such an exacerbation.
It was discussed by Vignesh et al. that the acute gastrointestinal inﬂammation in Covid-19 cases can lead to leaky
gut allowing the ﬂux of bacterial toxins and metabolites
into the systemic circulation, worsening the septic state of
patients [255]. Nonetheless, it was also demonstrated that
respiratory viruses can lead to systemic infection trough
lung-gut axis, especially with a poor intestinal integrity.
This gut-respiratory link can explain why people exhibiting
gastrointestinal symptoms of covid-19 are also prone to
sepsis and cytokine storm [256].

Mitochondria and inﬂammation
Deﬁned as the “Powerhouse of the cell” in 1957 [4] and as
“Motor of cell death” in 1999 [257], a review sanctiﬁed mitochondria in 2017 as “Powerhouses of immunity” [12] indicating that this organelle also seems to lie at the heart of
immunological responses. In 2011 it was demonstrated that
inﬂammasome activity is activated by ROS derived from
mitochondria [258]. Since then additional data were
published demonstrating that “mitochondrial functions
(are) being repurposed in unexpected ways to contribute
to inﬂammatory signaling” [259]. For example, pro-or

anti-inﬂammatory signals can be produced in mitochondria
by modifying the level of Krebs cycle metabolites or by altering levels of ROS (brieﬂy reviewed in [259]). In 2018 two
papers came out demonstrating that the release of mitochondrial DNA or RNA to the cytoplasm can act as a signal
triggering an antimicrobial defense response (reviewed in
[259]). Zhong and colleagues showed that the engagement
of Toll-like receptors may trigger the synthesis of new
mtDNA which is then followed by oxidized mtDNA fragments leaving the organelle and activating inﬂammasomes
[260]. Dhir et al. found that double-stranded RNA released
from mitochondria into the cytosol can act as an antiviral
signal [261]. These most recent discoveries about the role
mitochondria play for immunological responses “could
potentially be exploited for therapeutic gain in inﬂammation
and cancer” [12].

Mitochondrial dysfunction in psychiatric illness
The term “schizophrenia” (Greek “splitting the mind”)
was coined in 1908 by Eugen Bleuer (1857–1939), a Swiss
psychiatrist [262]. About 50 years later, the ﬁrst antipsychotic drug, chlorpromazine was introduced marking the
beginning of serious biomedical research into the etiology
of schizophrenia [263]. The involvement of impaired mitochondrial function in the pathophysiology of schizophrenia
was hypothesized for the ﬁrst time around at the beginnings
of the 2000s, when Dorit Ben-Shachar proposed that “an
abnormal cellular energy state can lead to alterations in
neuronal function, plasticity and brain circuitry, and thereby
to the cognitive and behavioral aberrations characteristic of
schizophrenia” [264]. Although the exact mechanism by
which mitochondria contribute to the pathophysiology of
mental illness remains to be revealed, some data strongly
supports mitochondrial involvement in etiology and
pathophysiology of schizophrenia and bipolar disorder
[265, 266]. According to a recent review focusing on brain
energetics in animal models of depression, bipolar disorder,
schizophrenia and autism, “most reported deﬁcits included
decreased activity in the electron transport chain, increased
oxidative damage, decreased antioxidants defense,
decreased ATP levels, and decreased mitochondrial potential” [267]. The further elucidation of the role mitochondria
play in the pathogenesis of mental disorders will lead to a
better understanding of therapeutic and side effects of psychotropics thereby improving current therapies for psychiatric patients [268]. For example, a recent study involving
48 schizophrenia and 27 bipolar disorder patients used a proﬁle of mitochondrial parameters in lymphocytes to predict
“the drug of choice” for individual patients. Strikingly, it
was found that a long-term treatment with psychotropics
normalized mitochondria-associated parameters in patients
responding to therapy [269]. This “proof of concept study”
conducted by Dorit Ben-Shachar and her colleagues opens
a whole new avenue for the therapy of psychosis patients
only 20 years after the same author for the ﬁrst time predicted mitochondrial involvement in the pathophysiology
of mental disorders.
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Conclusions
Covering the entire burgeoning ﬁeld of mitochondrial
science in a single review, even in one composed of two
parts, is difﬁcult. We have tried emphasizing highlights in
the development of mitochondrial medicine, tracking
selected lines of research from their past to the present.
We hope we have been successful ﬁrst in communicating
to the reader our fascination with this organelle and second
in substantiating what we have written over a decade ago,
that “the future of medicine will come through mitochondria” [13].
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