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CLINICAL HIGHLIGHTS
� Mitochondria are the primary site of cellular energy production in eukaryotes.
� Mitochondria are also crucial for maintaining cellular and organismal homeostasis through the integral role they play in

cellular bioenergetics, metabolic precursor synthesis, calcium regulation, ROS production, immune signaling, and apo-
ptosis.

� Recent data have shown that mitochondria also function as a reservoir of critical second messengers and effector mole-
cules, such as DAMPs, inflammasomes, and sirtuins, that mediate important cellular and physiological processes.

� Mitochondrial dysfunction, caused by environmental conditions or injurious stimuli, contributes to the initiation and/or
pathogenesis of human diseases and aging.

� Within this review, we discuss how derangement of key mitochondrial pathways contributes to the pathogenesis of car-
diovascular disease, pulmonary arterial hypertension, chronic obstructive lung disease, idiopathic pulmonary fibrosis,
sepsis, and neurodegenerative diseases.

� There is an anticipation of continued discovery of mitochondrial pathways important to the pathogenesis of human dis-
ease. These discoveries may lead to molecular targets as diagnostics and therapeutics for patients with mitochondria
pathway-based medical disorders.
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Abstract

Mitochondria are well known as organelles responsible for the maintenance of cellular bioenergetics through the
production of ATP. Although oxidative phosphorylation may be their most important function, mitochondria are also
integral for the synthesis of metabolic precursors, calcium regulation, the production of reactive oxygen species,
immune signaling, and apoptosis. Considering the breadth of their responsibilities, mitochondria are fundamental for
cellular metabolism and homeostasis. Appreciating this significance, translational medicine has begun to investigate
how mitochondrial dysfunction can represent a harbinger of disease. In this review, we provide a detailed overview
of mitochondrial metabolism, cellular bioenergetics, mitochondrial dynamics, autophagy, mitochondrial damage-asso-
ciated molecular patterns, mitochondria-mediated cell death pathways, and how mitochondrial dysfunction at any of
these levels is associated with disease pathogenesis. Mitochondria-dependent pathways may thereby represent an
attractive therapeutic target for ameliorating human disease.
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1. MITOCHONDRIAL DYSFUNCTION: A
HARBINGER OF HUMAN DISEASE
PATHOGENESIS

1.1. Introduction

Mitochondria serve as the principal site of cellular
energy production (bioenergetics) in eukaryotes.
Because of their vital importance as a nexus for key
cellular metabolic pathways, these complex double
membrane-bound organelles also act as sentinels for
cellular and organismal homeostasis. Mitochondria
contribute to fatty acid (FA) and amino acid (AA) me-
tabolism, synthesis of biomolecules (i.e., heme and

iron-sulfur clusters), calcium (Ca21) regulation, anti-
viral defenses, and cell signaling (1–4). Conversely,
in their failure to perform these functions because
of decline in integrity or numbers, often resulting
from exposure to adverse environmental conditions
or injurious stimuli, mitochondria may represent a
harbinger of disease pathogenesis. An emergent
hypothesis, based on experimental evidence, is
that deficits in mitochondrial integrity, bioener-
getics, or other metabolic or regulatory functions
may contribute mechanistically to the initiation and/
or pathogenesis of many human diseases as well as
the aging process (5–10). Additionally, mitochon-
dria also impact cellular processes such as pro-
grammed cell death (apoptosis) and inflammation,
which can modify disease outcomes (4, 11, 12).
Mitochondria are unique organelles in that, unlike

other cellular components, they harbor their own ge-
nome, consisting of mitochondrial DNA (mtDNA), a
closed circular loop of double-stranded DNA of 16,569
kb, which encodes 37 genes on both strands. The prod-
ucts of these genes encode 13 proteins involved in mito-
chondrial electron transfer (e.g., subunits of NADH
dehydrogenase 1, cytochrome b, cytochrome-c oxidase
I, ATP synthase 6), 2 ribosomal RNAs, and 22 mitochon-
drial transfer RNAs involved in the synthesis of mito-
chondrial proteins (13, 14). The mitochondrial genome is
highly susceptible to mutation. A D-loop region of �1 kb
contains two hypervariable regions with higher mutation
frequency. Increased mutation frequency of mtDNA�J. S. Harrington and S. W. Ryter contributed equally to this review.
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(heteroplasmy) may also be associated with select
human diseases. Mammalian mtDNA replication is oper-
ated by nuclear-encoded DNA polymerase-c (Polg). A
mouse model of accelerated mtDNA mutation (i.e., mice
homozygous for a Polg NH2-terminal exonuclease do-
main missense mutation, Polg D257A) exhibited acceler-
ated aging, progressive anemia, as well as defective
mitophagy during erythrocyte maturation (15, 16).
Mutations in either mitochondrial or nuclear-encoded

genes affecting bioenergetics (e.g., subunits of electron
transport chain components) can elicit rare and distinct
human genetic diseases, including various encephalo-
pathies, neuropathies, and cardiomyopathies (17–20).
Mutations in nuclear-encoded genes affecting mito-
chondrial quality can also cause disease; for example,
LRRK2, PARK2, PARK7, and PINK1 are attributed to fami-
lial Parkinson’s disease (21). Mitochondria also serve as
reservoirs of critical second messengers and key effec-
tor molecules in mediating important cellular and physio-
logical processes, with overexpression or deficiencies
of these key molecules contributing to the pathogenesis
of human diseases (22–24). Although mitochondria are
essential for normal physiological processes, in nonge-
netic diseases of complex or unclear etiology it is not
always evident whether mitochondrial injury is causative
of a particular disease or sustained as the consequence
of disease pathogenesis (25). Hence, the relative impor-
tance of mitochondrial dysfunction to disease may vary
in a disease- and model-specific fashion. As not all
human diseases are associated with mitochondrial proc-
esses, this review examines the propathogenic role of
mitochondrial dysfunction in select human diseases, for

which evidence has accrued in experimental animal
models or human samples.
Mitochondria populations are tightly regulated by

processes that ensure the maintenance of required
numbers and their quality. These processes include the
proliferation (biogenesis) of mitochondria and the culling
of dysfunctional mitochondria by autophagy (mitophagy)
(26–28). Additionally, mitochondria represent dynamic
structures that are highly mobile within the cytosol and
subject to genetically programmed regulation of their
morphology, also for overall maintenance of quality
(29, 30). Among these, the processes of fission and
fusion represent not only physiological mechanisms
but also adaptive mechanisms in response to environ-
mental stress.
The following sections provide an introduction to various

mitochondria-associated processes that can impact human
disease progression, including bioenergetics, mitochon-
drial metabolism, Ca21 regulation, mitophagy, mitochon-
drial dynamics (i.e., fission, fusion), and mitochondrial
biogenesis. This review aims to provide a background for
researchers across multiple disciplines seeking to gain
knowledge in mitochondrial processes. Subsequently, this
review explores the roles of these processes in specific
pathologies, which will serve as a reference for transla-
tional researchers focused on understanding the role of
mitochondrial processes in the pathogenesis of specific
diseases as well as their potential for development as ther-
apeutic targets. The diseases that are considered are
largely represented by cardiovascular, lung, infectious/
inflammatory, and neurodegenerative diseases. The role
of mitochondria in cancer progression has been reviewed
elsewhere (12).

1.2. Morphology, Bioenergetics, and Metabolism

The recognition of mitochondria as distinct organelles
dates to early light microscopic observations, including
those of the Swiss physiologist Albert von K€oliker (ca.
1857). After advances in histological staining, Richard
Altmann (ca. 1886) coined the term “bioblasts” for fila-
mentous structures he believed to be of prokaryotic ori-
gin (31, 32). His observations predated later hypotheses
by evolutionary biologists that mitochondria may have
arisen as an endosymbiotic fusion event between
eubacteria and a primitive eukaryotic cell (33). The term
“mitochondria,” which is derived from the Greek mitos,
meaning thread, and chondros, meaning granule, was
later introduced by biologist Carl Benda in 1898 during
the study of spermatogenesis (34). The German bio-
chemist Leonor Michaelis introduced the first mitochon-
dria-specific vital stain, Janus Green-B, in 1900 (35). The
first electron micrographs of mitochondria were pub-
lished by Claude and Fullam in 1945 (36). Further
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ultrastructural analyses by George Palade (37) eluci-
dated fine details of membrane structures, including the
inner membrane cristae. The recognition of the func-
tional role of mitochondria in energy production dates to
1946, coincident with the localization of cytochrome-c
oxidase and succinate oxidase enzymes to mitochon-
drial particles (38).
In the modern view, mitochondria are distinct organ-

elles that are encased by the outer mitochondrial mem-
brane (OMM), which in turn defines an intermembrane
space (IMS) and encloses a separate inner mitochondrial
membrane (IMM). Invaginations of IMM, termed cristae,
serve as host for the respiratory apparatus. An IMM pro-
tein complex, the mitochondrial contact and cristae

organizing site (MICOS) is essential for mitochondrial ul-
trastructural integrity, as deletion of components of this
complex ablates crista formation (39, 40).
The IMM encloses a central compartment termed the

matrix. The cellular energy currency generated by mito-
chondria is manifest in the production of the high-energy
phosphate carrier adenosine-50-triphosphate (ATP), in a
process called oxidative phosphorylation (OXPHOS).
Tissues with high metabolic demand, such as skeletal
muscle, have significantly more mitochondrial content to
meet the energy requirements of the tissue.
During oxidative cellular metabolism (FIGURE 1),

the oxidation of glucose during glycolysis culminates
in the generation of pyruvate, which, upon import to

FIGURE 1. Mitochondrial bioenergetics. A: normal mitochondria serve essential functions for the cell including ATP generation as a result of a func-
tioning electron transport chain, calcium handling and metabolism regulated through the mitochondrial transition pore, energy generation through the
oxidation of acetyl-CoA in the Krebs cycle, and maintenance of mitochondrial integrity through mitochondrial dynamics, including mitochondrial fission
and fusion. B: loss of mitochondrial bioenergetics has been linked to human disease pathogenesis. Mitochondrial reactive oxygen species (mtROS)
can induce cyclophilin D, leading to mitochondrial permeability transition pore-driven necrosis and loss of mitochondrial bioenergetics, a process previ-
ously linked to amyotrophic lateral sclerosis and Parkinson’s disease onset. Mitochondrial membrane depolarization or loss of membrane potential
(�DWm) can ultimately lead to mitochondrial membrane rupture with the release of mitochondrial DAMPs, with implications for sepsis and fibrotic lung
disease. Failure of mitofission-related mitochondrial maintenance has been linked to Alzheimer’s disease and fibrotic lung disease, whereas failure to
properly dispose of abnormal mitochondria through mitophagy has been linked to neurodegenerative diseases as well as chronic lung disease. Cell
death processes, including intrinsic and extrinsic apoptosis and necroptosis, cross talk to mitochondrial energetics, with implications for human dis-
ease. Cell stress secondary to inflammatory signaling can increase mitochondrial bioenergetics, leading to mtROS-driven mitochondrial DNA release
(mtDNA) that mediates inflammatory diseases including sepsis and fibrotic lung disease. See GLOSSARY for abbreviations. Image created with
BioRender.com, with permission.
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the mitochondria via the pyruvate transporter, is con-
verted to acetyl-CoA (AcCoA) that drives the Krebs
cycle in the mitochondrial matrix. Nicotinamide ade-
nine dinucleotide (NADH) and flavin adenine dinucle-
otide (FADH2) generated in the Krebs cycle serve as
electron donors for mitochondrial OXPHOS. This pro-
cess involves transfer of electrons across protein
complexes that comprise the mitochondrial electron
transport chain (ETC). The ETC consists of four com-
plexes (Complexes 1–4) that facilitate electron transport
to molecular oxygen (O2) (41): Complex 1 (CI: NADH dehy-
drogenase, NADH:ubiquinone oxidoreductase); Complex
2 (CII: succinate dehydrogenase), which also resides in
the Krebs cycle and uses the Krebs cycle product succi-
nate as substrate; Complex 3 [CIII: coenzyme Q (CoQ):
cytochrome c oxidoreductase, cytochrome bc1); Complex
4 (CIV: cytochrome-c oxidase, cytochrome aa3]. These
protein complexes include cofactors, heme and flavin,
and interact with small molecular electron carriers: ubiqui-
none and cytochrome c (Cyt-c). Terminal fixation of oxy-
gen by CIV activity converts O2 to water by a four-
electron reduction process (1/2O21 NADH1 H1 ! H2O
1 NAD1). Bulk electron flow through the ETC generates
a proton efflux gradient across the IMM, which in turn
drives ATP production via ATP synthase (FoF1-ATPase) (1,
19). A theoretical maximal yield of 36–38 ATP molecules
is generated per mole of glucose oxidized, of which 34–
36 molecules are attributed to OXPHOS and the balance
to glycolysis and the Krebs cycle.
Besides pyruvate, mitochondria can also utilize other

metabolic substrates. In the process of FA b-oxidation
(FAO), long-chain FAs are activated in the cytosol to
acyl-CoA derivatives, which are imported across both
mitochondrial membranes into the mitochondrial matrix
by carnitine acyltransferases. FAO is catalyzed at the
IMM in a series of enzymatic steps initiated by acyl-CoA
dehydrogenase. This process results in regeneration of
AcCoA and generates FADH2 and NADH for electron
transfer reactions (19). Glutamine, another alternate sub-
strate, is imported to mitochondria and converted to glu-
tamate by glutaminase and then to a-ketoglutarate by
glutamate dehydrogenase and transaminases, which is
then utilized in the Krebs cycle (1). During anaerobic gly-
colysis (Warburg effect), ATP is formed independently of
the Krebs cycle, with the by-product of lactate generation.
Current thinking suggests that lactate can be reconverted
to metabolic substrates but, however, that mitochondria
do not directly oxidize lactate (42).
In addition to their cardinal role in bioenergetics, mito-

chondria are active participants in other catabolic and
anabolic pathways (43). During starvation, when avail-
ability of carbohydrates and insulin levels is low,
increased mitochondrial b-oxidation in the liver gener-
ates ketone bodies as alternative fuel. In this pathway,

AcCoA is converted to acetoacetate and b-hydroxybuty-
rate, which are then used to regenerate AcCoA to drive
the Krebs cycle in extrahepatic tissues (44). Activation of
the ketogenic pathway may promote mitochondrial ho-
meostasis by activating the antioxidant response (44).
Although FA synthesis via fatty acid synthase (FASN)
is primarily a cytosolic process, mitochondria are also
believed to harbor their own apparatus for FA synthesis
(mtFAS), which generates lipoic acid and long acyl chains
(45, 46). The products of this incompletely understood
pathway may regulate ETC assembly and Krebs cycle
enzyme activities (46, 47).
Mitochondrial oxidation of AAs takes place within the

mitochondrial matrix. AAs are deaminated and then con-
verted to various products including pyruvate, AcCoA,
or Krebs cycle intermediates (19, 48). The branched-
chain amino acids (BCAAs) (i.e., leucine, isoleucine, and
valine) are essential for anabolic and catabolic proc-
esses. After import into the matrix, BCAAs are catabol-
ized by branched-chain aminotransferases (BCATs),
which include a mitochondrial isoform BCAT2, and then
converted into acyl-CoA derivatives by branched-chain
a-ketoacid dehydrogenase (BCKDH). BCAA can influence
the regulation of bioenergetics, stimulate mitochondrial
biogenesis (see sect. 1.7), activate the mammalian target
of rapamycin (mTOR) pathway, potentially inhibiting
autophagy, and alter insulin sensitivity (49). BCAA metab-
olism has been recently implicated in the pathogenesis of
cardiovascular disease (50).
Mitochondria are also host to the one-carbon (1-C)

pathway (folate metabolism), which maintains the home-
ostasis of select AAs (serine, glycine, methionine) and
drives the synthesis of nucleotides (i.e., purines, pyrimi-
dines) (43, 51). Furthermore, mitochondria maintain re-
dox balance by regenerating the reduced forms of
NADH/NADPH in the matrix from their oxidized forms by
mitochondrial dehydrogenases (i.e., isocitrate, methyl-
ene tetrahydrofolate dehydrogenase, respectively) (43,
52). Finally, mitochondria are also involved in the biosyn-
thesis of heme, which occurs via a sequence of enzy-
matic steps that begin in the mitochondria with the
formation of d-aminolevulinic acid (ALA) and end in mito-
chondria with the incorporation of iron into protopor-
phyrin-IX by ferrochelatase. Heme is a cofactor required
for proteins involved in O2 transport and cellular metab-
olism, as well as mitochondrial respiratory chain cyto-
chromes (53).
In conclusion, mitochondrial bioenergetics, and its

deregulation, has been widely studied as an important
contributor to human disease, such as neurodegenera-
tive diseases (see sect. 6). The ETC is a major contribu-
tor of reactive oxygen species, which have been
implicated in both physiological and pathophysiological
processes (see sect. 1.4). Current challenges remain to
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define the cross talk between bioenergetics and regula-
tion of other mitochondria-dependent processes, such
as permeability transition, mitophagy, and regulation of
dynamics (see sects. 1.3, 1.4, 1.6, and 1.7). As discussed in
subsequent sections, aberrations in mitochondria-spe-
cific metabolic pathways such as AA catabolism, FA han-
dling, and Ca21 handling may influence specific disease
pathogenesis. Global studies of mitochondria-depend-
ent metabolic changes may ultimately lead to the identi-
fication of metabolic signatures of distinct diseases.
Finally, as discussed in sects. 2 and 3, mitochondria

can influence cellular processes such as inflammation
and cell death through the release of soluble mediators
and damage-associated molecular patterns (DAMPs).
For example, signaling pathways culminating in mito-
chondrial dysfunction, or disruption of endoplasmic
reticulum (ER)-mitochondrial interactions, can trigger ap-
optosis, which is ultimately mediated by the release of
the ETC component Cyt-c (11, 54).

1.3. Mitochondrial Ca21 Regulation

Mitochondria exert a crucial cellular homeostatic func-
tion by buffering intracellular Ca21 levels through the
uptake, storage, and release of Ca21. Within mitochon-
dria, Ca21 is utilized for energy production and metabo-
lism and can activate enzymes of the Krebs cycle [i.e.,
pyruvate dehydrogenase (PDH), isocitrate dehydrogen-
ase, a-ketoglutarate dehydrogenase] as well as activate
ATP synthase (29, 55–57). Relationships between
changes in matrix Ca21 and increases in ATP production
have been shown in isolated skeletal mitochondria (58).
The OMM is permeable to Ca21 uptake from the cyto-

sol, which is mediated by regulation of voltage-depend-
ent anion channels (VDACs) (59, 60). Ca21 ions traverse
the IMM into the matrix via the mitochondrial Ca21 uni-
porter complex (MCUC). This complex consists of pore-
forming units, MCU, its dominant-negative form, MCUb,
and additional regulatory subunits: mitochondrial calcium
uptake-1, -2, and -3 (MICU1, MICU2, MICU3), the essential
MCU regulator (EMRE), and the mitochondrial Ca21 uni-
porter regulator 1 (MCUR1) (55, 61–63). Regulated efflux
of Ca21 from the matrix is facilitated by the Na1/Ca21

exchanger (NCLX) and the H1/Ca21 antiporter (64).
Under conditions of excessive Ca21 uptake, mito-

chondrial Ca21 triggers apoptosis by opening the mito-
chondrial permeability transition pore (mPTP), which is
implicated in cell death regulation (65, 66). The mPTP is
a transmembrane protein complex residing in the IMM
that, when opened, allows bulk efflux of particles < 1.5
kDa, including protons and Ca21, from the mitochondrial
matrix (67–69). The structural components of the mPTP
remain incompletely delineated but historically include
VDAC, adenine nucleotide transporter (ANT), and

cyclophilin D (CypD). However, recent studies suggest
that the Ca21-bound form of the F1Fo-ATP synthase may
constitute a newly recognized major regulator of mPTP
(70). mPTP opening can be stimulated by several factors,
including reduction of adenine nucleotide pools, phos-
phate accumulation, accumulation of matrix Ca21, and
mtROS production (see sect. 1.4). CypD regulates pore
opening via intrinsic peptidyl-prolyl cis-trans isomerase
activity, whereas cyclosporin-A (CsA) acts as an inhibitor
of CypD and mPTP opening (71). Transient openings of
the mPTP may act as a physiological mechanism to
release ions in a controlled manner, whereas sustained
high-conductance opening of the mPTP is associated
with mitochondrial dysfunction, collapse of membrane
potential (see sect. 1.4), and triggering of regulated cell
death (RCD) pathways, including necrosis and apoptosis
(see sect. 3) (67).
Both mitochondria and endoplasmic reticulum (ER) rep-

resent major stores of intracellular Ca21. Mitochondria
interact with the ER through distinct contact points
termed mitochondria-associated ER membranes (MAMs)
and are essential for Ca21 uptake and regulation. The
MAM is a subdomain of the ER that connects with the
OMM through tethering complexes, such as the complex
between vesicle-associated membrane protein-associ-
ated protein B (VAPB) on the ER and protein tyrosine
phosphatase interacting protein 51 (PTPIP51) on the mito-
chondria (i.e., VAPB-PTPIP51); the inositol triphosphate
receptor (IP3R)/glucose-regulated protein 75 (Grp75)/volt-
age-dependent anion (VDAC1) and Parkinson protein DJ1
complex; mitofusin-2 (Mfn2) on the ER with Mfn1/Mfn2 on
the OMM; Rho GTPases Miro1 and Miro2; and others (72–
76). The MAMs are important in the regulation of mito-
chondrial dynamics (see sect. 1.7) and are also essential
for mitochondrial Ca21 uptake via the IP3R/Grp75/DJ1/
VDAC1 complex. PDZ domain-containing protein 8
(PDZD8) has been identified as another tethering com-
plex relevant for mitochondrial Ca21 uptake in neurons
(77). The disruption of MAMs may drive pathological
processes. For example, excess Ca21 transfer from ER
to mitochondria has been linked to proinflammatory
processes including mtROS generation and inflamma-
some activation (see sect. 2) and regulation of cell
death (see sect. 3) (78).
In conclusion, Ca21 dysregulation, including ER MAM

disruption and the accumulation of matrix Ca21, is associ-
ated with mtROS generation and mPTP opening. This
leads to increased inflammation and cell death, which
may play an important role in pathological conditions
such as ischemia-reperfusion injury (IRI) and in the patho-
genesis of various diseases, in particular cardiovascular
diseases and neurodegenerative disorders (see sect. 6)
(67). Current challenges include deducing the molecular
structures as well as the regulation of mPTP, MCU, and
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MAMs. Progress in these areas will facilitate future design
of therapeutics targeting mitochondrial Ca21 regulation,
for which there is a current deficiency (67).

1.4. Mitochondrial Dysfunction, Membrane
Depolarization, and Reactive Oxygen Species
Formation

Acute cellular injury may result in loss or decline of key
mitochondrial functions. The term “mitochondrial dys-
function” is associated with impairment of bioenergetics
and loss of ATP production (79). Mitochondrial dysfunc-
tion may also encompass dysregulation of Ca21 homeo-
stasis, mitochondrial membrane depolarization, or loss
of membrane potential (�DWm), and aberrant production
of reactive oxygen species (ROS) (79).
Mitochondrial membrane potential (DWm) is a primary

indicator of mitochondrial function. DWm and the proton
gradient, DpH, are generated by proton efflux from
Complexes I, III, and IV and used to generate ATP (80).
The absolute reported value of the electrochemical
membrane potential across the IMM has been estimated
at�180 mV for isolated respiring mitochondria (81). DWm

measurements vary between cell types and display con-
siderable intracellular heterogeneity (82, 83). For exam-
ple, in HepG2 cells a mean value of �131.336 10.37 mV
was reported for DWm, with an intracellular heterogene-
ity of 20.7363.33 mV (82), whereas in rat cortical neu-
rons a resting value of �139 mV was reported, which
ranged between �108 and �158 mV with stimulation (84).
DWm is stable in resting cells, whereas both increases (hy-
perpolarization) and decreases (depolarization) may be
associated with pathological conditions (80). Collapse in
DWm can be elicited by mPTP opening and Ca21 release
(80). Mitochondria are depolarized by exposure to exog-
enous oxidants including tert-butyl-hydroperoxide (t-
BuOOH) or OXPHOS uncoupling agents, such as car-
bonyl cyanide m-chlorophenyl hydrazone (CCCP) (80,
85), trifluoromethoxy carbonylcyanide phenylhydrazone
(FCCP), 2,4-dinitrophenol (DNP), and others (86).
In isolated rat liver mitochondria, pro-oxidants such as

t-BuOOH and diamide induced mitochondrial mem-
brane permeability transition (MPT) resulting in Ca21

efflux, collapse of DWm, and mitochondrial swelling (87).
The mPTP inhibitor cyclosporin-A (CsA) reduced mito-
chondrial swelling but not oxidant-induced collapse of
DWm (87). In this study, oxidant-induced �DWm was
linked to redox regulation of a CsA-insensitive low-con-
ductance Ca21 channel (87). Increases in DWm in non-
stressed neural cells were elicited by the MPT inhibitor
CsA or by the Ca21 chelator BAPTA and were also
observed in PC12 cells overexpressing antiapoptotic
protein Bcl-2 (88). In neural cells, however, CsA inhibited
loss of DWm induced by t-BuOOH (88).

mtROS represent a major component of total cellular
ROS and are initially represented by the production of
superoxide anion (O2

��), a free radical generated by uni-
valent reduction of O2 (89). O2

�� undergoes spontane-
ous or enzymatic dismutation to produce the oxidant
hydrogen peroxide (H2O2), which diffuses across cellular
membranes and may affect the redox state of proteins
at distal sites (89).
The generation of mtROS is site specific and variable

with stimuli. Substrate-derived electrons can reduce O2

to O2
�� at eight mitochondrial sites, primarily repre-

sented by CI and CIII (90). In isolated mitochondria, O2
��

produced at CI by forward electron transfer is enhanced
by the CI inhibitor rotenone and can increase in mito-
chondria with reduced energy production, high DpH,
higher ratio of reduced to oxidized CoQ, or high NADH-
to-NAD1 ratio (90). O2

�� production at CI leaks into the
matrix. O2

�� generated at CIII may originate at the ubiq-
uinol oxidation site (center P, Qo site), particularly in
response to hypoxia, and can enter the IMS (91, 92).
Significant mtROS generation at CI may also be

achieved by mitochondrial reverse electron transport
(RET) (93). In RET, electrons from ubiquinol are trans-
ported in reverse direction to CI, which results in reduc-
tion of NAD1 to generate NADH. RET is driven by
succinate accumulation and hyperreduction of CII and
may also respond to other substrates such as FAs (93,
94). Studies on IRI have suggested potential physiologi-
cal relevance of succinate-driven RET in mtROS genera-
tion leading to cell death in vivo (95).
The relationship between mtROS production, gener-

ated by electron leakage from the respiratory chain, and
DWm, remains incompletely understood. mtROS produc-
tion may be initiated during mitochondrial membrane hy-
perpolarization. Excessive ROS increases may coincide
with mPTP openings and lead to collapse of DWm (96).
A catalytic cycle of amplification of ROS production
triggered by mtROS has been termed “ROS-induced
ROS release” (RIRR) and may lead to maladaptive out-
comes (96).
Primary generation of mtROS may lead to second-

ary generation of other reactive oxygen or nitrogen
species (ROS/RNS). Metal catalysis of H2O2 generates
the highly reactive hydroxyl radical (�OH). This species
can abstract electrons from organic substrates such
as unsaturated FAs, leading to the generation of toxic
metabolites such as malondialdehyde and 4-hydroxy-
nonenal. O2

�� can also recombine with nitric oxide
(NO) to form peroxynitrite (ONOO�). Cellular ROS can
also arise from enzymatic activities, namely NADPH:
oxidases (NOX), which generate O2

�� at the expense
of reducing equivalents from NADPH. These are typi-
cally associated with phagocyte production of ROS for
bactericidal purposes.
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Among these, the NOX4 isoform has been character-
ized as localizing to mitochondria in cardiomyocytes and
myofibroblasts and may contribute to cardiac injury (97–
99). Cardiac-specific NOX4-knockout mice displayed
reduced cardiomyocyte O2

�� production, mitochondrial
dysfunction, and morphological aberrations in response
to cardiac pressure overload (99). Additionally, these
mice displayed reduced cardiac hypertrophy, fibrosis,
and apoptosis and improved cardiac function (99).
NOX4 also localizes to other cellular membranes such
as ER and plasma membrane in a cell type-specific man-
ner (100).
Eukaryotic cells have evolved with enzymatic and

chemical systems for mitigating the excess production
of cellular and mtROS. These include superoxide dismu-
tases (SODs), which catalyze the dismutation of O2

��to
generate H2O2. SOD1 (Cu-Zn) localizes to the cytosol
and IMS, SOD2 (Mn) localizes to the matrix, and SOD3
(Cu-Zn) localizes to the extracellular space (91). In mam-
malian cells, mtROS levels are buffered against the
cellular reducing potential, determined by the ratios of
reduced/oxidized forms of glutathione (GSH/GSSG),
thioredoxin-1 and -2 (TXN1, TXN2), and nicotinamide
adenine dinucleotide (phosphate) NAD(P)H/NAD(P)1.
NADPH from the pentose phosphate pathway is used to
regenerate cytosolic or mitochondrial GSH (mGSH) via
glutathione reductase and to regenerate TXN1 or TXN2,
in the cytosol and mitochondrial matrix, respectively, via
respective thioredoxin reductases (101). H2O2 is detoxi-
fied by catalase in peroxisomes, whereas H2O2 in the
cytosol and mitochondrial matrix is metabolized by GSH
peroxidases (GPXs) and peroxiredoxins (Prxs), which are
maintained by GSH and TXN, respectively (101).
mGSH serves several important functions in the mito-

chondria, in conjunction with mitochondrial thioredoxin.
These functions include general antioxidant protection, re-
dox buffering of free thiol groups as found in critical meta-
bolic and respiratory chain enzymes, and maintenance
and activation of iron-sulfur clusters (102). GSH is synthe-
sized in the cytoplasm, whereas mGSH originates from the
cytoplasmic GSH pool and is imported to the mitochondria
from the cytosol. Recent studies identify SLC25A39 as an
active transporter of GSH into the mitochondria (103, 104).
Deficiency in mGSH may be associated with destabiliza-
tion of iron-sulfur clusters, impaired ETC activity, increased
mtROS burden, and inhibition of cell proliferation and may
also promote regulated cell death (103).
Excessive ROS production that supersedes cellular

reducing capacity and antioxidant defenses may cause
cellular injury via random oxidation of lipids, DNA, and
proteins, which collectively are believed to contribute to
the aging process. Production of mtROS may lead to the
regulation of downstream cellular functions, including
inflammation (see sect. 2) and apoptosis (see sect. 3).

For example, mtROS generated at CIII stabilize hypoxia-
inducible factor-1a (HIF-1a), leading to increases in HIF-1-
mediated signaling (51, 91, 105, 106). mtROS signaling is
also implicated in the upstream regulation of the cellular
autophagy program, a homeostatic adaptive response,
whereas collapse of DWm is considered an initiating sig-
nal for mitophagy (see sect. 1.6) (85, 91).
In conclusion, the mechanisms that regulate DWm and

mtROS production and their relationships in various
pathological conditions remain incompletely under-
stood. Future progress will depend on enhanced meth-
ods to deduce these relationships in vivo. Since mtROS
generation can occur at multiple sites, whose regulation
and functional significance may differ in a cell type- and
inducer-specific fashion, the site-specific modulation of
mtROS production by selective modulators may repre-
sent a future approach to therapeutics development.

1.5. Regulation of Mitochondrial Processes by
Sirtuins

Energy-consuming cellular activities, including inflamma-
tion, cause considerable mitochondrial stress leading to
energy consumption, oxidative stress, ROS generation,
and cell death. Sirtuins are intracellular enzymes that
exert their prosurvival effects through posttranslational
mechanisms. Sirtuins are a group of histone deacety-
lases dependent on NAD1 to regulate cellular life span,
inflammation, glucose homeostasis, and age-related dis-
ease such as cancer. The requirement of NAD1 as a
cofactor and the mitochondrial localization of select sir-
tuins (Sirt3, Sirt5, Sirt7) imply an important role for sirtuins
in regulating cellular energy consumption. First discov-
ered in yeast, silent information regulator 2 (Sir2) is a
nicotinamide adenine dinucleotide (NAD1)-dependent
protein deacetylase that controls longevity in lower
eukaryotes (107). In multicellular organisms, sirtuins act
through chromatin dynamics (histone deacetylases) and
transcriptional regulation to fine-tune expression of met-
abolic and cell stress proteins. For this review, we focus
on the role of sirtuins in mitochondrial processes includ-
ing inflammation (sect. 2) as well as the role of sirtuins in
modulating mitochondria-driven cell death responses
(sect. 3). The impact of sirtuins in disease pathogenesis
is discussed in sect. 4. The role of sirtuins in glucose ho-
meostasis and age-related diseases such as cancer has
been reviewed elsewhere (108, 109).
The deacetylase activity of sirtuins is NAD1 depend-

ent. Sirtuin uses NAD1 as a catalyst to transfer the acetyl
group from proteins and peptides to the 20-OH of nico-
tinamide ribose, yielding 20-O-acetyl-ADP-ribose. The
nicotinamide ribosyl bond is cleaved, and one net water
molecule is added to nicotinamide ribose (110). The sir-
tuin family of histone deacetylases (HDACs) was named
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after their homology to Sir2, and they comprise group III
of HDACs that are NAD1 dependent (107, 111, 112). There
are seven human proteins homologous to Sir2 (SIRT1
through SIRT7). These proteins have a highly conserved
NAD-dependent sirtuin core domain, have diverse cellu-
lar locations, target multiple substrates, and affect a
broad range of cellular functions (113). SIRT1, SIRT6, and
SIRT7 are localized to the nucleus. Only SIRT2 is pre-
dominantly cytoplasmic, and SIRT1 is reported to be
cytoplasmic in certain types of cells. SIRT3–5 primarily
reside in mitochondria (112). Deacetylation and ADP-ribo-
sylation reactions by sirtuins are similar, and thus sirtuins
posttranslationally regulate various biological processes
(110, 113–115). SIRT4 is mostly involved in glucose metab-
olism, and SIRT6 and SIRT7 are less well characterized;
therefore, these three sirtuins are not discussed here.
The NAD dependence of sirtuins links them to the

metabolic activity of cells. Sirtuins interact with metabolic
enzymes and transcription factors to influence bioener-
getic pathways and meet the cellular energy demand
following sensing alterations in cellular NAD1 levels
(115). Sirtuin 1 (SIRT1) is by far the most-studied member
of the Sirtuin family, and although it is not physically
associated with mitochondria, it impacts mitochondrial
oxidative stress. Changes in the NAD1-to-NADH ratio or
increased ROS production can enhance SIRT1 activity. In
response to high intracellular ROS, SIRT1 increases
FOXO3a-mediated increase in the antioxidant enzyme
catalase, whose increased activity metabolizes H2O2,
leading to reduction in oxygen consumption and
decreased ROS generation (116). Similarly, SIRT1 can
alter the transcriptional activity of the mitochondrial
biogenesis coactivator PGC-1a, reducing oxygen con-
sumption by up to 25% in SIRT1-overexpressing cell
lines (117).
Sirtuin 2 (SIRT2) can similarly alter metabolic mito-

chondrial proteins in response to changes in the cel-
lular energetic state. SIRT2 is the primary cytoplasmic
sirtuin, although it has also been found in the nucleus,
and its function has only recently been related to mi-
tochondria. SIRT2 expression is detected in a wide
range of mouse tissues but particularly in metabol-
ically relevant organs, such as muscle, liver, testes,
pancreas, kidney, and adipose tissue; however, the
highest expression is found in the brain (118, 119).
SIRT2 was found to associate with the IMM in central
nervous system (CNS) cells (120). The acetylation of
several metabolic mitochondrial proteins was altered
in Sirt2-deficient mice, and the loss of Sirt2 increased
oxidative stress, decreased ATP levels, and altered
mitochondrial morphology (120). SIRT2 expression is
also regulated in response to changes in cellular
energetic state (121) and may participate in the regula-
tion of cellular antioxidant defenses (122).

SIRT2 protects against ROS by activating FOXO3a,
leading to increased expression of the antioxidant pro-
tein SOD2, therefore decreasing ROS levels (122–122).
Sirtuins can also directly regulate mitochondrial proc-

esses. Sirtuin 3 (SIRT3) was the first sirtuin found to be
localized to the mitochondrial matrix (123, 124). SIRT3
appears to regulate mitochondrial functions, as its overex-
pression increases respiration and decreases ROS pro-
duction (125). Its deacetylase activity is reported to be
required for the induction of uncoupling protein-1 (UCP1)
(125). SIRT3 may regulate the activity of acetyl-CoA syn-
thetase (AceCS). AceCS uses acetate, CoA, and ATP to
form acetyl-CoA, which is an intermediate in the Krebs
cycle and is required for cholesterol and FA synthesis.
Acetylation of mitochondrial AceCS (AceCS2) inactivates
the enzyme, whereas deacetylation by SIRT3 activates it.
SIRT1 can deacetylate and activate the cytosolic form of
AceCS (AceCS1). These data suggest that SIRT3 may play
a role in regulating the entry of carbons from acetate into
central metabolism. SIRT3 may be especially important
under conditions of energy limitation (i.e., during fasting or
caloric restriction) to ensure full incorporation of dietary or
ketone-derived acetate into metabolism (126). SIRT3 can
also boost the enzymatic activity of glutamate dehydro-
genase (GDH) via deacetylation and thereby may contrib-
ute to enhanced glucose synthesis from AAs (126, 127).
Sirtuin 5 (SIRT5) has emerged as a central regulator of

cellular energy metabolism through direct effects on the
mitochondria (128). Unlike SIRT1 and SIRT3, SIRT5 dis-
plays strong lysine-desuccinylase/demalonylase/deglu-
tarylase activity, with only very weak lysine-deacetylase
activity (128–131). SIRT5 is located in both the mitochon-
dria, where it plays a central role in mitochondrial proc-
esses, and additionally in the cytosol, where it elevates
glycolysis (132–134). SIRT5 can directly interact with car-
diolipin (CL) and may localize to the CL-rich domains on
the IMM that are critical for mitochondrial functionality
(135). SIRT5 can desuccinylate multiple subunits of all four
respiratory chain complexes and ATP synthase (135).
Previous studies have identified SIRT5 as a positive regu-
lator of CII and a promoter of mitochondrial energy me-
tabolism (135, 136). SIRT5 can promote glycolytic flux
through demalonylation of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and other glycolytic enzymes
and desuccinylation of pyruvate kinase M2 (PKM2) (134,
137). SIRT5 also suppresses pyruvate dehydrogenase
complex (PDC), a regulator of acetyl-CoA production and
Krebs cycle activity, in effect decreasing energy produc-
tion of the cell (138–140). On the other hand, overexpres-
sion of SIRT5 enhanced ATP synthesis and O2

consumption in HepG2 cells, highlighting the possible
cell type-specific function of SIRT5 (141). SIRT5 also pro-
motes ROS detoxification. SIRT5 binds to, desuccinylates,
and activates SOD1 (142). As a result, SOD1-mediated
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ROS detoxification is significantly increased when SOD1
is co-overexpressed with SIRT5 (142). SIRT5 desucciny-
lates and deglutarylates isocitrate dehydrogenase 2
(IDH2) and glucose-6-phosphate dehydrogenase (G6PD),
respectively, to activate these proteins (143). Since both
IDH2 and G6PD are major NADPH-producing enzymes,
SIRT5 plays a key role in promoting NADPH production
and attenuating cellular ROS levels.
In summary, sirtuins are key enzymatic regulators of mi-

tochondrial processes, whether indirectly through their reg-
ulation of antioxidant molecules (e.g., SIRT1 and catalase)
or through ROS-countering effects (SIRT1, SIRT2, SIRT3,

and SIRT5) or directly through the promotion of more effi-
cient energy generation (SIRT3 and SIRT5). Sirtuins have
received extensive interest as potential therapeutics and
remain an attractive target for investigators seeking to de-
velop drugs to counter human diseases driven by mito-
chondrial dysfunction, inflammation, and aging.

1.6. Mitophagy and Mitochondrial Quality Control

Mitophagy constitutes a key cellular pathway in an aggre-
gate of mitochondrial quality control (MQC) mechanisms
(FIGURE 2), which collectively include biogenesis and
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FIGURE 2. Mitophagy. Mitophagy is a selective process for the turnover of mitochondria by the lysosome-dependent autophagy pathway. Distinct
modes of mitophagy include receptor-dependent mitophagy (A) and PINK1/Parkin-dependent mitophagy (B), the primary pathway by which dysfunc-
tional or depolarizing mitochondria are cleared. Under resting conditions PINK1 is imported into the mitochondria via TIM and TOM and processed by
the IMM rhomboid protease PARL. A truncated form of PINK1 (DPINK1) is exported from the mitochondria and processed for proteasomal degradation
via E3 ubiquitin ligases. In response to mitochondrial depolarization, PINK1 is stabilized on the OMM, phosphorylates ubiquitin (UB), and recruits Parkin
to the mitochondria. Parkin, an E3 ubiquitin ligase, ubiquitinates OMM proteins, including Mfn1/Mfn2 and others. Ubiquitinated OMM proteins interact
with mitophagy cargo adaptors, which, through LIR domains, interact with LC3 on nascent autophagosome membranes. This process facilitates recruit-
ment of additional autophagy initiating factors, including Atg16L, and others. Mitophagy cargo adaptors include NDP52, p62 (SQSTM1), NBR1, and
OPTN activated by TBK1. Receptor-dependent mitophagy (A) is important for physiological regulation of mitochondrial populations and utilizes OMM re-
ceptor proteins that interact directly with autophagosomal membrane protein LC3. These include BNIP3, Nix1, the membrane lipid cardiolipin (CL), and
others (i.e., PHB2, FKB8). FUNDC1 is a mitophagy receptor that is specifically activated by hypoxia and that can also inhibit fusion via interaction with
Opa1. Targeting of mitochondria to autophagosome membranes ultimately results in their assimilation in mature autophagosomes and degradation in
the lysosomal compartment. See GLOSSARY for abbreviations.

MITOCHONDRIAL DYSFUNCTION IN HUMAN DISEASE

Physiol Rev �VOL 103 � OCTOBER 2023 � www.prv.org 2357

Downloaded from journals.physiology.org/journal/physrev (2601:0040:CB82:4460:3D28:6E3C:2F67:EF2F) on April 19, 2025.

http://www.prv.org


dynamics as discussed below. The mitophagy pathway, a
form of selective autophagy, functions to maintain cellular
homeostasis by ensuring the health of the mitochondrial
population, which is achieved through the targeting and
turnover (degradation) of depolarized or dysfunctional mi-
tochondria via the autophagy-lysosomal degradation
pathway. In this pathway, mitochondria are selectively
assimilated into double-membraned autophagosomes.
Mitophagy is subsequently completed via fusion of auto-
phagosomes to acidic lysosomes, where the mitochon-
dria cargo is degraded (28). This process is believed to
preclude the excessive release of mtROS and DAMPs
from injured mitochondria (27, 28). In general, the autoph-
agy program is regulated by the products of autophagy-
related genes (ATGs), which include key homologs of
ATG8 (i.e., microtubule-associated protein-1 light chain
3B, LC3B), ATG6 (Beclin 1), and ATG1 (ULK1) (144).
Like other mitochondrial processes, mitophagy has

the potential to impact the pathogenesis of human dis-
eases (145, 146). Mitophagy is triggered by stress stimuli,
including hypoxia, radiation, exposure to oxidants, and
other insults that may injure the mitochondria. Ser/Thr ki-
nase phosphatase and tensin homolog (PTEN)-inducible
kinase-1 (PINK1) forms a 700-kDa complex with the trans-
locase of the outer membrane (TOM) (147). In fully polar-
ized mitochondria TOM facilitates the mitochondrial
import of PINK1 across the IMM and its transport to the
translocase of the inner mitochondrial membrane (TIM).
PINK1 is cleaved to an NH2-terminal-truncated 53-kDa
protein (DN-PINK1) by the mitochondrial protease prese-
nilin-associated rhomboid-like protein (PARL), which
thereby serves as a critical regulator of mitophagy (148,
149). DN-PINK1 was not detected in Parl�/� MEFs (150).
The PINK1 fragment is in turn retrotranslocated to the
cytosol, processed by E3 ubiquitin ligases (i.e., UBR1,
UBR2, and UBR4) via the arginine N-end rule degrada-
tive (Arg-N-degron) pathway, and ultimately degraded
by the ubiquitin proteasome system (UPS) (151, 152). This
degradative system ensures that PINK1 is not available
to initiate mitophagy of healthy mitochondria. On depo-
larizing mitochondria, the translocase system is inhibited
and PINK1 is retained on the OMM in a complex with
TOM proteins (147).
Mitophagy is activated when PARL undergoes autoca-

talytic b-cleavage in response to mitochondrial ATP
depletion, to generate PACT, which is less efficient at
processing PINK1 (150). Recent studies suggest that this
process may be under metabolic regulation by pyruvate
dehydrogenase kinase 2 (PDK2), which phosphorylates
pyruvate dehydrogenase in the matrix, thereby acting as
an inhibitor of the Krebs cycle and AcCoA formation.
PDK2 was shown to phosphorylate PARL and inhibit
b-cleavage, thus acting as a negative regulator of the
mitophagy pathway. Conversely, inhibition of PDK2 with

its chemical inhibitor dichloroacetate was shown to pro-
mote b-cleavage of PARL and activate mitophagy.
These associations were validated by gain- and loss-of-
function experiments: overexpression of PDK2 inhibited
PARL b-cleavage in HEK293 cells, whereas knockdown
of PDK2 increased b-cleavage in PARL-overexpressing
HEK293 cells. These events identify a mitophagy switch
that is sensitive to energy production (150).
An alternate pathway for PINK1 degradation involves

its accumulation at ER contact sites and its degradation
by an ER-associated degradation pathway. PINK1 may
be ubiquitinated by the E3 ligases gp78 and HRD1 at the
ER-mitochondria interface. Ubiquitinated PINK1 forms a
complex with valosin-containing protein and its adaptor
UFD1, which facilitate its proteasomal degradation (153).
PINK1 catalyzes the phosphorylation of ubiquitin (Ub) to

activate ubiquitin for the mitophagy process (154–156).
On depolarizing mitochondria, stabilized PINK1 phospho-
rylates the ubiquitin E3 ligase Parkin (PRKN) at the ubiqui-
tin-like domain (UBL), leading to its recruitment to the
mitochondria (157, 158). Parkin in turn ubiquitinates OMM
proteins including mitofusin-1 and -2 (Mfn-1, Mfn-2) and
other targets with phosphorylated serine 65 Ub
(pS65-Ub) (159, 160). Parkin-mediated ubiquitination
and degradation of mitofusins serves as a mechanism
to promote mitophagy in part through inhibition of mi-
tochondrial fusion (161).
In Pink1/Parkin-dependent mitophagy, ubiquitinated mi-

tochondria/OMM proteins may serve as binding targets
for autophagic cargo adaptors that contain intrinsic LC3
interactive regions (LIRs). p62SQSTM1, a general cargo
adaptor protein, was originally proposed as a cargo adap-
tor in Pink/Parkin-mediated mitophagy. Later studies
implicated that the adaptor p62 is important in mitochon-
drial clustering but dispensable for mitophagy (162).
Among the known cargo adaptors for mitophagy are nu-
clear dot protein 52 kDa (NDP52) and optineurin (OPTN).
NDP52 and OPTN may be recruited to the mitochondria
by PINK1 kinase activity and recognize ubiquitinated mito-
chondria via intrinsic ubiquitin binding regions. However,
recruitment of these factors to depolarizing mitochondria
was not entirely dependent on Parkin-dependent ubiquiti-
nation of mitochondria in some experimental models (163,
164). Furthermore, recruitment of mitophagy adaptors to
ubiquitinatedmitochondria occurred in parallel with activa-
tion of TBK1 kinase, which associates with OPTN, NDP52,
and p62SQSTM1 (165). TBK1 phosphorylation of OPTN at
S473 and S513 promotes OPTN mitochondrial retention
and activation of mitophagy (165). NDP52 and OPTN may
interact with LC3B by cargo adaptor complexes that in
turn recruit autophagosome membranes, possibly origi-
nating in the ER, to the mitochondria, facilitating the
assimilation of mitochondria into nascent autophago-
somes. Mitochondria-localized NDP52 and OPTN recruit
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the autophagy-related factors ULK1, DFCP1, and WIPI1 to
the proximity of the depolarizing mitochondria, leading to
downstream recruitment of Atg16L1 and LC3 for autopha-
gosome formation (146, 163, 166, 167).
Analyses of the phenotypes of Pink1- or Parkin-defi-

cient mice (Pink-1�/�, Prkn�/�) have provided insight into
the physiological roles of these proteins, in particular in
the nervous system. Although overall neural histology
was reported unchanged, Pink-1�/� mice displayed
defects in dopamine release in the striatum and impair-
ments of corticostriatal long-term potentiation and long-
term depression, which could be remediated by dopami-
nergic agonists (168). Pink-1�/� mice also displayed
early-onset motor defects, including impaired limb motor
skills and turning skills (169). In Pink-1�/� cortical neu-
rons, a phenotype of loss, fragmentation, and altered mi-
tochondrial trafficking was observed (170). Pink-1�/�

mice were also found to display an age-dependent loss of
mitochondrial function, including impaired bioenergetics
and susceptibility to stress stimuli in neurons (171). Both
Pink-1�/� mice and Prkn�/� mice displayed increased
inflammation and expression of proinflammatory cytokines
in response to excessive exercise (172). Prkn�/� (mutator)
mice displayed a proinflammatory phenotype accompa-
nied by increased incidence of mtDNA mutation (172).
These proinflammatory phenotypes of respective knock-
out mice were found to depend on the stimulator of inter-
feron response cGAMP interactor 1 (STING) pathway (172).
However, Pink-1�/� and Prkn�/� mice do not fully recapitu-
late neurodegenerative symptoms of Parkinson’s disease
(168, 171, 173).
Although PINK1/Parkin-mediated mitophagy provides

a mechanism for the degradation of injured mitochon-
dria, alternative mitophagy pathways can regulate mi-
tochondrial number to match metabolic demand. A
ubiquitin-independent receptor-dependent form of
mitophagy operates the turnover of mitochondria in
erythrocytes and reticulocytes (174, 175). In maturing
erythrocytes, mitophagy may be initiated by the BH3-
only protein Nix (i.e., Bnip3L). Nix localizes to the
OMM and directly interacts with mammalian Atg8
homologs (i.e., LC3A, LC3B, GABARAP) through its
LIR (176), although LC3-independent pathways have
also been proposed. Removal of mitochondria by Nix-
dependent mitophagy serves a required physiologi-
cal function in reticulocyte differentiation (175).
Fun14 domain-containing protein 1 (FUNDC1) is another

mitophagy receptor that has been identified in mamma-
lian cells (177). The role of FUNDC1 in mitophagy regula-
tion is specific to the hypoxia response (178). FUNDC1 is
located on the OMM and recruits LC3 for autophagosome
formation. FUNDC1 also accumulates at the ER MAM in
association with calnexin. During mitophagy, attenuation
of the FUNDC1-calnexin interaction association promotes

dynamin-related protein-1 (Drp1) recruitment to the MAM
and initiates mitochondrial fission (177).
Phosphoglycerate mutase family member 5 (PGAM5),

a mitochondrially localized Ser/Thr protein phosphatase,
regulates FUNDC1-dependent mitophagy. Under condi-
tions of mitochondrial membrane depolarization, where
PINK1 is stabilized on mitochondria, PGAM5 is differen-
tially cleaved by the mitochondrial protease PARL during
mitochondrial depolarization (179). The PGAM5 truncation
product dephosphorylates FUNDC1 at Ser 13 to activate
mitophagy in response to mitochondrial depolarization
(180, 181). The dephospho-form of FUNDC1 then recruits
LC3 to initiate autophagosome formation (180). BCL2L1/
Bcl-XL inhibits FUNDC1-dependent mitophagy via its intrin-
sic BH3 domain. BCL2L1 interacts with and inhibits
PGAM5, thus inhibiting the dephosphorylation of FUNDC1
at Ser 13 (182). The PGAM5-FUNDC1 axis is further regu-
lated by the mitochondrial protein syntaxin 17 (Stx17) (183).
An IMM mitophagy receptor, prohibitin 2 (PHB2), was

also identified that promotes Pink1/Parkin-dependent
mitophagy. PHB2 depletion activates PARL-dependent
mitophagy inhibition. PGAM5 can also promote PHB2-de-
pendent mitophagy (184). Other putative regulators of
mitophagy include SMURF1, an alternate ubiquitin ligase
that may substitute for Parkin (185). High-mobility group
box 1 (HMGB1) acting on heat shock protein-b1 was pro-
posed as an independent trigger of mitophagy (186).
Taken together, these observations suggest that mitoph-
agy is a complex and tightly regulated process that is orch-
estrated via partially understood mechanisms, whose
regulation may vary in a stimulus- or context-dependent
fashion. In subsequent sections, the role of mitophagy is
explored in the pathogenesis of specific diseases includ-
ing pulmonary conditions (see sect. 4) and neurodegener-
ative disorders (see sect. 6). A thorough understanding of
the mechanisms that regulate mitophagy in various patho-
physiological contexts will determine whether this pathway
can be effectively targeted for therapeutic gain without
side effects.

1.7. Mitochondrial Dynamics

Mitochondria are dynamic organelles that are subject to
genetically regulated programs for modification of their
morphology, size, and distribution. Mitochondria are
subject to spatial rearrangement and thus are actively
trafficked through the cytosol on dynein and kinesin net-
works. The remodeling of mitochondrial size and shape
into larger extended or smaller structures is referred to
as “mitochondrial dynamics,” which includes the proc-
esses of fission and fusion (FIGURE 3). The balance
between fission and fusion serves to maintain a healthy
population of mitochondria (29). Both processes serve to
dilute dysfunctional mitochondria. For example, fission
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subdivides mitochondria to facilitate turnover by mitoph-
agy (29, 30). In contrast, fusion creates larger, healthier
mitochondria by recombining dysfunctional mitochondria
to diminish the impact of damaged regions. Mitochondrial
dynamics are regulated by proteins of the dynamin family
of GTPases (29, 187). Regulators of mitochondrial dynam-
ics may also communicate with other mitochondrial proc-
esses, such as mitochondrial biogenesis and mitophagy.
Other aspects of mitochondrial spatial regulation include
mitochondrial motility and interactions with other or-
ganelles, specifically the ER at MAM sites, the lysosomes,
and the actin cytoskeleton. Mitochondrial dynamics,
including the balance between fission and fusion events,
have emerging roles in influencing or altering the course
of disease, which are discussed below for their relevance
to specific diseases (187–192).

1.7.1. Mitochondrial fission.

Mitochondrial fission is a process that leads to mitochon-
drial fragmentation or the generation of smaller mito-
chondria from larger precursors. Mitochondrial fission
serves a physiological role in subdividing the mitochon-
drial population for cell replication. Furthermore, mito-
chondrial fission may serve to precondition depolarizing
or dysfunctional mitochondria for active turnover of
the fission products by mitophagy (29, 30). Emerging
studies implicate that mitochondrial fission is regu-
lated by multiorganelle contacts, which involve inter-
action with the actin cytoskeleton, and tripartite
interactions between the ER, mitochondria, and lyso-
some, which have been collectively referred to as the
“divisome” (193, 194).
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During mitochondrial fission, the ER preconstricts the mi-
tochondrial membrane via contact with the MAM. Drp1, a
primary regulator of fission, oligomerizes into ringlike
structures around mitochondrial fission sites, to further
constrict the organelle in a GTP-dependent manner (192,
195). After Drp1 oligomerization, subsequent mitochon-
drial constriction causes the recruitment of dynamin 2
(Dmn2), which terminates mitochondrial membrane scis-
sion via hydrolysis of GTP (196, 197).
In human cells, the ratio of S616 to S637 phosphoryla-

tion regulates Drp1 activation (human, isoform 1). Ser 616
phosphorylation (activating) is mediated by cyclin B1/
CDK1 in response to activating stimuli such as hypoxia
and hypoxia-mimetic compounds (198) and by calmodu-
lin-dependent protein kinase II (CaMKII) in response to
ionizing radiation (199). Drp1 Ser 637 phosphorylation
(inactivating) is mediated by cyclic AMP (cAMP)-depend-
ent protein kinase A (PKA) and reversed by calcineurin
(29, 200). In mice, phosphoregulation of Drp1 is depend-
ent on S600 and S579 (201). Drp1 is recruited to the
OMM, where it forms oligomers. The localization of Drp1
to a fission assembly at the mitochondria is regulated by
other OMM-localizing proteins that serve as mitochon-
drial receptors for Drp1. These include mitochondrial fis-
sion protein 1 (Fis1), mitochondrial fission factor (MFF),
and mitochondrial elongation factors (MIEF1 and MIEF2;
also known as MiD51, MiD49) (202–206). MIEF1 and
MIEF2 facilitate the association of Drp1 and MFF. The
balance of MIEFs versus MFF is believed to regulate fis-
sion, such that low to moderate levels of MIEFs are ideal
to promote mitochondrial fission. In contrast, high levels
of MIEFs sequester Drp1 on the mitochondrial surface,
which results in mitochondrial elongation (fusion) (207).
The nucleotidyltransferase domain of MiD51 binds ADP
to promote fission (208, 209).
Fis1, which promotes mitochondrial fission, also inhib-

its the activities of profusion GTPases (202, 210). Human
Fis1 (hFis1)-mediated mitochondrial fragmentation can
occur in the absence of Drp1 and Dyn2 (210). Fis1 and
Mff were found to be important for the regulation of the
formation of Drp1 puncta on mitochondria but were not
totally indispensable for fission (211). Mitochondrial fis-
sion process-1,18 kDa (MTP18) has been identified as a
newly characterized IMM-localizing fission factor identi-
fied in central nervous system (CNS) nerve development
(212). The OMM-associated protein mitochondrial ubiqui-
tin ligase (MITOL/MARCH5), of the membrane-associ-
ated RING-CH E3 ubiquitin ligase (MARCH) family, was
identified as a factor that also regulates mitochondrial
fission via the ubiquitination of Drp1 (213–215). PGAM5
may participate in Drp1 activation and initiation of fission
in response to mitochondrial depolarization (181).
Emerging studies suggest that lysosome-mitochondria

contact also mediates fission. Lysosome-mitochondria

contact formation was enhanced by active GTP-bound
lysosomal RAB7, and release of this interaction was
mediated by Fis1-dependent recruitment of RAB7
GTPase-activating protein TBC1D15 to mitochondria to
activate RAB7 GTP hydrolysis (216). Recent studies
also suggest that ER-generated phosphatidylinositol-4-
phosphate (PI4P) may also act as a signal for mitochon-
drial fission. ER vesicle-associated membrane protein
(VAMP)-associated proteins recruit lysosomes to the
site of mitochondrial division to promote mitochondrial
constriction. In this model, the lysosomal lipid transfer
protein ORP1L mediates transfer of PI4P from the ER to
the mitochondria, which is required for fission (217).
Taken together, these observations suggest that mito-
chondrial fission is orchestrated by a complex series of
events that involve multiorganelle interactions, signal-
ing intermediates, and protein effectors.
Further research will reveal additional mechanisms that

regulate fission as well as cross talk between fission and
other mitochondria-dependent processes. Aberrations in
mitochondrial fission were associated with mitophagy in
lung disorders (see sect. 4) and may play a contributory
role in neurodegenerative diseases (see sect. 6).

1.7.2. Mitochondrial fusion.

Mitochondrial fusion is a process that generates larger,
elongated mitochondria from smaller mitochondria. This
process, which allows for distribution of mitochondrial
components within the network, is believed to be largely
beneficial in contributing to mitochondrial homeostasis
and MQC. Fusion is associated with increased mitochon-
drial Krebs cycle activity and ATP production. Fusion
may alleviate mitochondrial injury by recombining
injured mitochondria with healthy components and nor-
malize mitochondrial membrane potential in damaged
mitochondria (30, 218). The fusion process is a compos-
ite event that begins with the OMM and progresses to
the IMM. Fusion is mediated by GTPases mitofusin-1
(Mfn-1), mitofusin-2 (Mfn-2), and optic atrophy 1 (Opa-1)
protein (219). Mfn1 or Mfn2 genetic deficiencies in mice,
which are lethal, cause an early embryonic phenotype of
impaired fusion and mitochondrial fragmentation (220).
Mfn1/Mfn2 isoforms localize to the OMM and regulate
OMM fusion. Mfn1/Mfn2 can tether adjacent mitochon-
dria, and MFN1 can function to tether mitochondria to the
ER membrane (221). IMM fusion is regulated by Opa-1,
which requires the assistance of Mfn1 but not Mfn2 (222).
Recent studies suggest that membrane-associated Opa1
(l-Opa1) executes IMM fusion via transmembrane inter-
actions with CL (223, 224). A short form of Opa1 (s-
Opa1) can promote or inhibit membrane fusion in a con-
centration-dependent manner (223, 225). Additionally,
Opa1 also has a function in maintenance of crista structure
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(223, 224). Human Fis1 (hFis1), a regulator of fission, was
found to bind to Mfn1, Mfn2, and OPA1 to inhibit intrinsic
GTPase activity, thereby negatively regulating fusion (210).
Recent evidence suggests that MAM contact points
between the ER and mitochondria are responsible for
regulated balance between fission and fusion events
(218). Pink1/Parkin, key regulators of mitophagy, may
regulate fusion through enhancing the ubiquitination
of Mfn1 and Mfn2 (29, 159). Parkin or PINK1 knock-
down reversed Mfn1/Mfn2 ubiquitination in response
to promitophagy stimuli (159). Ubiquitination of fusion
proteins by Parkin is believed to prevent damaged mi-
tochondria from engaging in fusion, thereby selecting
them for mitophagy (28).
In humans, mutations in mitochondrial fusion genes

(MFN2 and OPA1) cause neurodegenerative disease
[Charcot–Marie–Tooth type 2A and Kjer disease/autoso-
mal dominant optic atrophy (188, 226, 227)]. Opa1 defi-
ciency in retinal ganglion cells was reported to cause
significant fragmentation of mitochondrial morphology,
activation of mitochondrial motility, and impaired respira-
tory function (228).
Mitochondrial fusion is believed to represent an

adaptive or repair process. Recent studies suggest that
deficiencies in mitochondrial fusion may impact the pro-
gression of disease, including pulmonary diseases (see
sect. 4) and neurodegenerative diseases (see sect. 6).
Further understanding of the regulation of fusion, and
the interplay of fusion with other mitochondrial proc-
esses, will determine whether the fusion apparatus may
provide an effective therapeutic target in disease.

1.7.3. Mitochondrial motility.

The homeostasis of the mitochondrial network is main-
tained by dynamic processes, such as fission and fusion,
as well as by factors that govern the spatiotemporal or-
ganization of mitochondria within individual cells, a pro-
cess referred to as mitochondrial motility. Mitochondria
are transported bidirectionally within cells along cytos-
keletal filaments by the action of the cytoplasmic motor
proteins dynein and kinesin (ATP hydrolases). Dyneins
(i.e., dynein1-dynactin complex) move cargoes toward
the cell center (retrograde transport), whereas kinesins
(i.e., KIF5) move cargoes toward the cell exterior (antero-
grade transport) (229).
Mitochondrial mobility via motor proteins is regulated

by transport adaptors of the mitochondrial Rho GTPase
family, Miro1 and Miro2 (Rhot1/Rhot2), which are OMM-
associated proteins with two Ca21 binding and two
GTPase domains (230). Miro1, the dominant isoform,
forms complexes with motor proteins (i.e., kinesin) via
additional adaptor proteins, the trafficking kinesin-bind-
ing proteins Trak-1/2 (mammalian homologs of Milton).

Miro1 can also interact with fusion proteins, Mfn1/2, and
ER MAM sites (230). Thus, Miro1 may have contributory
functions in mitochondrial Ca21 regulation and fusion
(231, 232). Binding of Ca21 to Miro1 at its intrinsic EF
hand domains negatively regulates mitochondrial motil-
ity by triggering release of motor complexes from the cy-
toskeleton (233). The Ca21 binding sites of Miro1 are
also responsible for glutamate regulation of mitochon-
drial arrest in neurons (234). Additional anchor adaptors
such as syntaphilin, responsible for Ca21-dependent mi-
tochondrial arrest in axons, can impair mitochondrial mo-
tility by directly interacting with motor proteins (229).
Pink1/Parkin can arrest the motility of dysfunctional mi-
tochondria before mitophagy by respectively phos-
phorylating and ubiquitinating Miro (235). Miro1 can
also reciprocally act as a mitophagy regulator (230).
For example, Miro1 deletion results in impaired Parkin
recruitment to dysfunctional mitochondria in neurons
(236).
Mitochondrial motility is also subject to metabolic

regulation. Mobility is impaired by glucose levels via
posttranslation modification of Trak (Milton) via O-
GlcNAcylation by the action of O-GlcNAc transferase
(OGT), which acts as the glucose sensor (237). Four
and a half LIM domains protein 2 (FHL2) functions as
an anchor to secure mitochondria to F-actin via recog-
nition of O-GlcNAcylated Trak in motor-adaptor com-
plexes (238).
The regulation of mitochondrial motility by motor-

adaptor complexes and the balance between antero-
grade or retrograde trafficking and cytoskeletal anchor-
ing remain incompletely understood. Further work will
identify the identity of additional adaptor proteins and
their regulation by discrete signaling networks. The
function of mitochondrial motility in disease also remains
incompletely delineated. The process may serve to
distribute mitochondria to sites of increased energy
demand or to deliver mitochondria to appropriate in-
tracellular sites for their processing via fission, fusion,
or mitophagy as required under specific conditions
(229, 238).

1.7.4. Intercellular transport of mitochondria.

Mitochondria may undergo intercellular transport, which
can serve homeostatic functions by exchanging mito-
chondria between cells. Intercellular transport of mito-
chondria may be accomplished via physical connective
pathways termed tunneling nanotubes (TNTs). The
TNTs have an F-actin cytoskeleton and can contain
microtubules, and thus also support bidirectional motor
protein complex-dependent trafficking of mitochondria.
Miro proteins participate in regulating mitochondrial
intercellular transport via TNTs (239).
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Mitochondria can also be transported between cells in
extracellular vesicles (EVs) of various sizes (240). Within
EVs, mitochondria may be packaged into subcompart-
ments termed mitochondria-derived vesicles (MDVs)
(239). Opa1- and Snx9-dependent MDVs prepare func-
tional mitochondria for export, whereas Parkin selects
against dysfunctional mitochondria for export (239).
Alternately, transfer of mitochondria through gap junc-
tions or by cell fusion events has been described (230).
The function of intercellular transport of mitochondria in
disease is incompletely understood but may serve as a
survival mechanism, to compensate stressed cells with
functional mitochondria derived from healthy cells (241).
In disease, such transfer may be propathogenic in the
case of promoting cancer cell survival and tumorigenesis.

Further studies will determine the potential of both intra-
and intercellular mitochondrial trafficking as targets for
therapeutic development (230, 242).

1.8. Mitochondrial Biogenesis

Mitochondrial biogenesis is a genetically regulated pro-
gram for the proliferation of mitochondria during cell di-
vision and cellular stress (FIGURE 4) (26). A number of
physiological and environmental cues can trigger mito-
chondrial biogenesis, which include starvation, exercise,
hypothermia, inflammation, and oxidative stress (243).
This process contributes to MQC processes, in part by
replenishing functional mitochondria after their turn-
over by mitophagy. Mitochondrial biogenesis is tightly
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regulated by several coactivators and transcription
factors, including transcriptional coactivator peroxi-
some proliferator-activated receptor gamma (PPARc)
coactivator 1a (PGC-1a), PGC-1b, and PGC-1-related
coactivator (PRC) (244). PGC-1a is considered the mas-
ter inducible regulator of mitochondrial biogenesis
(244).
PGC-1a is responsive to metabolic regulation by multi-

ple transcriptional and posttranscriptional mechanisms
(245). For example, PGC-1a is regulated by phosphoryla-
tion via p38 mitogen-activated protein kinase (p38
MAPK), 50 adenosine monophosphate-activated protein
kinase (AMPK), and glycogen synthase kinase 3b
(GSK3b). PGC-1a is also regulated by deacetylation via
the AMPK-Sirt1 axis (246–248). Activation of PGC-1a by
AMPK represents a response to cellular energy deple-
tion (i.e., increased AMP-to-ATP ratio), whereas direct
regulation by Sirt1 responds to NAD1-to-NADH ratio.
Recent evidence suggests that PGC-1a is regulated by
BCAAs (i.e., leucine) (249). For example, leucine supple-
mentation in vivo can upregulate markers of mitochon-
drial biogenesis in muscle tissues (249). Transgenic
overexpression of PGC-1a in skeletal muscle regulates
the expression of enzymes involved in BCAA metabo-
lism in skeletal muscle mitochondria (250).
PGC-1a regulates several downstream transcription

factors. Of these, PGC-1a-regulated targets related to mi-
tochondrial biogenesis include nuclear respiratory fac-
tor-1 and -2 (NRF1, NRF2) and estrogen-related receptor-
a (ERR-a). Activation of these factors leads to upregula-
tion of mitochondrial transcription factor A (TFAM), a nu-
clear-encoded gene, which is regarded as the master
regulator of mtDNA replication (26). TFAM factor binds
to mtDNA and facilitates recruitment of the mtDNA poly-
merase (POLRMT) as well as recruitment of the accessory
transcription factor B2 (TFT2BM) (251). TFAM primes
mtDNA replication executed by DNA polymerase-c.
These factors also drive mtDNA transcription at two major
promoters, the light strand promoter (LSP) and the heavy
strand promoter 1 (HSP1) (252).
Under oxidative stress conditions, mitochondrial bio-

genesis is also regulated by transcription factor nuclear
factor erythroid 2-related factor 2 (Nrf2, NFE2L2), a mas-
ter regulator of the antioxidant response. Chemical acti-
vators of Nrf2 such as sulforaphane have been shown to
increase mitochondrial biogenesis (253). Nrf2 induced
by various stimuli may regulate the downstream tran-
scription of PGC-1a and NRF1. Nrf2 regulates the expres-
sion of heme oxygenase-1, which has also been shown
to influence mitochondrial biogenesis programs (254).
Emerging studies suggest regulatory relationships

between PGC-1a-dependent mitochondrial biogenesis,
mitochondrial dynamics, and mitophagy. For example, in
a model of rotenone-induced dopamine neurotoxicity,

genetic downregulation of fission or promotion of fusion
proteins (i.e., Mfn2) enhanced neural protection and
stimulated PGC-1a-dependent mitochondrial biogenesis
(255). Conversely, gain- and loss-of-function experi-
ments established a role for PGC-1a in downregulating
fission and promoting fusion (255). Similar associations
were observed with resveratrol, which counteracted ro-
tenone toxicity by upregulating mitochondrial biogene-
sis and reciprocally regulating fission and fusion (256).
PGC-1a upregulation was also associated with downreg-
ulation of Pink1-dependent mitophagy in this model,
whereas PINK1 expression downregulated TFAM and
PGC-1a expression (257).
In conclusion, mitochondrial biogenesis responds to

cellular energy needs and is generally considered a pro-
survival mechanism that is co- or reciprocally regulated
with other mitochondrial processes, such as fission,
fusion, and mitophagy. Deregulation of mitochondrial
biogenesis and/or its underlying regulatory mechanisms
has been described in numerous human diseases (see
sects. 5 and 6). Pharmacological targeting of this path-
way may show promise in neurodegenerative and meta-
bolic diseases.

2. MITOCHONDRIAL DYSFUNCTION AND
METABOLISM IN THE REGULATION OF
INFLAMMATION

In addition to their vital functions in regulating bioener-
getics and apoptosis, mitochondria have emerged as
crucial signaling platforms for the regulation of inflam-
mation and innate immune responses (4, 12, 258, 259).
Pathogen-associated molecular patterns (PAMPs) are
characteristic features of many pathogens, including
bacteria, fungi, protozoa, and viruses (260). In the innate
immune system, molecular sensing of PAMPs and
DAMPs occurs through interactions with pattern recog-
nition receptors (PRRs). The PRRs include members of
the Toll-like receptor (TLR), retinoic acid-inducible gene
(RIG)-I-like receptor (RLR), and nucleotide binding do-
main leucine-rich repeat-containing receptor or “NOD-
like receptor” (NLR) families. Upon pattern recognition,
activated PRRs trigger downstream signal transduction
pathways that regulate inflammatory and innate immune
responses (261). Mitochondria have long been known to
play a functional role in TLR signal generation via meta-
bolic production of mtROS, which are known to signal to
NF-κB-dependent regulation of proinflammatory cytokines.
Emerging studies have also established that mitochondria-
associated factors can signal distinct and specialized
innate immune mechanisms that include inflammasome-
dependent inflammatory cytokine responses and inter-
feron (IFN)-dependent antiviral responses, as discussed
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below, which contribute to modulation of host defenses.
Thus, mitochondrial signaling to the regulation of
inflammation and innate immunity represents an im-
portant underlying mechanism in the pathogenesis of
diseases where inflammation or pathogen infection
plays a key role.

2.1. Mitochondrial DAMPs

2.1.1. Mitochondrial DNA.

To fully appreciate how mitochondria modulate the
innate immune system, specifically through the release
of DAMPs like mitochondrial DNA (mtDNA) (FIGURE 5),

the discussion must begin with the endosymbiotic
theory of mitochondria. Eons ago, a-proteobacterium
fused with either an archaean or eukaryotic host to form
a novel cellular organism (262). The reason for this
event is unclear, with some theorizing that the impetus
was a symbiotic exchange of hydrogen ions between a
methanotrophic a-proteobacterium and a methanogenic
host while others postulate that the incorporation of an
aerobic a-proteobacterium into an anaerobic host con-
ferred a survival advantage (263–265). Irrespective of
why this occurred, genome reduction ensued, with a sig-
nificant portion of the proteobacterium’s DNA being lost
or incorporated into the nuclear genome as it evolved
into modern-day mitochondria (262).
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Today, human mitochondria contain a circular genome
composed of 16,569 base pairs encoding 37 genes
(266, 267). Because of their ancestral origin, the mito-
chondrial genome contains unmethylated CpG motifs
(268). These motifs, a common feature of bacterial DNA,
are minimally, if at all, found within the human genome.
This dichotomy enabled the evolution of pattern recog-
nition receptors (PRRs) by the innate immune system ca-
pable of recognizing unmethylated CpG motifs as a
pathogen-associated molecular pattern (PAMP) (268).
However, innate immunity lacks the sophistication to
distinguish unmethylated CpG motifs of bacterial origin
from those of mitochondrial origin. Consequently, extra-
mitochondrial DNA stimulates PRRs no differently than
bacterial DNA; albeit as a DAMP rather than a PAMP.
Under normal physiological conditions this does not
pose a problem, as mtDNA is confined to mitochondria.
However, in the setting of mitochondrial stress, cellular
damage, or necrosis mtDNA can enter the cytoplasm or
extracellular space, imposing an immunostimulatory
effect (269, 270).
To expound on this process, toll-like receptors (TLRs)

are a family of PRRs responsible for the rapid detection of
extracellular and intracellular pathogens by the innate
immune system (271). In humans, investigators have iden-
tified 10 different TLRs, which are differentially expressed
according to cell type (271, 272). Among this family,
human TLR-9 is primarily expressed by B cells and plas-
macytoid dendritic cells (DCs), where it is responsible for
recognition of oligonucleotides containing unmethylated
CpG motifs (271). Internalization of DNA containing these
motifs will stimulate endolysosomal TLR-9 to initiate a
complex proinflammatory response mediated by adaptor
molecule myeloid protein 88 (MyD88), interleukin-1
receptor-associated kinase-1 (IRAK1), interferon regu-
latory factor-7 (IRF7), and tumor necrosis factor-a re-
ceptor-activated factor-6 (TRAF6) (271, 273–276).
The strength of the ensuing response is contingent
on the structure of the oligonucleotide as determined
by the number of CpG motifs, the spacing between
motifs, the oligonucleotide backbone, and the pres-
ence of certain flanking sequences (277).
The effect of TLR-9 stimulation is the induction of NF-

κB and other intermediaries to promote the secretion of
IL-6, TNF-a, type I interferons, and IL-10 (271). TLR-9-acti-
vated B cells display increased antigen sensitivity and
differentiate into antibody-producing plasma cells, pro-
viding a link between innate and adaptive immune
responses (271, 278). Furthermore, TLR-9 activation stim-
ulates migration, maturation, and expression of costimu-
latory molecules or antigens by plasmacytoid dendritic
cells, facilitating T-cell activation (271, 279).
Besides TLR-9, mtDNA can trigger the innate immune

system through interaction with multimeric cytosolic

protein complexes known as inflammasomes (269).
Numerous studies implicate mtDNA as a potent agonist
of the NLRP3, NLRC4, and AIM2 inflammasomes (270,
280, 281). Inflammasomes are discussed in greater detail
in sect. 2.3.
Additionally, cytosolic mtDNA binds the indiscriminate

cyclic GMP-AMP synthase (cGAS) to produce cyclic
guanosine monophosphate-adenosine monophosphate
(cGAMP). This cyclic dinucleotide is an important intracel-
lular signaling molecule that activates the ER protein
stimulator of interferon genes (STING) to induce a type I
interferon (IFN1) response (282). This occurs via STING-
mediated activation of TANK-binding kinase 1 (TBK1) and
I-κB kinase (IKK). These protein kinases phosphorylate
interferon regulatory factor 3 (IRF3) and the inhibitory I-
κBa, allowing IRF3 and NF-κB to migrate to the nucleus,
where they induce expression of IFNb, interferon-stimu-
lated genes (ISGs), and other cytokines. Stimulation of
the cGAS-STING pathway by mtDNA has been con-
nected to the development of obesity-induced metabolic
dysfunction, acute kidney injury, and amyotrophic lateral
sclerosis (ALS) (283–285).

2.1.2. N-formyl peptide.

Another category of mitochondrial DAMPs that owe their
function to the bacterial origin of mitochondria are N-for-
mylated peptides (NFPs). Like bacteria, mitochondria
require N-formylated methionine (fMet), a constituent of
NFPs, for translation initiation (286). Normally, endoge-
nous NFPs are confined to mitochondria (286). However,
during periods of cellular injury or mitochondrial stress
NFPs, like mtDNA, can be released into the cytosol or
extracellular space (286, 287). When this occurs, NFPs
interact with either formyl peptide receptor (FPR), FPR-
like 1 (FPRL-1), or FPRL-2 on phagocytic leukocytes to
direct an immune response (288).
Initially, FPRs were identified as PRRs predominantly

expressed by neutrophils and monocytes that drove leu-
kocyte chemotaxis, degranulation, cytokine production
(IL-1a, IL-1b, IL-6, and IL-8), and ROS production in
response to bacterial NFPs (289, 290). Further research
involving mitochondrial NFPs proved they could elicit a
similar response (291, 292). Since then, FRPs have been
found in a multitude of cells and tissue types (288).
Furthermore, FRPs appear to be promiscuous receptors,
responding not only to NFPs with varying affinities but
also to HIV-1 envelope peptides, annexins, and lipids
(288, 293). Even though the signaling pathway for these
Gi protein-coupled receptors has been described, our
understanding of the functional role of FPRs remains lim-
ited because of challenges imposed by the diversity of re-
ceptor agonists and the absence of clear human-murine
orthologs (288, 294).
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2.1.3. Adenosine triphosphate.

In 1929, Karl Lohmann (295) as well as Cyrus Hartwell
Fiske and Yellagaprada SubbaRow (296) independently
discovered adenosine triphosphate (ATP). Their findings
fostered decades of research into the unique biochemi-
cal and enzymatic mechanisms encompassing the role
of ATP as the conveyor of cellular energy. In tandem
with that body of research, a detailed understanding of
purinergic signaling developed, revealing an unex-
pected role for ATP as an extracellular ligand essential
for neurotransmission, endothelium-mediated vasodila-
tion, platelet aggregation, and inflammation (297, 298).
Relevant to the discussion of mitochondrial DAMPs is
how ATP regulates the activity of neutrophils, macro-
phages, and other immune cells.
Under normal physiological conditions, intracellular

ATP exists at millimolar concentrations (299). In contrast,
ATP circulates in the extracellular environment at submi-
cromolar concentrations (299). This compartmental dif-
ference is vital to ATP’s ability to function as a DAMP.
When ATP is released into the extracellular environment
during cell injury, mechanical stress, bacterial infection,
or necrotic cell death, the spike in plasma ATP concen-
tration is promptly recognized by purinergic receptors
(P2Rs) (299). There are two distinct families of P2Rs. The
P2YR family is composed of eight G protein-coupled
receptors that recognize ATP and other adenine nucleo-
tides (300). In contrast, the P2XR family is composed of
seven ATP-gated inotropic receptors (300).
For neutrophils, extracellular ATP promotes upregula-

tion of endothelial E-selectin via P2X7 activation to sup-
port neutrophil tethering (301, 302). As neutrophils roll
along the endothelium toward the site of injury they are
primed by ATP and other agents, causing rapid upregu-
lation of the adhesion receptor macrophage-1 antigen
(Mac-1) (299, 303). These steps are accompanied by
ATP-mediated changes to the vascular endothelium aid-
ing neutrophil transmigration (304). After extravasation,
neutrophils travel along a chemotactic gradient toward
the site of injury (299). Once they arrive at the inflamma-
tory site, their bactericidal functions are further enhanced
by the presence of ATP within the inflammatory milieu.
Through P2Y2 receptors, ATP stimulates neutrophil degra-
nulation and augments production of ROS, boosting oxi-
dative burst (305, 306). Moreover, extracellular ATP can
influence the duration of the proinflammatory response
by working alongside granulocyte macrophage colony-
stimulating factor (GM-CSF) to delay neutrophil apoptosis
(307). Interestingly, adenosine forms a negative feed-
back loop with ATP, offsetting its proinflammatory
characteristics. Both TNF-a and oxidative stress inhibit
ectonucleoside triphosphate diphosphohydrolase-1
(NTDase1 or CD39) and 5 0 nucleotidase (5 0-NT or

CD73), slowing the breakdown of ATP to adenosine
during inflammation.
Like neutrophils, macrophage adhesion benefits from

ATP-mediated pathways upregulating endothelial E-
selectin and monocyte Mac-1 (301, 302). One notable dif-
ference is that monocyte adhesion is further facilitated
by ATP enhancing endothelial expression of VCAM-1
through P2Y2 activity (308). After monocytes have firmly
adhered to the endothelium, extracellular ATP activates
shedding of monocyte L-selectin (CD62L) through P2X7,
thus stimulating transmigration (309). This process is furth-
ered by ATP inducing endothelial shrinkage or apoptosis
through P2Y receptors, permitting monocyte passage
through the endothelial barrier (299). After transmigration,
ATP stimulates monocyte chemotaxis. To orchestrate the
inflammatory response, activated macrophages release a
variety of cytokines and chemokines. Whether it be
through P2X7 activation of the NF-κB pathway or other
avenues, ATP stimulates the production of IL-1a, IL-1b, IL-6,
IL-18, and TNF-a (310). Furthermore, ATP has been shown
to enhance LPS-induced NO production via inducible ni-
tric oxide synthase (iNOS or NOS2), which is essential for
the creation of reactive nitrogen species (RNS) (311). ATP
also stimulates ROS generation. Finally, prolonged expo-
sure to ATP triggers cell death pathways via P2X7 activa-
tion (312); it has been hypothesized these pathways exist
to protect tissues from an aberrant, uncontrolled inflam-
matory response.
For dendritic cells (DCs), the effect of ATP on their

migration depends on the molecule’s concentration. At
low micromolar concentrations, ATP stimulates DC
migration to the inflammatory site. However, upon arrival
the higher concentrations of ATP inhibit DC movement
via P2Y11, prolonging their exposure to the nidus of
inflammation where it can phagocytose potential anti-
gens (313). Additionally, stimulation of P2Y11 allows ATP
to act synergistically with TNF-a, LPS, CD40L, and other
inflammatory mediators to promote DC maturation (314).
The production of cytokines is also regulated by ATP
concentrations. Low concentrations appear to inhibit the
production of TNF-a, IL-1a, IL-1b, IL-6, and IL-12 (299).
Meanwhile, high concentrations of ATP are associated
with increased production of IL-1b, TNF-a, and IL-12
(299). Mirroring their cytokine production, DCs exposed
to low levels of ATP appear to initiate a Th2 response
whereas DCs exposed to high ATP levels initiate a Th1
response (299). Prolonged ATP exposure is also associ-
ated with P2X7-mediated cytotoxicity, which leads to DC
apoptosis.
Relatively less is known about ATP-mediated regula-

tion of lymphocytes (299, 315). It has been accepted that
ATP stimulates or inhibits lymphocyte activity based on
nucleotide concentration and cell type. As an example,
intermediate levels of ATP enhance CD41 T cell activity
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and boosts their proliferation through upregulation of
IL-2 (316). However, high concentrations of ATP not
only induce CD41 T cell apoptosis but also enhance
Treg activity and proliferation (316). Additionally, ATP
inhibits IL-2-mediated proliferation of natural killer
cells. Furthermore, activated T cells release ATP, sug-
gesting that the nucleotide is involved with autocrine
and/or paracrine signaling.

2.1.4. Mitochondrial transcription factor A.

As a high-mobility group (HMG) protein, mitochondrial
transcription factor A (TFAM) is required for proper mainte-
nance of the mitochondrial genome (252). TFAM performs
this task by controlling transcription of mitochondrial pro-
moter sequences to influence mtDNA copy number and
through nonspecific binding to mtDNA to compact the ge-
nome into nucleoids (252). However, the function of
TFAM is not limited to these regulatory responsibilities.
Like its functional and morphological homolog HMGB1,
TFAM acts synergistically with other DAMPs to influence
the immune system (317, 318). After cell necrosis, TFAM
remains bound to mtDNA (319). This facilitates internaliza-
tion of mtDNA into endosomes of immune cells, where it
augments mtDNA-mediated TLR-9 activation in a recep-
tors for advanced glycation end products (RAGE)-depend-
ent manner (319). In this fashion, TFAM has been shown to
promote secretion of type I interferon by plasmacytoid
dendritic cells and TNF-a by murine splenocytes (319,
320). Besides mtDNA, TFAM acts synergistically with
NFPs to promote activation of human monocytes and
release of IL-8 (290). Additionally, there are in vivo models
implicating TFAM as a mitochondrial DAMP. Intra-cisterna
magna injection of TFAM has been shown to upregulate
expression of MCP-1, IL-1b, IL-6, TNF-a, and NF-κB inhibitor
alpha (NFκBIA) in the hippocampus and frontal cortex of
rats (321). Follow-up studies utilizing THP-1 monocytes, as
models of human microglia, further implicate RAGE and
Mac-1 as important mediators of a TFAM-induced inflam-
matory response (321). Finally, exposure of murine macro-
phages to recombinant TFAM has been shown to
promote secretion of IL-6 and TNF-a in a dose-dependent
manner (322). This response was replicated in healthy
rats, where recombinant TFAM not only promoted the pro-
duction of proinflammatory cytokines but was associated
with neutrophil infiltration of the lungs and end-organ
damage (322).

2.1.5. Cardiolipin.

Cardiolipin (CL) is a tetra-acylated phosphatidylglycerol
lipid contributing to the cell membranes of most prokar-
yotes (286, 323). This phospholipid can also be found in
eukaryotes, where it is a significant component of the

IMM—another remnant of the mitochondrion’s bacterial
ancestry (41, 286). CL is essential for protein transport
across mitochondrial membranes, the organelle’s mor-
phology including their iconic cristae, cellular respiration,
biogenesis, apoptosis, and immune signaling (41, 286).
The immunological role of CL is complex, displaying
both anti-inflammatory and proinflammatory properties.

When mitochondria are damaged, CL is external-
ized from the inner to the outer mitochondrial mem-
brane via phospholipid scramblase-3 (PLS3) (324,
325). This redistribution of CL allows it to bind LC3 so
it can be incorporated into autophagosomes (324, 325)
for mitophagy. Extracellular mitochondria are also phago-
cytosed through Cluster of Differentiation 36 (CD36)
binding to CL (326). There is additional evidence sug-
gesting that modification of CL can alter the affinity of CL
for its receptors (323–325). Together, these findings sug-
gest that the expression of CL can be manipulated as
needed to control mitochondria-mediated inflammatory
or cell death pathways.
Importantly, the anti-inflammatory properties of CL are

not limited to mitophagy. Experiments involving unsatu-
rated CL indicate that the lipid can also inhibit LPS bind-
ing to TLR4/Myeloid Differentiation 2 (TLR4/MD2) (327).
By antagonizing TLR4/MD2, CL prevents LPS from stim-
ulating production of TNF-a, IL-1b, IFN-c, and other proin-
flammatory cytokines (327, 328). Supporting in vivo
evidence is found in the bronchoalveolar lavage of mice
with Escherichia coli pneumonia (323, 329). Mice with
lower levels of unsaturated CL were observed to have
higher levels of TNF-a, whereas higher levels of unsatu-
rated CL correlated with lower levels of TNF-a, IL-1b, and
IFN-c. Furthermore, healthy mice exposed to exogenous
intratracheal CL had lower levels of the proinflammatory
IL-2 and IFN-c in lavage fluid but higher levels of anti-
inflammatory IL-10.
Finally, several proinflammatory roles of CL have

been identified. LPS induces translocation of CL to the
outer mitochondrial membrane in a ROS-dependent
manner. This process, which may involve oxidization
of CL, facilitates colocalization of caspase-1 and the
NLRP3 inflammasome to the mitochondrial membrane
(41, 330). By aiding organization of the NLRP3 inflam-
masome, CL promotes inflammasome activation by
mtDNA and other ligands to produce IL-1b and IL-18.
Furthermore, oxidized CL mobilizes intracellular Ca21

stores in phagocytes, stimulating production of leuko-
triene B4 and 5-lipoxygenase (5-LOX) gene expres-
sion (331). In vascular endothelium, CL upregulates
ICAM-1 and VCAM-1, facilitating intercellular adhesion
by leukocytes (331). Finally, saturation of CL’s acyl
chains significantly alters the relationship between CL
and TLR4/MD2. Whereas unsaturated CL is anti-
inflammatory, saturated CL appears proinflammatory,
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as it stimulates TLR4/MD2, like LPS, to trigger produc-
tion of TNF-a, type 1 IFN, and IL-1b (323).

2.1.6. Succinate.

As part of the Krebs cycle, succinyl-CoA synthetase cat-
alyzes the reaction of succinyl-coenzyme A (succinyl-
CoA) with an inorganic phosphate and adenosine
diphosphate (ADP) to generate succinate and ATP (332).
From here, CII catalyzes the oxidation of succinate to fu-
marate alongside the reduction of ubiquinone. As these
reactions illustrate, succinate is vital to cellular bioener-
getics since it is directly involved in the production of
ATP and functions as a link between the Krebs cycle
and OXPHOS. Interestingly, succinate also functions as
a mitochondrial DAMP. In macrophages, LPS upregu-
lates glycolysis via a TLR4-mediated pathway (333). The
subsequent rise in succinate is responsible for stabiliza-
tion of HIF-1a. The downstream effects of HIF-1a include
upregulation of IL-1b. Akin to other DAMPs, succinate is
released into the extracellular space after tissue injury
or necrotic cell death (334). Plus, in vitro inhibition of
CIII by antimycin results in the secretion of succinate
by muscle cells, suggesting that impairment of the
ETC may also drive its secretion (335). Once in the
extracellular space, succinate may bind GPR91, a G
protein-coupled receptor, to stimulate chemotaxis,
production of proinflammatory cytokines, and T cell
activation by DCs (334).

2.1.7. Conclusion.

Although there are numerous mitochondrial DAMPs
(MTDs), they all share a common feature. When these
molecules are released into the intra- or extracellular
environment, they can elicit an immune response, often
because they resemble bacterial antigens. What remains
to be seen is whether these molecules are merely pas-
sive bystanders, representing the sequela of disease, or
they significantly contribute to acute or chronic inflamma-
tory processes by propagating the initial inflammatory
insult. Understanding this distinction in the context of dis-
ease has the potential to transform clinical practice. Using
mtDNA as an example, investigators have observed an
association between deceased donor plasma mtDNA
levels and early allograft dysfunction in liver transplant
recipients (336). If mtDNA actively contributes to the de-
velopment of early allograft dysfunction, rather than sim-
ply being a marker of donor inflammation, then using
deceased donor mtDNA to guide posttransplant immuno-
therapy or developing agents to temper pretransplant do-
nor mtDNA levels may improve outcomes by decreasing
rates of early allograft dysfunction. Addressing these con-
cepts represents the future of MTD therapeutics.

2.2. Sirtuin Regulation of Inflammation

Sirtuins play an important role in the epigenetic regula-
tion of inflammatory responses. By seeking to restore
immunometabolic homeostasis during periods of cell
stress and high metabolic demand, sirtuins promote cel-
lular adaptation to inflammatory stimuli by influencing
mitochondrial bioenergetics (337). The deacectylase ac-
tivity of SIRT1 and SIRT3 is regulated in acute inflamma-
tion in response to the high-NAD1/low-cellular energy
environment induced by sepsis (338, 339). Early induc-
tion of SIRT1 can be beneficial, with murine studies
showing that early blockade of SIRT1 with the specific in-
hibitor EX-527 worsens survival in a murine model of pol-
ymicrobial sepsis (340). In vitro studies have clarified the
critical cross talk between sirtuins and mitochondrial bio-
genesis that mediates this benefit. In monocytes, NAD1-
dependent SIRT1, RELB, and SIRT6 nuclear proteins regu-
late a switch from the glycolysis-dependent acute inflam-
matory response to FAO-dependent sepsis adaptation.
This switch is mediated by SIRT3 regulation of Krebs
cycle, leading to increased mitochondrial O2 consump-
tion. The subsequent induction of SIRT1 increases mito-
chondrial biogenesis and serves to help the cell adapt to
this high mitochondrial energetic state (337). But SIRT1-
mediated sepsis adaptation can become maladaptive,
including the regulation of the late-phase hypoinflamma-
tory sepsis phenotype. Late blockade of SIRT1 improves
survival in a murine model of polymicrobial sepsis by
restoring expression of leukocyte-endothelial interactions
and improving peritoneal bacterial clearance, demon-
strating the pleotropic effects of sirtuins in inflammatory
conditions (340).
SIRT1 can also attenuate inflammatory responses by

regulating NF-κB. Under high-cellular NAD1 conditions,
SIRT1 interacts with transducing-like enhancer of split-1
(TLE1) to repress NF-κB activity (341). Similarly, SIRT1
has been shown to deacetylate the RelA/p65 subunit of
NF-κB, leading to lower expression of inflammatory
genes (339). Reflecting this regulation, the SIRT1 ago-
nist resveratrol is capable of downregulating NF-κB-
mediated proinflammatory cytokines (342). SIRT1 regu-
lation of NF-κB has important implications for inflamma-
tory diseases, including age-related cardiovascular
disease, chronic lung disease, and neurodegenerative
diseases. SIRT1 is protective against chronic inflamma-
tion that drives age related cardiovascular disease
(343, 344). In chronic obstructive pulmonary disease
(COPD), an inflammatory lung condition induced by
chronic cigarette smoke exposure, SIRT1 is reduced in
both the lungs and macrophages of humans with COPD
(345, 346) and knockdown of SIRT1 in macrophages
exposed to cigarette smoke extract is associated with
increased IL-8 release. Among neurodegenerative
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diseases, SIRT1 has been shown to be neuroprotective
(347, 348).

2.3. Inflammasome-Dependent Pathways

2.3.1. Inflammasomes.

Inflammasomes are specialized multiprotein inflamma-
tory signaling platforms that regulate innate immune
responses (349). In response to microbial infection, acti-
vation of the inflammasomes contributes to host protec-
tion by inducing immune responses that provide a
defense mechanism against invading microorganisms.
Dysregulated activation of inflammasomes, however,
can also lead to tissue injury associated with hyperin-
flammation and also trigger gasdermin-D-dependent
cell death (pyroptosis) (349–351). The cytosolic NLRs are
characterized by a homologous region that includes
an intrinsic nucleotide-binding oligomerization domain
(NACHT) and a COOH-terminal leucine-rich repeat do-
main (LRR) (261, 349). NLRs also contain a variable NH2-
terminal domain that may include a pyrin domain (PYD),
a caspase-recruitment domain (CARD), or a baculovirus
inhibitor of apoptosis repeat (BIR) domain (261). Among
the NLRs, NLRP1, NLRP3, NLRC4, and NLRB1 can form
multiprotein inflammasome complexes upon PRR stimu-
lation (352). Furthermore, the pyrin and HIN domain-con-
taining (PYHIN) family member absent in melanoma 2
(AIM2) can form inflammasome complexes in response
to the presence of pathogen-derived dsDNA, and
thereby acts as the primary sensor for this DAMP (353).
Inflammasome complexes contain additional key protein
constituents, including apoptosis-associated speck-like
protein containing CARD (ASC), which functions as an
adaptor, and the pro-form of caspase-1. Inflammasome
complex formation promotes the proteolytic cleavage
and activation of the cysteine protease caspase-1 (354).
Activated caspase-1 catalyzes the proteolytic cleavage
of proinflammatory cytokine precursors from their pro-
forms into their active forms (e.g., IL-1b and IL-18), which
are responsible for propagating inflammatory and innate
immune responses (354, 355).
Among the known inflammasomes, the NLRP3 (NOD-,

LRR- and pyrin domain-containing protein 3) inflamma-
some has been the most widely studied in models of dis-
ease pathogenesis (261). Activation of the NLRP3
inflammasome proceeds via a canonical two-step mech-
anism. The first and priming step of NLRP3 inflamma-
some activation involves ligand-dependent activation of
TLRs (e.g., TLR4), that stimulates NF-κB-dependent tran-
scription of NLRP3. NLRP3 protein levels are rate-limiting
for inflammasome activation (355). Subsequently, NLRP3
activation requires a second activating signal such as
ATP-dependent P2X7 activation, leading to K1 efflux, and

may involve other ion fluxes such as cytosolic Ca21 accu-
mulation and Cl� efflux (351). Many diverse agents such
as bacterial components and toxins and crystalline or par-
ticulate substrates such as silica or asbestos can trigger
inflammasome activation (350, 351). Endogenously
derived NLRP3 inflammasome activators can also include
diverse substances such as monosodium urate, choles-
terol, cyclic GMP-AMP, oxidized phospholipids, oxidized
mtDNA, as well as extracellular ATP (eATP), released dur-
ing tissue injury (351).

2.3.2. Regulation of inflammasome activation by
mitochondrial dysfunction.

Dysfunctional mitochondria may initiate signals
underlying NLRP3 inflammasome activation by cellu-
lar stress (FIGURE 6). Several studies have revealed
that mitochondrial dysfunction can increase NLRP3
inflammasome activation (270, 356). Nakahira et al.
(270) demonstrated a relationship between mitochon-
drial release of DAMPS and NLRP3 activation. Using
bone marrow-derived macrophages (BMDMs) stimu-
lated with LPS and ATP as a model of NLRP3-inflam-
masome activation, these investigators showed that
NLRP3 activation was associated with compromised
mitochondrial integrity, membrane depolarization (�DWm),
and elevated mtROS generation. Importantly, loss of mito-
chondrial integrity was associated with mtDNA release
into the cytosol and was required for NLRP3 inflamma-
some activation and, subsequently, increased maturation
and secretion of IL-1b and IL-18 (270). Application of mito-
chondrial-targeted antioxidants such as mitoTEMPO
to scavenge mtROS or reduction of cytosolic DNA by
DNase transfection inhibited NLRP3 inflammasome
activation and caspase-1-dependent IL-1b secretion
(270). The translocation of mtDNA from the mito-
chondria to the cytosol was NLRP3 dependent as it
was reduced in macrophages isolated from Nlrp3�/�

mice (270). Application of the ETC inhibitor rotenone
increased macrophage NLRP3 inflammasome activa-
tion, thereby implicating mtROS in the activation
mechanism (356). In subsequent studies mtDNA was
reported to act as a direct binding signal for NLRP3
inflammasome activation, preferentially in its oxida-
tively modified form (280). Oxidized mtDNA was
found in association with NLRP3 in activated macro-
phages, and 8-hydroxy-guanosine (8-OHdG) compet-
itively inhibited proinflammatory cytokine secretion
in these cells (280). The mitochondrial membrane
lipid CL implicated in apoptosis regulation was also
proposed to directly activate NLRP3 via complex for-
mation (330).
Intriguingly, NLRP3 activation by proinflammatory stimuli

is negatively regulated by cellular macro-autophagy and
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by its mitochondria-specific selective form, mitophagy.
Autophagy generally directs the lysosome-dependent
degradation of cellular components, including mitochon-
dria, via autophagosomal delivery (357). Autophagy gene
Atg16-deficient mice and BMDMs isolated from LC3B-defi-
cient mice showed a phenotype of increased caspase-1-
dependent production of IL-1b and IL-18 in response to
LPS and other inducing signals such as nigericin (270,
358). Application of the autophagy/mitophagy inhibitor 3-
MA increased mtROS production and NLRP3 inflamma-
some activation (356). Thus, an emergent paradigm is
that, in the absence of autophagy/mitophagy,

depolarizing mitochondria can accumulate and gener-
ate excessive mtROS and release DAMPs such as
mtDNA into the cytoplasm, events that trigger activa-
tion of the NLRP3 inflammasome (270, 356).
Aside from mitochondrial DAMPs, other mitochon-

dria-dependent signaling molecules can cross talk to vi-
rus-dependent inflammasome activation (359). NLRP3
inflammasome signaling can be enhanced by genetic
deficiency in PINK1 (360). Furthermore, MAVS was
found to be required for NLRP3 inflammasome activa-
tion in response to activation by certain RNA viruses
but not by other stimuli (361).
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FIGURE 6. Regulation of the NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3) inflammasome by mitochondrial DAMPs. The NLRP3 inflam-
masome is activated by a 2-signal activation mechanism. A: first, a Toll-like receptor (TLR) ligand such as lipopolysaccharide (LPS) binds to TLR4 and
induces inflammasome priming via nuclear factor-κB (NF-κB) activation. B: NF-κB drives NLRP3 transcription and the expression of pro-forms of cas-
pase-1, IL-1b, and IL-18. C: a second activating signal, typically ATP, activates P2X purinoceptor 7 (P2Rx7) and induces K1 efflux. D: NLRP3 forms a com-
plex with the adaptor molecule apoptosis-associated speck-like protein containing a COOH-terminal caspase recruitment domain (ASC) and pro-
caspase-1. E: mitochondrial dysfunction by injurious stimuli will trigger the release of mitochondrial reactive oxygen species (mtROS) and mitochondrial
DNA (mtDNA); the oxidized form of mtDNA (ox-mtDNA) has been implicated in NLRP3 inflammasome regulation. Pink1/Parkin-dependent mitophagy
removes depolarizing mitochondria via the lysosomal degradation pathway and thereby acts as an inhibitor of NLRP3 inflammasome activation. F:
inflammasome activation triggers the cleavage of caspase-1, which in turn promotes the maturation and secretion of inflammasome cytokines IL-1b and
IL-18. G: activated caspase-1 also triggers membrane disruption and pyroptotic cell death via activation of gasdermin-D (GSDMD) via its active NH2 ter-
minal (GSDMD-N).�DWm, mitochondrial membrane potential (loss).
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In addition to mtROS/mtDNA, inflammasome activation
may also be linked to mitochondria-dependent metabolic
pathways. For example, mitochondrial uncoupling pro-
tein-2 (UCP2) is an IMM protein that can regulate the ETC

as well as mitochondrial export of metabolic precursors
(362). Deficiency of UCP2 in astrocytes has been shown
to increase ER stress and activate the NLRP3 inflamma-
some, and thereby promote neuroinflammation (363).
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FIGURE 7. Mitochondria-dependent anti-viral responses. Mitochondrial antiviral-signaling protein (MAVS) is an OMM protein that serves as a platform
for the regulation of antiviral responses. During viral infections, RIG-I (retinoic acid-inducible gene I) and MDA5 serve as cytosolic pattern recognition
receptors (PRR) responsible for initiating the type-1 interferon (IFN1) response. Viral double-stranded RNA (v-dsRNA) binds to RIG1 (or MDA5) to activate
the protein. RIG-I is covalently modified with K63-Ub chains by the E3 ligase tripartite motif 25 (TRIM25). The NH2-terminal caspase activation and
recruitment domains (CARDs) of activated RIG-I target and bind the CARDs of MAVS. Activated MAVS forms filamentous structures that are prerequisite
for downstream signaling. One arm of the MAVs pathway activates a canonical nuclear factor kappa-b (NF-kB)-dependent pathway that regulates pro-
inflammatory cytokines (e.g., IL-1b) production. This pathway depends on complexes with TNF receptor-associated factors (TRAF)-2/-5/-6, TNFR1-asso-
ciated death domain protein (TRADD), tripartite motif 14 (TRIM14) and other proteins such as FADD and RIPK1. A second arm of the MAVS pathway
involves complexes of TRAFs-2/-3/-5/-6 to activate the IFN1 response. This pathway also requires NEMO/IKKe and TBK1, which phosphorylates and
activates IRF3 and IRF7. Homodimerization of IRF3 and IRF7 triggers the transcription of IFN genes. MAVS can be stimulated via release of DAMPs
from mitochondria, such as mtDNA, which activates MAVS via a cGAS/cGAMP/STING axis. MAVS activation can be inhibited by fusion protein MFN2
and interactions with the ER MAM, and by other factors including NLRX1 and gC1qR. MAVS and RIG-I are marked for proteasomal degradation via
K48-Ub modification by PCB1/PCBP2 or RNFs, respectively. cGAS, cyclic GMP-AMP synthase; cGAMP, cyclic GMP-AMP; gC1qR, globular C1q receptor;
DAMP, damage associated molecular pattern; ER, endoplasmic reticulum; FADD, Fas-associated protein with death domain; IFN1, interferon type 1; IKK,
I-kB kinase (a, b, e); IRF-3/-7, interferon regulatory factor-3/-7; I-kBa, inhibitor of NF-kB (alpha); MAM, mitochondria-associated membrane; MDA5: mela-
noma differentiation-associated protein-5; MFN2: mitofusin-2; mtDNA, mitochondrial DNA; NEMO, NF-kB essential modulator; NLRX1, NLR family mem-
ber X1; PCBP-1/-2, poly(RC)-binding protein (PCBP)-1,-2; RIPK1, receptor-interacting serine/threonine-protein kinase 1; RNF, ring finger proteins; STING,
stimulator of interferon genes; TBK1, TANK-binding kinase-1; TRADD, TNFR1-associated death domain protein.
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Taken together, these studies have uncovered pro-
found metabolic components in macrophage inflamma-
some activation profiles, which may be significant in dis-
eases involving heightened inflammatory responses.

2.4. Mitochondrial Regulation of Antiviral
Responses

Mitochondria contribute significantly to the regulation of
antiviral defenses (FIGURE 7). The mitochondrial antivi-
ral signaling (MAVS) protein has emerged as an integral
OMM protein that has a regulatory function in innate
immune responses. MAVS can signal NF-κB as well as
regulate IFN1 responses, which defend against a num-
ber of known viral infections including but not limited to
coronaviruses, West Nile virus, Japanese encephalitis vi-
rus, influenza A virus, and Sendai virus (195, 364, 365).
MAVS is alternately known as CARDIF, VISA, and IPF-1
(366, 367, 368, 369). MAVS localization is not exclusive
to the mitochondria, as this protein has also been found
associated with the ER-MAM and peroxisomes (259,
370, 371). The MAVS protein contains a COOH-terminal
transmembrane domain, which anchors it to the OMM,
and an NH2-terminal caspase recruitment domain
(CARD), which facilitates interaction with other CARD do-
main-containing proteins. These include retinoic acid-in-
ducible gene-I (RIG-I)-like receptor RNA helicases (RLRs)
that bind to double-stranded (ds) viral RNA, such as RIG-I
and melanoma differentiation-associated gene 5
(MDA5) (366, 372, 373). MAVS also contains a middle
proline-rich region that facilitates interactions with
TNFR-related factor (TRAF) family proteins responsible
for downstream signaling events (366, 372).
In response to viral infection, RIG-I functions as a PRR

and binds to viral dsRNA and can be regulated by ubiq-
uitination via several E3 ubiquitin ligases (374, 375).
RNF125 inhibits RIG-I signaling by promoting its protea-
somal degradation by ubiquitination at Lys 48 (376).
Tripartite motif-containing protein-25 (TRIM25) and Riplet
can activate RIG-I. TRIM25 catalyzes Lys 63 polyubiquitina-
tion at Lys 172, which promotes interaction with the MAVS
CARD domain (374, 377, 378). RLR activation by viral
dsRNA also triggers MAVS ubiquitination on lysine 7 and
10 by TRIM25, also priming MAVS for proteasomal degra-
dation concomitant with downstream signaling (379). In
the presence of K63 ubiquitin chains, RIG-I catalyzes the
filamentous aggregation of MAVS on OMM to form prion-
like aggregates (380, 381). The formation of MAVS aggre-
gates is believed to be the cardinal initiating event in the
activation of downstream signals (381).
MAVS operates two key signaling pathways in innate

immunity culminating in either IFN1- or NF-κB-dependent
responses. MAVS can form complexes with TRAF-2, -3,-
5, and -6. These in turn activate the TBK1 complex (TBK1,

IKKi/ɛ, and NEMO). The TBK1 complex phosphorylates
and promotes dimerization of IRF3 or IRF7, which in turn
translocate to the nucleus. These factors bind IFN
response elements and induce IFN1 gene expression
(382, 383). Alternately, MAVS complexes with TRAF-2, -5,
and -6 activate an IKK complex (IKKa/b and NEMO). This
complex is responsible for NF-κB activation, which regu-
lates proinflammatory gene expression (372, 384). Recent
studies suggest that the mitochondria-localized deubiqui-
tinase USP18 assists in the formation of K63-linked polyu-
biquitination of MAVS, via interactions with TRIM31 (385).
A role for PINK1-dependent mitophagy has recently

emerged in the cross-regulation of MAVS, underscoring
the interrelationship of mitochondrial processes. During
mitochondrial dysfunction, PINK1 was found to form a
complex MAVS that effectively inhibited multimeric
MAVS aggregation. Both MAVS-mediated antiviral innate
immune and NLRP3 inflammasome signaling were found
to be enhanced by genetic deficiency in PINK1 (360).
These studies evoke intriguing relationships between mi-
tochondrial quality control mechanisms and activation of
inflammatory pathways (360, 386).
Emerging studies also suggest cross-regulation of

MAVS signaling with processes that regulate mitochon-
drial dynamics. MAVS can be activated by Mff, which
senses mitochondrial energy charge. Mff mediates the
formation of active MAVS clusters on mitochondria, in-
dependently of Drp1 and the process of mitochondrial
fission. During mitochondrial dysfunction, the energy-
sensing kinase AMPK can phosphorylate Mff, leading to
the disorganization of MAVS clusters and repression of
the acute antiviral response. Mff exerts a crucial function
in MAVS-dependent innate immune responses by sens-
ing mitochondrial energy metabolism via AMPK (387).
Conversely, recent studies suggest that upon activation
of MAVS signaling TBK1 can directly phosphorylate
DRP1/DNM1L, which impairs DRP1 oligomerization and
its functioning in mitochondrial fission. The TBK1-DRP1
axis was essential for assembly of large MAVS aggre-
gates. Interference with TBK1-DRP1 signaling compro-
mised antiviral responses (388).
Some studies have also demonstrated a relationship

between mitochondrial fusion and antiviral signaling path-
ways. For example, mouse embryo fibroblasts (MEFs) de-
ficient in mitochondrial fusion as the result of targeted
deletion of both Mfn1 and Mfn2 exhibited impaired induc-
tion of IFNs and proinflammatory cytokines in response
to viral infection, resulting in increased viral replication
(389). MEFs with null mutations in either Mfn1 or Mfn2,
however, retained antiviral responses. Reduced mito-
chondrial membrane potential (�DWm) correlated
with reduced antiviral response (389). In contrast,
overexpression of Mfn2 was shown to inhibit RIG-I-,
MDA-5-, and MAVS-dependent activation of IRF-3
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and NF-κB. Genetic deficiency of Mfn2 augmented
infection-associated IFN-b and thereby improved anti-
viral responses. Thus, Mfn2 may modulate antiviral
signaling in a manner independent of its role in mito-
chondrial fusion (390).
Mitochondrial activation of MAVS signaling may signif-

icantly contribute to host defense in infectious diseases,
whereas deficiencies in this pathway may increase sus-
ceptibility to disease. Increased understanding of mito-
chondria signaling to inflammatory and host defense
processes may inform therapeutic development in infec-
tious diseases.

3. MITOCHONDRIAL DYSFUNCTION AND
METABOLISM IN THE REGULATION OF
CELL DEATH

Mitochondrial dysfunction can influence the regulation of
distinct cell death pathways, which in turn may contribute
to the pathogenesis of specific diseases. Cell death is
generally divided into two overarching categories: regu-
lated cell death (RCD), involving coordinated, genetically
regulated programs, and nonregulated forms defined as
cataclysmic or accidental cell death (ACD) (391–394)
Apoptosis represents the most widely studied, classi-
cal form of RCD. This mode of cell death is nonlytic,
requiring the activation of a cascade of protease activ-
ities within an intact plasma membrane, and is mor-
phologically characterized by cytosolic shrinkage,
plasma membrane blebbing, chromatin condensation,
and DNA fragmentation (395). In contrast, necrosis, a
classical form of ACD, is defined by loss of energy
charge (i.e., increased AMP-to-ATP ratio), cell swelling,
plasma membrane damage, cell lysis, and leakage of
cytosolic constituents, which may subsequently trig-
ger inflammatory responses in surrounding tissue.
Newly recognized forms of RCD, which bear features

of necrosis but are regulated by cellular programs,
have been defined by their distinct morphological and
biochemical characteristics. Of RCD, the major types
include MPT-dependent necrosis, necroptosis, pyrop-
tosis, and others (392). These subtypes differ in their
biochemical characterization but represent inflamma-
tory, lytic forms of RCD, each with potential significance
in human disease pathogenesis. Although apoptosis
represents a cardinal example of mitochondria involve-
ment in programmed cell death regulation, altered mi-
tochondrial functions, including bioenergetics, turnover,
and dynamics, can also affect the regulation or outcome of
other nonapoptotic RCD pathways. This section explores
how mitochondrial dysfunction can impact signaling net-
works and the evidence for their regulation of apoptosis
and other specific forms of RCD.

3.1. Apoptosis

Mitochondria are integral players in the regulation of ap-
optosis (396, 397). Cells can trigger apoptosis via sev-
eral alternate signaling pathways, which ultimately
converge to mitochondria-dependent events. The “intrin-
sic” apoptotic pathway represents a major mechanism by
which exposure to adverse environmental agents triggers
apoptosis via signals that converge on mitochondrial in-
tegrity. This pathway is dependent on activation of a pro-
teolytic cascade for both regulation and execution via
cysteinyl-aspartate specific proteases (caspases). The
intrinsic apoptotic pathway is regulated by multiple pro-
tein factors of the Bcl-2 family. These include proapop-
totic proteins involved in mitochondrial outer membrane
permeabilization (MOMP), a key trigger of apoptosis (i.e.,
Bax, Bak, Bok), the proapoptotic BH3-only proteins [i.e.,
Bid, Bim, Bik, Bmf, Bad, Puma, Noxa, and Mcl1-s (short var-
iant)], and antiapoptotic proteins [Bcl-2, Bcl-XL, Bcl-W, and
Mcl1-l (long variant)] (398–401). These proteins can form
homodimers and heterodimers via their Bcl-2 homology
(BH) domains. The balance of Bcl-2 family protein abun-
dance and interactions is critical in cell fate determination
(402). In response to diverse stimuli, proapoptotic Bcl-2
family proteins such as Bax initiate the intrinsic apoptotic
pathway by forming channels in the OMM, thereby facili-
tating the release of Cyt-c and other proapoptotic media-
tors from the IMS (403–405). CL exerts an important
function in apoptosis signaling (41). CL is also implicated
as a platform that facilitates the recruitment of Bax/Bak
oligomers to the OMM for initiation of apoptosis. Cyt-c-
specific peroxidase activity can trigger CL oxidation, lead-
ing to the release of Cyt-c (406). The release of Cyt-c dur-
ing apoptosis activation is accompanied by substantial
mitochondrial crista remodeling (398–401).
Once released to the cytosol, Cyt-c forms an oligomeric

complex termed the “apoptosome” with Apaf-1, dATP,
and pro-caspase-9. This complex activates caspase-9
and, in turn, its downstream caspase-3, resulting in the
activation of downstream caspases (i.e., caspase-3, -7)
and the apoptotic program. Additional mitochondria-
derived factors that are released into the cytosol include
second mitochondria-derived activator of caspases/direct
inhibitor of apoptosis (IAP)-binding protein with low pI
(Smac/Diablo), Omi/HtrA2, and apoptosis-inducing factor
(AIF) (407–410). In apoptotic cells, Smac/Diablo released
into the cytosol promotes caspase activity by antagoniz-
ing inhibitors of apoptosis (IAPs), which include X-linked
IAP (XIAP), c-IAP1, c-IAP2, and survivin (407).
In contrast, the extrinsic apoptotic pathway initiates

when a death-inducing ligand, such as FasL, interacts
with its cell surface receptor (i.e., Fas), forming a death-
inducing signal complex (DISC) (411). Activation of Fas
triggers its oligomerization and the rapid recruitment of
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FADD (Fas-associated death domain protein) and cas-
pase-8 to the cytoplasmic death domain of Fas, which
activates caspase-8. Active caspase-8 subsequently
cleaves Bid into its truncated form (tBid), which translo-
cates to the mitochondrial membrane, where it triggers
Cyt-c release and subsequent caspase-9 activation (411).
Accumulated evidence suggests that cross-regulation

of mitochondrial dynamics with that of apoptosis can
occur. The relationships between mitochondrial fission,
crista remodeling, and apoptosis remain incompletely
understood. PARL, which is implicated in the regulation
of mitophagy and mitochondrial dynamics, also differen-
tially regulates apoptosis. PARL-knockout MEFs dis-
played enhanced cristate remodeling and faster rate of
Cyt-c release. The IMM-resident lipid CL enhances PARL
activity in vitro. In addition to regulating Pink1 turnover,
PARL was found to cleave PGAM5 and Smac/Diablo
(412, 413). PARL-dependent cleavage of Smac in the
IMM exposes an NH2-terminal IAP-binding motif, which
permits its proapoptotic inhibition of XIAP (414, 415).
Loss of PARL was shown to prevent the proapoptotic
function of Smac by preventing Smac maturation (414).
The Drp1 GTPase that regulates fission also cross talks

to apoptosis. Drp1-dependent mitochondrial fission requir-
ing MiD49/MiD51 was shown to regulate crista remodeling
during intrinsic apoptosis (416). Although both Drp1- and
MiD49/MiD51-knockout cells were refractory to crista
remodeling, the phenotype in MiD49/MiD51-knockout
cells was sensitive to Opa1 disruption (416). Drp1 was found
to participate in Cyt-c release during stimulation with acti-
vators of intrinsic apoptosis. Drp1�/� MEFs were protected
from oxidant- and Bid-induced apoptosis. Cyt-c release
was found to be dependent on Drp1 but not specifically on
mitochondrial fragmentation during intrinsic apoptosis.
Drp1�/� MEFs also displayed reduced crista remodeling in
the context of apoptosis resistance. This study concluded
that Drp-1 promotes apoptosis in part by regulating crista
remodeling independently of mitochondrial fission (417). In
contrast, deficiency of MIEF1/MiD51, which acts as a
recruitment factor for Drp1 during fission, sensitized cancer
cells to mitochondrial dysfunction, PINK1/Parkin-depend-
ent mitophagy, and triggered Bax-mediated apoptosis
(418). Recent interactome studies revealed putative inter-
actions of the Bcl-2-family protein Bok with Drp-1, further
suggesting cross-regulation of fission and apoptosis (419).
Drp1 was also implicated as a downstream effector of
BH2-only mimetic-induced apoptosis, independently of its
role in regulating fission (420). Decline in Mcl1-l-to-Mcl1-s
ratio is known as a proapoptotic signal, though recent
studies indicate cross talk to regulation of mitochondrial
dynamics (398). Artificial oligonucleotide-driven reduction
of Mcl1-l-to-Mcl1-s ratio, a proapoptotic signal, was associ-
ated with mitochondrial hyperfusion, which was also found
to be dependent on Drp1 regulation (398).

Opa1, a GTPase implicated in the regulation of fusion,
also contributes to the regulation of apoptosis (421).
OPA1 functions to sequester Cyt-c in mitochondrial cris-
tae, independently of its regulation of the fusion process
(422). Cleavage of L-Opa1 by the protease Oma1 inhibits
mitochondrial fusion and primes cells for apoptosis (421).
Oma1 turnover is regulated both by CL binding and by
the prohibitin-1/2 (PHB-1/2) complex of the IMM. PHB
exerts antiapoptotic effects in neurons by decreasing
tB499-dependent Cyt-c release and inhibiting caspase-
9 activation (421). The mitochondrial protease PARL also
regulates Opa1. PARL�/� MEFs were refractory to antia-
poptotic effects of Opa1 and had reduced Opa1 levels in
the IMS (423).
Genetic deficiency of hFis1 (an inhibitor of Opa1

GTPase) inhibited cell death more potently than defi-
ciency of Drp1. Opa1-deficient cells were sensitized to
exogenous apoptosis induction, in a hFis1-dependent
manner. Opa1 was proposed as an antiapoptotic inhibi-
tor of Fis1. The authors concluded that mitochondrial fis-
sion itself is not responsible for apoptosis but regulators
of fission and fusion can positively and negatively cross-
regulate apoptosis (424). A chemical inhibitor of DRP1
was shown to prevent mitochondria division and Bax-
mediated OMM permeabilization during apoptosis (425).
The relationship between mitophagy and apoptosis

remains controversial. Activation of mitophagy as an initial
cellular protective stratagem may prevent propagation of
mitochondrial dysfunction, by turning over depolarizing or
damaged mitochondria, thus precluding intrinsic apoptosis
(426). PINK1 and associated mitophagy is implicated in
neuroprotection for its antiapoptotic effects (427). PINK1
was found to cross-regulate apoptotic programs via the
phosphorylation of the antiapoptotic protein Bcl-XL, which
prevents its cleavage (428). PINK1 may also exert an antia-
poptotic function by phosphorylating Bad at Ser 112/
136 (429). PINK1 also phosphorylates the mitochondria-
released death effector HtrA2 (430). Furthermore, Parkin
may exert an antiapoptotic effect on the OMM via the ubiq-
uitination of Bax at Lys 128 (431). A proapoptotic role for
Parkin was implied by ubiquitination of Mcl1-l (432).
Contrasting evidence from select model systems also
suggests that PINK1 or Parkin may promote cell death.
Prolonged overexpression of PINK1 or Parkin triggered a
caspase-independent cell death, independent of mito-
chondrial turnover (433). PINK1 deletion in epithelial cells
protected epithelial cells from cell death with features of
nonapoptotic RCD (necroptosis) in response to cigarette
smoke (CS) exposures, whereas knockdown of the autoph-
agy protein LC3 protected against apoptosis in this model
(434). The protective or detrimental role of Pink1-depend-
ent mitophagy, and autophagy in general, with regard to
RCD pathways may thus vary in a context-specific fashion
andmay be related to the degree of mitochondrial injury.
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3.2. Regulated Necrotic Cell Death

Necrotic cell death is now understood to represent inde-
pendent RCD programs, including cyclophilin D (CypD)-de-
pendent MPT and receptor interacting protein kinase-3
(RIPK3)-dependent necroptosis (391). These divergent cell
death processes converge on a necrotic morphology char-
acterized by organelle swelling, including mitochondria,
increased cellular volume, and plasma membrane rupture
with the release of immune activating ligands termed
DAMPs, with implications for human disease (435). Both
MPT-dependent necrosis and RIPK3-dependent necropto-
sis are associated with accumulation of ROS, impaired
OXPHOS resulting in decreased production of ATP, and
loss of cellular bioenergetics and resultant cell death (436–
438). Yet mitochondria are required for MPT whereas mito-
chondrial depletion does not interfere with RIPK3-depend-
ent necroptosis, highlighting the independence of these
seemingly related forms of regulated necrotic cell death.

3.2.1. Mitochondrial permeability transition-driven
necrosis.

Under normal physiological conditions, the mPTP complex
assembled between the IMM and OMM establishes a tran-
sient throughfare for small solutes such as Ca21 and
mtROS to maintain cellular health. However, under specific
intramitochondrial perturbation, such as excessive mito-
chondrial matrix ROS or Ca21, prolonged increases in the
permeability of the IMM can lead to MPT, with loss of mito-
chondrial matrix proteins into the cytosol and disrupted
cellular bioenergetics, directly leading to necrotic cell
death. This process is dependent on CypD, which controls
the sensitivity of the mPTP opening in response to various
stimuli, including Ca21 (439, 440). Beyond CypD, the other
essential regulators and components of the mPTP com-
plex are still under investigation. CypD has been directly
linked to relevant IMM proteins including the ADP/ATP
transporter adenine nucleotide translocase (ANT) and the
mitochondrial phosphate carrier (PiC), but genetic studies
of ANT and PiC have failed to demonstrate that loss of
these proteins significantly alters mPTP opening (441–
444). Furthermore, the F1Fo-ATP synthase, which couples
protein translocation to ATP synthesis, has also been impli-
cated, as CypD modulates the F1Fo-ATP synthase and ATP
synthase dimers and monomers recapitulate mPTP func-
tion, but this requires further study (445–447). Additionally,
VDAC was hypothesized to contribute to mPTP, as it
shares similar properties to mPTP, but genetic studies did
not support VDAC as essential to mPTP function (448).
Diverse regulators of mitochondrial health can stimulate

the mPTP, including apoptosis effectors, fission proteins,
and Ca21 transporter complex molecules. Under ischemia-
reperfusion conditions, the central apoptosis regulators

Bax and Bak facilitate pore opening irrespective of their
role in apoptosis. Loss of Bax and Bak resulted in resist-
ance to mitochondrial membrane permeability, illustrating
the interplay between apoptotic and necrotic cell death
processes (449). Similarly, Drp1 facilitates mPTP opening,
irrespective of its role in mitochondrial fission, when phos-
phorylated under conditions of b-adrenergic stimulation
(450). Additionally, disruption of the MCU can lead to mPTP
opening by altering mitochondrial Ca21 metabolism. The
IMM protein MICU1 is a calcium gatekeeper capable of
sensing extracellular Ca21. In hepatocytes deficient in
MICU1, Ca21 overload-induced mPTP was acceler-
ated, highlighting how regulators of cellular health can
also induce MTP-driven necrosis (451).

3.2.2. RIPK3-dependent necrosis.

RIPK3-dependent necrosis is a form of RCD that results
from the sequential activation of signal transduction mole-
cules and is mediated by necrotic cell death proteins
RIPK3 and mixed-lineage kinase domain-like pseudoki-
nase (MLKL) (391). Often referred to as nonapoptotic cell
death, necroptosis was known to share the upstreamme-
diator receptor interacting protein kinase-1 (RIPK1) with
apoptotic cell death and NF-κB activation (452–454).
Upon ligation of the Fas or TNF-R1 death receptors, RIPK1
and tumor necrosis factor receptor type 1-associated
death domain (TRADD) are recruited to these death
receptors (455, 456). RIPK1 and TRADD share a death do-
main, which allows for interaction to form complex 1 (457,
458, 459). Under conditions of caspase-8 depletion or
cIAP deficiency, the kinase RIPK3 is recruited, setting in
motion the early stages of necrotic cell death (460).
Necroptosis is dependent on RIPK3 and the formation of
the regulatory necrosome complex with RIPK1 and MLKL.
The RIPK3-mediated phosphorylation of MLKL within the
necrosome is the terminal step in necroptosis execution
leading to cell membrane lysis and the release of DAMPs.
Early necroptosis investigations linked it to mitochon-

drial dysfunction through the observed increase in ROS
in cells undergoing TNF-a-induced necrotic cell death.
TNF-a induced, RIPK1-dependent necroptosis was found
to result in mtROS accumulation, and both ROS and nec-
roptosis are attenuated by the genetic depletion of
RIPK1, highlighting the role of RIPK1 as an upstream ini-
tiator of both necroptosis and mitochondrial bioener-
getics (453, 461). Although RIPK1 lies at the intersection
of NF-κB activation and TNF-a-induced apoptosis and
necroptosis, it is only RIPK1-dependent necroptosis that
results in ROS accumulation. Under experimental condi-
tions of caspase inhibition (zVAD), a model of exagger-
ated necroptosis, RIPK1 colocalizes to the mitochondria
and is required for TNF-a-induced inhibition of ADP/ATP
exchange, leading to increased ROS and decreased
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cellular ATP levels, and ultimately necrotic cell death
(462). TNF-a-induced ROS can also indirectly induce ne-
crotic cell death, and the administration of ROS scav-
engers attenuates this necroptosis response (453).
RIPK1 is also essential for TNF to induce ROS, as RIPK1-
deficient cells do not accumulate ROS in response to
TNF (453).
The identification of the essential necroptosis protein

RIPK3 led to more specific understanding of the cross
talk between RIPK3-mediated necroptosis and mito-
chondrial bioenergetics (460, 463, 464). RIPK3 regulates
TNF-induced ROS through interaction with mitochon-
drial-derived metabolic enzymes, including PYGI, GLUL,
and GLUD1, and this is attenuated by genetic depletion
of RIPK3, although this may be cell type specific (460,
464). Although the inner mitochondrial protein PGAM5
was previously linked to RIPK3 necroptosis through mo-
bilization of Drp1, subsequent studies have shown this is
not essential for necroptosis execution (465, 466).
Despite these observed associations between RIPK3-
mediated necrosis and mitochondrial proteins, the
requirement of mitochondria for canonical necroptosis
has been called into question. Using parkin-induced mi-
tochondrial depleted cells, Tait et al. (467) demonstrated
that RIPK3-mediated necrosis can proceed, highlighting
that mitochondrial dysfunction is associated with but not
essential for RIPK3-mediated necrosis.
Diverse stimuli can induce necroptosis through mito-

chondrial mechanisms. Nitration of NDUFB8 through
NO administration induces RIPK1/RIPK3-mediated cell
death and is neutralized by the mitochondrial antioxi-
dant SOD2 (468). Similarly, cystine starvation induces
mitochondrial fragmentation, dysfunction, and ROS
production leading to necroptosis induction, a process
reversed by the ROS scavenger Necrox-5 (469).
Shikonin, a necroptosis inducer in cancer cells, triggers
necroptosis by inducing overproduction of intracellular
ROS, leading to RIPK1 and RIPK3 induction in a dose-
dependent manner (470). Similarly, Mycobacterium tu-
berculosis toxin tuberculosis necrotizing toxin (TNT) is
a NAD1 glycohydrolase capable of depleting NAD1 in
macrophages, leading to activation of RIPK3 and MLKL,
depolarized mitochondria, impaired ATP synthesis, and
necrotic cell death (471).
Necrotic stimuli can lead to release of mitochondrial

DAMPs (MTDs) into the circulation with functionally impor-
tant immune consequences. MTDs include NFPs and
mtDNA, which activate human polymorphonuclear neu-
trophils (PMNs) through FPR-1 and TLR-9, respectively
(472). Circulating MTDs can elicit neutrophil-mediated
organ injury. The mechanism of mtDNA release has been
further elucidated. PUMA, a proapoptotic BH3-only Bcl-2
family member, is induced and plays a role in necroptotic
death. PUMA induction enhances necroptotic signaling

by promoting the release of mtDNA and activation of cy-
tosolic DNA sensors (473). On induction, PUMA promotes
the cytosolic release of mtDNA and activation of the DNA
sensors DAI/Zbp1 and STING, leading to enhanced RIPK3
and MLKL phosphorylation in a positive feedback loop.
Deletion of PUMA partially rescues necroptosis-mediated
developmental defects in FADD-deficient embryos (473).

3.3. Alternate Cell Death Pathways: Pyroptosis

Alternate lytic, inflammatory cell death pathways, including
caspase-mediated pyroptosis, have been mechanistically
linked to mitochondrial processes. Pyroptosis is a form of
regulated cell death that requires the inflammasome sig-
naling platform to produce caspases capable of activating
gasdermin proteins (specifically GSDMD and GSDME),
pore-forming executioner proteins capable of cytolysis
and release of inflammatory mediators (474–476). Until
recently, the regulation of GSDMD oligomerization and
pore formation was poorly understood. After caspase-
mediated processing of GSDMD into the pore-forming
NH2-terminal GSDMD (NT-GSDMD), NT-GSDMD translo-
cates to the cell surface, where oligomerization occurs to
form the lytic pore. This oligomerization has now been
shown to depend on mtROS. mTOR Complex 1 (mTORC1),
a metabolic signaling complex that interacts with the
Ragulator-Rag complex on the surface of the lysosome to
regulate protein synthesis in response to amino acid lev-
els, also regulates ROS production in mitochondria. Either
deficiency or inhibition of Rag proteins or mTORC1 ele-
ments as well as ROS inhibition reduced GSDMD pore for-
mation and lytic cell death (477). Pyroptosis also cross talks
to other cell death processes, including apoptosis, through
mitochondrial permeabilization (478). NT-GSDMD/E capa-
ble of cell membrane pore formation can also target the
mitochondria to promote Cyt-c release to augment mito-
chondrial apoptotic pathways.

3.4. Sirtuin Regulation of Programmed Cell Death

As cell survival enzymes working in part through mitochon-
drial processes, sirtuins regulate numerous genes that
counter cell death programs. SIRT1 upregulates the deace-
tylation of FOXO, which in turn activates pro-survival path-
ways, including promoting cell cycle arrest, limiting oxidative
stress by increasing expression of antioxidant molecules,
and regulating DNA damage genes, such as RAD51,
increasing DNA damage repair (479, 480). Excessive induc-
tion of FOXO can paradoxically increase cell death through
the induction of proapoptotic genes and interference with
cell cycle progression. To limit this excessive impact of
FOXO on cell survival, FOXO is degraded by ubiquitination,
restoring balance to this senescence pathway by limiting
FOXO-induced cell death (481, 482).
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SIRT1 regulation of NF-κB is also pro-survival, leading
to increased expression of anti-apoptosis-related genes,
including inhibitor of apoptosis proteins (IAPs), the Bcl-2
family, TNFR-associated factor (TRAF-1, TRAF-2), and JNK
(483), thereby controlling apoptosis (479, 484). SIRT1 also
regulates the expression of the master mitochondrial reg-
ulator, PGC-1a. SIRT1-dependent acetylation of PGC-1a
and the subsequent interaction with several downstream
transcription factors can profoundly influence apoptosis
through mitochondrial mechanisms, including modulation
of the anti-apoptotic Bcl-2 family proteins and controlling
redox homeostasis through transcriptional coactivation of
nuclear respiratory factors (NRF-1 and NRF-2) and mito-
chondrial transcription factor A (TFAM), promoting the
transcription of genes involved in mitochondrial biogene-
sis. This SIRT1 regulation of PGC-1a endows SIRT1 with
the ability to control mitochondrial function and in turn
indirectly influences cellular apoptosis (479).
The mitochondrial sirtuin SIRT3 also regulates pro-

grammed cell death, including apoptosis and mPTP open-
ing, through deacetylation of mitochondrial proteins. This
regulation is cell type and context dependent (485). In
metabolically active tissues such as the heart, SIRT3 pro-
motes cell survival by deacetylating CypD (486). In cardiac
myocytes, NAD1-dependent SIRT3 deacetylation of CypD
lysine 166 attenuates mPTP opening and mitochondrial
swelling, a phenotype reversed by the CypD inhibitor cy-
closporin-A (486). SIRT3 can similarly regulate apoptosis
under stress conditions in the heart (487). During stress,
SIRT3 levels are increased in murine cardiac myocytes,
where deacetylate of Ku70 impedes translocation of the
proapoptotic protein Bax to mitochondria. This contrasts
with the role of SIRT3 in other disease states, such as
malignancy, where SIRT3’s regulation of cell survival sup-
ports its function as a tumor promoter or suppressor,
depending on tumor and cell type (485).

4. MITOCHONDRIAL DYSFUNCTION IN
CARDIOVASCULAR AND PULMONARY
DISEASE

4.1. Age-Related Cardiovascular Disease

Cardiovascular disease (CVD), an umbrella term encom-
passing coronary heart disease, aortic atherosclerosis,
peripheral artery disease, and cerebrovascular disease,
is the leading cause of death globally (488). In 2019, 18.6
million deaths worldwide were attributed to CVD, repre-
senting a 17.1% increase from 2010 (488). The global
age-adjusted mortality decreased by 11.1% during this
period, suggesting that significant progress has been
made in the prevention and treatment of CVD (488).
This accomplishment has been attributed to addressing

CVD risk factors such as hypertension, diabetes, dyslipi-
demia, obesity, inactivity, and smoking (489).
However, age represents a major unmodifiable risk

factor for CVD. This age-related disease progression is
driven by a series of structural and functional changes
that compromise arterial elasticity and endothelial ho-
meostasis (490). As part of the aging process, endothe-
lial cells lose their ability to maintain a balanced redox
state and exhibit a proinflammatory phenotype (490). As
the center of oxidative metabolism, mitochondria play a
decisive role in age-related endothelial dysfunction and
the subsequent development of CVD (FIGURE 8).
The mitochondrial genome is particularly susceptible to

mutation and oxidative damage given the proximity of the
ETC and inefficient mtDNA repair mechanisms (282).
Over time, mtDNA damage impairs ETC function, thereby
compromising mitochondrial bioenergetics and increas-
ing mtROS (491, 492). To mitigate the ensuing rise in
O2

��, mitochondria rely on SOD2 for the conversion of
O2

�� to H2O2. As an uncharged lipophilic molecule, H2O2

freely traverses mitochondrial membranes to enter the
cytosol, causing oxidative damage to cellular compo-
nents (DNA, proteins, and lipids) (493). Other noteworthy
sources of age-related O2

�� production include upregula-
tion of NOX and endothelial nitric oxide synthase (eNOS)
uncoupling (494, 495).
As a further complication, intracellular SOD production

does not increase with age (494, 496). The absence of
compensatory mechanisms to increase SOD2 expression
effectively places mitochondrial antioxidant defense at a
loss. Consequently, excess O2

�� is free to damage mito-
chondrial components via H2O2 generation or oxidize
NO to ONOO� (490). The significance of this reaction is
twofold. First, NO depletion promotes the development
of hypertension by divesting endothelial cells of a potent
vasodilator. Second, ONOO� causes nitrosative damage
to cellular components. Markers of oxidative or nitrosative
stress (i.e., glutathionylation, nitrotyrosine, 4-hydroxyno-
nenal, and malondialdehyde) have been found in abun-
dance in aged arteries, highlighting the significance of
this phenomenon (497–499). This time-dependent accu-
mulation of oxidative and nitrosative damage is often
referred to as the oxidative stress theory of aging and is a
major contributor to age-related CVD (493).
Cells often rely on autophagy, mitophagy, and mito-

chondrial fission or fusion to mitigate the harmful effects
of oxidative damage. However, dysregulation of these
processes during aging can accelerate CVD. As an
example, autophagy is reduced over time, allowing oxi-
dative damage to accumulate, which propagates further
oxidative stress and inflammation (500). In contrast,
overexpression of Atg5 in mice can increase their life
span by inducing autophagy (501). Furthermore, impair-
ment of endothelial cell autophagy by Atg3 knockdown
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was associated with increased oxidative stress and
cytokine production in response to shear stress (502).
Additionally, these endothelial cells displayed decreased
activation of eNOS and diminished NO production.
Mitophagy is of particular importance to the pathogenesis
of myocardial ischemia-reperfusion injury, where the incit-
ing event causes loss of cristae and mitochondrial swel-
ling (503, 504). Ordinarily, mitophagy would be protective,
but excessive Drp1 activation initiates a sequence of
events that terminates with cardiomyocyte apoptosis and
ventricular dysfunction (503, 504).
Besides causing cellular damage, mtROS provide a

link between age-related oxidative stress and chronic
inflammation. Oxidants, such as H2O2, activate IKK,
causing I-κB degradation (493). This enables NF-κB

nuclear translocation, which promotes a proinflamma-
tory gene expression profile characterized by cytokine
production (i.e., TNF-a and IL-6), upregulation of leuko-
cyte adhesion molecules (i.e., VCAM-1 and ICAM-1), mac-
rophage conversion to foam cells, and upregulation of
matrix metalloprotease-9 (MMP-9) expression (493,
505–507). These changes are vital for atherosclerotic
plaque formation and vascular remodeling. Several
other pathways, such as the renin-angiotensin system
and TNF-a, augment age-related CVD by converging on
NF-κB (493). Moreover, by recruiting immune cells and
upregulating proinflammatory cytokines, the NF-κB sig-
nal transduction cascade can become self-sustaining
through continuous ROS exposure leading to a chronic
proinflammatory state.
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FIGURE 8. Mitochondrial dysfunction in age-related cardiovascular disease (CVD). 1: The proximity of the mitochondrial genome to the ETC is associ-
ated with the age-related accrual of mutations, which ultimately impair mitochondrial bioenergetics and increase mtROS. 2: To manage the rise in
mtROS, superoxide dismutase 2 (SOD2) converts O2

�� to H2O2, an uncharged lipophilic molecule that transverses mitochondrial membranes to enter
the cytosol. Once in the cytosol, H2O2 can impair cell function by causing oxidative damage to cellular components (DNA, proteins, and lipids) 3:
Alternatively, H2O2 can stimulate NF-κB nuclear translocation to promote the expression of proinflammatory genes such as TNF-a, IL-6, VCAM-1, ICAM-
1, and MMP-9 that are important for atherosclerotic plaque formation. By upregulating proinflammatory cytokines, the NF-κB signal transduction cas-
cade can become self-sustaining, resulting in a chronic inflammatory state. Of note, several other pathways, such as the renin-angiotensin system and
TNF-a, can contribute to the development of age-related CVD by converging on NF-κB (not shown). 4: During aging, NAD1 levels decline, impairing sir-
tuin function. Decreased sirtuin 1 (SIRT1) activity is associated with downregulation of endothelial nitric oxide synthase (eNOS) and increased production
of lipids, and inflammatory cytokines. 5: In contrast, decreased sirtuin 3 (SIRT3) activity is associated with downregulation of SOD2 and PGC-1a, which
further compromises mitochondrial function, bioenergetics, and biogenesis. See GLOSSARY for abbreviations. Image created with BioRender.com, with
permission.
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Another regulator of age-related CVD is mitochondrial
adaptor protein p66Shc. Posttranslational phosphoryla-
tion by protein kinase C-b (PKC-b) promotes transloca-
tion of p66Shc to the IMS, where it complexes with TIM/
TOM (492, 508, 509). Activated p66Shc transfers elec-
trons from reduced Cyt-c to O2, generating H2O2 and
promoting apoptosis via the MPTP (509). In this manner,
p66Shc regulates oxidative stress and mitochondria-
mediated apoptosis. Animal models have shown that
p66Shc�/� mice are resistant to oxidative stress, are pro-
tected against age-related endothelial dysfunction, and
exhibit an extended life span (499, 510, 511). This stems
from decreased ROS/RNS production and increased NO
bioavailability. Interestingly, H2O2 activates PKC-b, sug-
gesting a possible feedforward mechanism.
In endothelial cells, oxidized low-density lipoprotein

(ox-LDL) binds oxidized low-density lipoprotein recep-
tor 1 [OLR1 or lectin-type oxidized LDL receptor 1 (LOX-
1)], precipitating NOX-mediated ROS activation of
PKC-b and p66Shc (512). Accordingly, p66Shc�/� mice
exhibit less hyperlipidemia-induced oxidative stress
and apoptosis than their wild-type counterparts de-
spite equivocal lipid levels (512, 513). Additionally,
p66Shc deletion protects apolipoprotein E-knockout
mice from atherosclerotic plaque formation (512, 514).
Furthermore, hypertension studies involving p66Shc

have found that endothelial stretch and angiotensin II
cannot promote hypertension or endothelial dysfunc-
tion in p66ShcRNAi mice (512, 515, 516).
During aging, NAD1 levels decline, thus depriving sir-

tuins of their requisite cofactor (517). In the case of SIRT1,
decreased activity causes endothelial dysfunction through
upregulation of p66Shc, downregulation of eNOS, possible
upregulation of angiotensin II, as well as increased pro-
duction of lipids and cytokines (512, 518). Furthermore,
decreased SIRT1 activity is associated with a decline in
Von Hippel–Lindau (VHL) E3 ubiquitin ligase, which ulti-
mately permits normoxic HIF-1a stabilization (517). Besides
SIRT1, the age-related decline in SIRT3 activity is associ-
ated with downregulation of SOD2 and PGC-1a (519).
Collectively, these metabolic changes contribute to aging
by compromising mitochondrial function, bioenergetics,
and biogenesis while simultaneously promoting senes-
cence. Importantly, endothelial senescence may propa-
gate oxidative stress and vascular inflammation among
healthy, nonsenescent neighboring cells via a senes-
cence-associated secretory phenotype (SASP) (490).
As demonstrated by the above, age-related CVD is

characterized by structural and functional changes ema-
nating from time-dependent changes in mitochondrial
function. Understanding how to ameliorate mitochon-
drial oxidative stress and the organelle’s functional
decline over time is inherent to the treatment of age-
related CVD.

4.2. Pulmonary Arterial Hypertension

Pulmonary arterial hypertension (PAH), one of five
groups of pulmonary hypertension (PH), is a rare disease
affecting the pulmonary vasculature. Although accurate
estimates of PAH prevalence are limited by disease het-
erogeneity and the lack of a global registry, best esti-
mates approximate PAH prevalence at 5–52 cases per
million adults (520, 521). Globally, schistosomiasis is the
most common cause of PAH; however, in regions where
schistosomiasis is not endemic, idiopathic and inherita-
ble causes (i.e., BMPR2, ALK1, ENG) predominate (522).
Additional etiologies of PAH include congenital heart
disease, persistent PH of the newborn syndrome, drugs
or toxins (i.e., appetite suppressants, dasatinib, amphet-
amines), underlying medical conditions (i.e., connective
tissue diseases, HIV, portal hypertension), and pulmo-
nary veno-occlusive disease or pulmonary capillary he-
mangiomatosis (522).
Despite being etiologically diverse, PAH is characterized

by pulmonary artery remodeling through hypertrophic
changes, neovascularization, aberrant cell proliferation,
neointimal fibrosis, and in situ thrombosis (523). As this
proliferative vasculopathy develops, pulmonary vascular
resistance (PVR) rises, placing undue stress on the right
ventricle. Initially, the right ventricle maintains forward flow
through adaptive hypertrophy (524). However, chronic ex-
posure to elevated PVR will ultimately precipitate right
heart failure (524). Clinically, this manifests as fatigue, dysp-
nea, hypoxia, and fluid retention in the form of hepatic con-
gestion, ascites, and lower extremity edema. If untreated,
PAH has a median survival of 2.8 yr (522).
Fundamental to the development of PAH is dysregula-

tion of mitochondrial bioenergetics. Specifically, there is
a shift from oxidative phosphorylation to glycolysis and
lactic acid fermentation to maintain ATP production. This
phenomenon, known as the Warburg effect, was first
described in tumor cells and has paved the way for com-
parisons between diseases (525). As seen in cancer,
glycolytic shift in PAH causes hyperpolarization of the
mitochondrial membrane, which promotes apoptosis re-
sistance by inhibiting the release of proapoptotic factors.
The net result is the development of hyperproliferative,
antiapoptotic cells that characterize the vasculopathy of
PAH.
Numerous mitochondrial pathways contribute to gly-

colytic shift (FIGURE 9). Endothelial cells of PAH patients
have higher levels of NOX-1, which increase cellular and
mtROS production (526). Not only does this encourage
vascular remodeling via ROS-mediated stimulation of
sonic hedgehog and gremlin-1, but the increased oxida-
tive stress damages mitochondria (526). As mitophagy
ensues, endothelial cells become reliant on glycolysis to
fulfill their energetic needs.
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Additionally, STAT3 is a transcription factor that upre-
gulates provirus integration site for Moloney murine leu-
kemia virus (Pim1), a proto-oncogene Ser/Thr-protein
kinase (527). Pim1 deters apoptosis in pulmonary artery
smooth muscle cells (PASMCs) by causing mitochondrial
hyperpolarization and upregulating Bcl-2 through nu-
clear factor of activated T cells (NFAT) (527). Besides
Pim1, STAT3 also directly upregulates NFAT and
Kr€uppel-life factor 5 (KLF5) (528). The latter triggers
PASMC proliferation through upregulation of cyclin B1
and prevents apoptosis through survivin-mediated cas-
pase inhibition (528). Furthermore, STAT3 promotes
vascular remodeling in PH by upregulating VEGF and
other angiogenic factors (523, 527, 529, 530).
Another key player in the development of PAH is HIF-

1a. Under normoxic conditions, H2O2 signaling opens
voltage-gated K1 channels, suppressing stabilization of
HIF-1a (525). However, if SOD2 levels are compromised,
through impaired mitochondrial transport or increased
degradation, the result will be lower H2O2 levels, leading
to stabilization of HIF-1a (531, 532). Ordinarily, HIF-1a
combats hypoxic conditions by upregulating the tran-
scription of genes pertinent to erythropoiesis, vascular
tone, and angiogenesis (523). However, numerous PH
studies have observed low levels of SOD2 and elevated

HIF-1a in the absence of hypoxia, indicating the pres-
ence of a pseudohypoxic state (532, 533).
Dysregulation of intracellular Ca21 signaling is another

pathological feature of PH. The MCUC is a transmem-
brane protein that controls the transport of cytosolic Ca21

into mitochondria (534). In PASMCs, MCU downregula-
tion impairs MCUC formation, causing mitochondria to
lose their ability to buffer cytosolic Ca21 levels and con-
sequently their ability to limit vasoconstriction (534).
Additionally, elevated cytosolic Ca21 levels activate
CaMK phosphorylation of Drp1, which encourages frag-
mentation of the mitochondrial network by increasing mi-
tochondrial fission (29, 535). MCUC dysregulation also
causes mitochondrial Ca21 levels to decrease, prevent-
ing activation of Ca21-sensitive PDH causing PASMCs to
undergo glycolytic shift (534, 536).
Another important Ca21 uniporter, UCP2, transports

Ca21 from the ER into mitochondria (536). In UCP2-knock-
out mice, the dysfunctional Ca21 transport causes glyco-
lytic shift, inhibition of Ca21-sensitive PDH, decreased
mtROS production, and activation of HIF-1a (536).
Conversely, overexpression of UCP2 by cardiomyocytes is
associated with apoptosis resistance through suppression
of cell death markers (537). Additionally, transient receptor
potential channels (TRPCs) are a family of nonselective
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FIGURE 9. Mitochondrial dysfunction in pulmonary hypertension. PAH is associated with a series of mitochondria-mediated metabolic derangements
that contribute to vascular remodeling, apoptosis resistance, and bioenergetic compromise. 1: Increased NOX-1 encourages vascular remodeling via
ROS-mediated stimulation of sonic hedgehog (SHH) and gremlin-1 (Grem1). Furthermore, the increased mtROS stimulates mitophagy. As mitochondria
are removed, endothelial cells rely on glycolysis to meet their energetic demands. This glycolytic shift, also known as the Warburg effect, is associated
with altered mitochondrial membrane polarization, which promotes apoptosis resistance by inhibiting the release of proapoptotic factors. 2: Decreased
superoxide dismutase 2 (SOD2) is not only associated with increased mtROS but also with HIF-1a stabilization. 3: Additionally, decreased PGC-1a activ-
ity inhibits SIRT3 expression through impaired coactivation of ERR-a. This promotes HIF-1a stabilization and STAT3 activation, which promotes hyper-
proliferation and apoptosis resistance. 4: Mitochondrial calcium dysregulation, which can occur through multiple mechanisms in PAH, promotes
pulmonary vasoconstriction and HIF-1a stabilization. See GLOSSARY for other abbreviations. Image created with BioRender.com, with permission.
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cation channels involved in intracellular Ca21 transport
(538, 539). Within this family, TRPC3 localized to the IMM
in PASMCs is upregulated in PAH, which facilitates mito-
chondrial Ca21 influx and vasoconstriction (538, 540, 541).
Furthermore, TRPC3 and TRPC6 upregulation is associ-
ated with PASMC proliferation (540, 541).
Importantly, Ca21 dysregulation in PAH is not limited

to aberrant Ca21 channel activity. Neurite outgrowth in-
hibitor-B (Nogo-B), a member of the reticulon family, reg-
ulates the structure of the ER and facilitates efficient
transport between the ER and mitochondria (542).
Overexpression of Nogo-B is associated with mitochon-
drial hyperpolarization, stabilization of HIF-1a, and an
antiapoptotic phenotype (542).
Sirtuins are also involved in the pathogenesis of PAH.

Analysis of PASMCs in idiopathic PAH found normal
SIRT1 gene expression but impaired SIRT1 signaling
leading to higher acetylation of SIRT1 targets, such as
PGC-1a and FOXO1. Inhibition of PGC-1a and its targets
reduced mitochondrial mass and promoted glycolytic
shift (543). Animal models designed to replicate
SIRT1 inactivity or depletion displayed the vascular
remodeling, hyperproliferation, glycolytic shift, and
mitochondrial fragmentation characteristic of PAH
(543). Furthermore, exposure to STAC-3, a SIRT1 acti-
vator, decreased PASMC proliferation and restored
mitochondrial biogenesis.
Unlike SIRT1, SIRT3 gene expression is downregu-

lated in PASMCs of idiopathic PAH (544). Presumably,
decreased PGC-1a expression or activity inhibits SIRT3
expression through impaired coactivation of ERR-a.
Failure of SIRT3 to deacetylate its downstream targets
promotes PAH through HIF-1a stabilization, STAT3-Pim1-
NFAT-survivin activation, PDH inhibition, and mitochon-
drial hyperpolarization (544). Importantly, restoration of
SIRT3 activity reversed the hemodynamic consequen-
ces of PAH in mice by decreasing pulmonary artery pro-
liferation and inducing apoptosis.
To summarize, mitochondrial dysfunction in PAH is a

complex process involving impaired cellular bioener-
getics, increased mtROS, inappropriate stabilization of
HIF-1a, calcium dysregulation, and decreased PGC-1a
expression. The unique interplay of these maladaptive
processes encourages a hyperproliferative, antiapop-
totic phenotype and vascular remodeling. To date, ther-
apeutics for PAH are limited in both their scope and
efficacy. Clinicians predominantly rely on monother-
apy or combination therapy involving nitric oxide or
prostacyclin agonists and endothelin antagonists to
dilate the pulmonary vasculature. Although these
interventions provide symptom relief, they are not cura-
tive. Interestingly, similarities between PAH and cancer
have facilitated a reconceptualization of PAH therapy,
namely, whether investigators can apply what they have

learned from precision therapy in cancer to the develop-
ment of small molecules or immunotherapy for PAH
(545–547). Time will determine whether these investiga-
tive pursuits yield novel therapies that can be added to
the PAH armamentarium.

4.3. Chronic Lung Diseases

Chronic lung diseases continue to pose a significant
challenge to healthcare systems globally. Among these,
chronic obstructive pulmonary disease (COPD) ranks
third with respect to global burden of disease. COPD
consists of mixed phenotypes involving emphysema
(enlarged airspace and loss of alveoli) and upper airways
disease (bronchitis, airway remodeling, and fibrosis).
This disease arises from inhalation exposures to smoke
and airborne particulates, with cigarette smoking (CS)
representing the principal risk factor (548, 549). The pri-
mary pathogenic mechanisms include oxidative stress
and hyperactivation of inflammatory pathways resulting
from chronic CS exposure (548). In contrast, another
chronic progressive lung disease, idiopathic pulmonary
fibrosis (IPF), has unclear etiology, is age dependent,
and affects �3 million people worldwide. IPF is charac-
terized by progressive lung scarring, a high rate of mor-
tality, and poor 5-yr survival rate (550). The etiology of
IPF remains incompletely understood but may involve a
combination of genetic risk factors and environmental
factors (550). The primary pathogenic mechanisms may
include epithelial cell activation and differentiation, sup-
pression of autophagy, and activation of inflammation
and senescence pathways (551).
Over the last decade, experimental evidence has

accumulated that mitochondrial dysfunction plays a cen-
tral role in the pathogenesis of chronic lung diseases,
including COPD and IPF (10, 551–555) (FIGURE 10).
These studies include genomic profiling implicating
altered mitochondrial gene signatures, histopathological
data indicating abnormal mitochondrial function and
release of DAMPs, and biochemical evidence for altered
mitochondrial metabolism in both animal models and
cell culture studies, including major cell subtypes of the
lung (e.g., epithelial, mesenchymal, and immune cells).
Cellular changes associated with mitochondrial dysfunc-
tion include altered activation of autophagy and mitoph-
agy and dysregulation of mitochondrial dynamics (i.e.,
fission, fusion). Furthermore, these changes have also
been associated with dysregulation of RCD programs,
including apoptosis, and necroptosis, as well as activa-
tion of cellular senescence programs. In this section we
review the evidence in human and mouse model studies
for mitochondrial dysfunction as a key pathological de-
terminant in two major chronic lung diseases, COPD and
IPF.

HARRINGTON ET AL.

2382 Physiol Rev �VOL 103 � OCTOBER 2023 � www.prv.org

Downloaded from journals.physiology.org/journal/physrev (2601:0040:CB82:4460:3D28:6E3C:2F67:EF2F) on April 19, 2025.

http://www.prv.org


4.3.1. Chronic obstructive pulmonary disease.

Several studies have uncovered mitochondria-related phe-
notypes from human COPD samples. Recent genomic
studies have uncovered sex-specific transcriptional signa-
tures in ex-smoking COPD patients. An RNAseq transcrip-
tome analysis of bronchial brush cells was conducted on
stringently defined ex-smoking COPD patients, which
revealed genes differentially expressed between males
and females. Among the many reported differences, a mi-
tochondria-specific gene signature was identified in the
emphysema dominant disease group in males. Among up-
regulated genes, the MT-CO2 (mitochondrially encoded
cytochrome-c oxidase II) gene was validated as transcrip-
tionally upregulated in bronchial epithelial cells (556).
Future transcriptional profiling studies will further resolve
transcriptional signatures of mitochondrial dysfunction that
discriminate between COPD subtypes.
Furthermore, biochemical characterizations of human

COPD lung samples indicate the involvement of mito-
chondrial processes. The possible contributions of
autophagy and mitophagy to COPD pathogenesis have
been deduced from analysis of human COPD lung tis-
sue. Increased autophagosome numbers and increased
expression of LC3B-II (active, lipidated form) were
observed in human lung tissues from patients with

severe COPD (557, 558). The expression of the mitoph-
agy regulator protein PINK1 was increased in epithelial
cells in emphysematous regions of human lung.
Enhanced PINK1 expression in COPD lung tissue coin-
cided with increased expression of the necroptosis
regulator protein RIPK3 and was related to activation of
regulated necrosis pathways (434). In contrast, elevated
p62 expression and reduced Parkin expression were
observed in the lung tissue of advanced COPD patients
and attributed to autophagy/mitophagy impairment in
association with the development of a senescence phe-
notype of bronchial epithelial cells (559, 560). Impaired
autophagy was reported in the alveolar macrophages iso-
lated from human smokers and in CS-exposed macro-
phages, which suggests compromised pathogen clearance
by macrophages (561). Further studies determining auto-
phagic flux and its relationships to cell fate in various cellu-
lar compartments will resolve apparent discrepancies in
this field. Taken together, these observations suggest that
mitophagy is significantly regulated in COPD and contrib-
utes to its pathogenesis via modulation of epithelial cell
fate. In skeletal muscle of patients with COPD, relative to
control patients an abnormal mitochondrial phenotype was
described, which included mitochondrial functional altera-
tions, reduced mitochondrial density, impaired respiratory
function, and increased mtROS production (562). Further

Chronic Obstructive Pulmonary Disease Idiopathic Pulmonary Fibrosis

Altered Gene Expression (MT-CO2)
Altered Mitophagy (↑PINK1, ↓PARKIN)
Altered Function (↓Respiration, ↑mtROS)
Elevated DAMPs (mtDNA)

Altered Morphology (Damaged Cristae)
Altered Mitophagy (Variable PINK1, ↓PARK2)
Impaired Fusion (↓Mfn1, Mfn2)
Elevated DAMPs (mtDNA, ATP, Uric Acid)

FIGURE 10. Mitochondrial dysfunction in chronic lung disease. Mitochondrial dysfunction plays a central role in the pathogenesis of chronic lung dis-
eases, such as COPD and IPF. Genomic studies in COPD have identified differential gene expression among patients, with MT-CO2 being upregulated
in emphysema. Additionally, mitophagy and cell death pathways appear to be dysregulated in COPD, with some studies noting increased PINK1 associ-
ated with upregulation of RIPK3-mediated necroptosis and others observing decreased PARKIN expression leading to mitophagy impairment and cel-
lular senescence. COPD is also associated with impaired cellular respiration and increased generation of mtROS. In contrast, IPF is associated with
morphological changes to mitochondria, such as the swelling of cristae. Mitophagy also appears dysregulated with variable expression of PINK1 and
reduced expression of PARK2. Mitochondrial fusion is also involved in IPF, with Mfn1 and Mfn2 deficiency associated with lung fibrosis. Disease severity
in both COPD and IPF has also been associated with elevated levels of circulating mitochondrial DAMPs. See GLOSSARY for abbreviations. Image cre-
ated with BioRender.com, with permission.
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studies will be needed to define how mitochondrial dys-
function, mitophagy, and other mitochondrial quality control
mechanisms may influence the pathogenesis of various
subtypes of human COPD, in lung, and in other tissue such
as skeletal muscle and kidney.
Experimental models of COPD include cultured target

cells (i.e., epithelial cells) exposed to CS or its aqueous
extract (CSE) as well as mice subjected to acute or chronic
exposures to environmental CS. In studies that used cul-
tured human pulmonary epithelial cells (e.g., A549, Beas-
2B, and primary human lung epithelial cells), exposure to
CSE resulted in significant dose-dependent changes in
mitochondrial morphology and increased indexes of mito-
chondrial dysfunction (434, 563). Epithelial cells exposed
to CSE displayed dose-dependent loss of ATP production,
mitochondrial depolarization, increased mtROS produc-
tion, and decline in mitochondrial respiration (434, 563).
Similar studies reported loss of mitochondrial ETC function
in response to CSE involving inhibition of CI and CII activ-
ities (564). CSE caused changes in mitochondrial morphol-
ogy consistent with injury in Beas-2B and primary human
epithelial cells and, furthermore, caused mitochondrial
iron uptake in association with cellular injury (434, 563).
Mice genetically deficient in iron regulatory protein 2
(IRP2), a COPD susceptibility locus, displayed reduced
mitochondrial dysfunction and mitochondrial abnor-
malities in vivo following chronic CS exposure (563).
Chronic CS exposure in mice also caused mitochon-
drial depolarization and mitochondrial abnormalities
in lung tissue (434, 563).
In CS exposure models, activation of mitophagy was

found to aggravate CS-induced epithelial cellular injury.
Exposure to CSE induced functional mitophagy in pul-
monary epithelial cells by inducing mitochondrial depo-
larization and stabilization of PINK1 (434). CSE induced
dose-dependent increases in PINK1 expression and
increased activation of the fission regulator DRP-1, by
phosphorylation, which were dependent on the upregu-
lation of mtROS, as these events were reversed by the
mitochondria-targeted antioxidant mitoTEMPO (434).
Mice genetically deficient in PINK1 displayed a resist-
ance phenotype against mitochondrial dysfunction, air-
space enlargement, and airway dysfunction during CS
exposure in vivo (434). These studies suggest that CS-
induced autophagy and selective autophagy (i.e., PINK1-
dependent mitophagy) promote CS-induced airway
dysfunction and airspace enlargement in mice (434).
Further studies revealed that induction of the mitophagy
pathway in epithelial cells was associated with second-
ary activation of the cellular necroptosis pathway and
upregulation of RIPK3. The regulation of RIPK3 was de-
pendent on PINK1, as determined by genetic deletion
studies in vitro and in vivo (434). Furthermore, the chemi-
cal inhibitor of mitochondrial division/mitophagy Mdivi-1

protected against CS-induced mitochondrial dysfunction
and necroptotic cell death (434). Consistently, the necrop-
tosis inhibitor necrostatin-1 inhibited neutrophilic airway
inflammation in CS-exposed mice (565). In contrasting
studies, genetic interference of PINK1 or Parkin, which
inhibited mitophagy and increased mtROS production,
activated cellular senescence pathways in CS-exposed
primary human bronchial epithelial cells, suggesting a
protective role for these proteins (560). The reasons for
discrepancies between studies remain unclear, although
taken together they demonstrate active roles for PINK1 in
determining cell fate in CS exposure models. Recent
studies have also uncovered potential roles for fusion
proteins in COPD. The long OPA1 isoform (Opa1-l) along
with SLP2 and PH1/PH2 were identified as mediators of
CS-induced lung damage, causing mitophagy/mitochon-
drial dysfunction in COPD (566).
Further studies will resolve the controversies related

to the function of autophagy and mitophagy in disease
progression, and their relationships to other mitochon-
drial processes such as fission and fusion, in the hope of
developing autophagy/mitophagy-targeted therapies for
this disease.

4.3.2. Idiopathic pulmonary fibrosis.

Evidence for a role for mitochondrial dysfunction in
pulmonary fibrosis (PF) has been described in clinical
samples derived from IPF patients, as well as in mod-
els of experimental PF. For example, electron micros-
copy studies have revealed an increased number of
mitochondria with swollen morphology or damaged
cristae in IPF lung samples compared with control
lung (567, 568). Furthermore, increased mitochondrial
proliferation was observed in alveolar type II (AT2) epi-
thelial cells in highly fibrotic areas of human IPF lungs
(567). Increased mitochondrial content was also asso-
ciated with increased ER stress markers in AT2 cells
of IPF patients (567). Lung tissues from IPF patients
were deficient in autophagy as determined by LC3B-II
expression and absence of autophagosomes (569).
The activation of AMPK, as determined by the levels
of p-AMPK, were reduced in myofibroblast foci, con-
sistent with autophagy impairment (570).
Gene expression profiling studies have described sig-

nificant downregulation of PINK1 gene expression in
lung samples from IPF patients (567). These authors also
reported accumulation of ATF3, a transcriptional inhibi-
tor of PINK1, in aged or IPF lung tissue (571). In contrast,
increased PINK1 expression was also reported in IPF
lung tissue by immunofluorescence associated with
increased numbers of damaged mitochondria (568). The
reasons for these discrepancies in reported PINK1
expression in human IPF lung tissue remain unclear.
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Human IPF lung displayed reduced PARK2 (Parkin)
expression in association with upregulated platelet-
derived growth factor receptor (PDGFR) phosphorylation
(572). The latter study related these changes to mitoph-
agy impairment and increased myofibroblast differentia-
tion in IPF (572).
In mouse models, Pink1�/� mice were found to be

susceptible to bleomycin-induced lung fibrosis, sup-
portive of an antifibrotic role for PINK1 in experimental
models (567, 568). In contrast, genetic deficiency of
the mitophagy regulator PGAM5, thereby inhibiting
PGAM5-dependent mitophagy, resulted in protection
from experimental PF (573). Taken together, these
studies suggest that mitophagy may serve a protec-
tive function in PF but also a potential detrimental role
if deregulated. Overexpression of the mitochondrial
deacetylase SIRT3 in the airways was found to restore
apoptosis sensitivity and promote resolution of age-
dependent fibrosis in mice (574).
The mitochondrial fusion proteins Mfn1 and Mfn2 can

also impact the profibrotic phenotype. Genetic defi-
ciency of Mfn1 and Mfn2 in mice led to increased lung
pathology and mortality. Mfn1-Mfn2 double-knockout
mice displayed a phenotype of spontaneous lung fibro-
sis. Additionally, Mfn1 and Mfn2 were found to regulate
the synthesis of phospholipids and cholesterol in AT2
cells, suggesting a novel link between the regulation of
mitochondrial fusion and lipid metabolism (575). Genetic
deficiency in FASN also aggravated experimental PF,
underscoring the relationship between lipid metabolism,
mitochondria-associated phenotypes, and fibrotic lung
disease (575).
Cellular studies in IPF have focused on AT2 cells and

fibroblasts, although other cell types, such as immune
cells, may play a contributory role to IPF pathogenesis.
Abnormal differentiation of AT2 cells has been explored
as a central theme in the cellular pathogenesis of IPF.
Metabolic reprogramming and activation of cellular se-
nescence pathways in epithelial cells and other cell
types may also contribute to the profibrotic phenotype.
Accumulating evidence suggests a central role for mito-
chondrial dysfunction in contributing to AT2 cellular dys-
function in the context of IPF pathogenesis (551).
In cell culture studies, TGF-b1 stimulation of lung

epithelial cells increased mitophagy, as demonstrated
by increased LC3B and PINK1 colocalization, mito-
chondrial depolarization, mtROS production, and ele-
vated expression of PINK1 and phospho-Drp1 (568).
These phenomena were reversed by application of
mitochondria-targeted antioxidants (i.e., mitoTEMPO).
Genetic interference of PINK1 expression in pulmo-
nary epithelial cells promoted TGF-b1-induced cell
death (568). These experiments suggested that TGF-
b1 can activate mitophagy as a protective response in

epithelial cells. Epithelial cells isolated from Pink1�/�

mice displayed increased mtROS production and cell
death in response to TGF-b1, confirming a protective
role for PINK1 in TGF-b1-dependent responses. Genetic
interference of PINK1 expression in lung epithelial cells
also resulted in mitochondrial depolarization and
expression of profibrotic factors (567). PINK1 deficiency
was also found to aggravate mtDNA release and acti-
vation of TLR9-dependent responses in experimental
fibrosis (576). AT2 cells subjected to bleomycin chal-
lenge responded with activation of the NLRP3 inflam-
masome and subsequent production of IL-1b, which is
known to respond to activation by mitochondrial
DAMPs (577).
In cultured fibroblasts, knockdown of Parkin enhanced

myofibroblast differentiation and proliferation, through a
mechanism involving ROS-dependent activation of the
PDGFR/phosphatidylinositol 3-kinase (PI3K)/AKT signal-
ing pathway (572). Fibroblasts isolated from human IPF
patients displayed reduced autophagy, associated with
elevated activation of mTOR, and decreased activity of
the energy-sensing kinase AMPK (570). AMPK-activating
compounds inhibited profibrotic responses in TGF-b1-
stimulated fibroblasts as well as stimulating mitochondrial
biogenesis and restoring fibroblast sensitivity to apopto-
sis (570). Taken together, these studies revealed cell
type-specific differences in the regulation and signifi-
cance of autophagy/mitophagy responses in experimen-
tal fibrosis. As with COPD, further studies will resolve the
controversies related to the function of autophagy/
mitophagy in fibrotic disease progression, which may
facilitate the development of autophagy/mitophagy-tar-
geted therapies for IPF and related disorders.

4.3.3. Mitochondrial DAMPs in lung disease.

In an analysis of COPD patients and smokers (SPIROMICS
cohort), urinary mtDNA levels were associated with
increased respiratory symptom burden among non-COPD
smokers. Significant sex differences in urinary mtDNA lev-
els were observed, with females displaying higher urinary
mtDNA levels than males across all study groups. Urinary
mtDNA was associated with worse spirometry and em-
physema in males only and with worse respiratory symp-
toms in females only. These studies suggested that
mtDNA levels in fluids may identify distinct and sex-spe-
cific clinical phenotypes in pathophysiological responses
in males versus females with COPD (578). Further
research will ascertain the significance of plasma mtDNA
levels in chronic lung disease. Circulating ATP and uric
acid represent additional DAMPs associated with NLRP3
inflammasome activation that may be relevant in fibrotic
lung disease. Fibrotic patients displayed elevated extrac-
ellular ATP content in bronchioalveolar lavage fluid (BALF)
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relative to control patients (579). Elevated extracellular
ATP, which signals to P2RX7 to activate the NLRP3 inflam-
masome, was also observed in bleomycin-induced experi-
mental fibrosis, consistent with a phenotype of increased
lung IL-1b production (579). Similarly, elevated uric acid
levels were found to aggravate the profibrotic phenotype
in experimental fibrosis (580).
As the result of exposure to CS, cellular DAMPs

released from necrotic epithelial cells and neutrophils
were observed to stimulate proinflammatory cytokine
and chemokine (e.g., IL-6, CXCL8) production in epithelial
cells and neutrophil-dependent inflammation in mice
(565, 581). Mitochondrial DAMPs include mtDNA, which
may be released from depolarizing mitochondria in
response to proinflammatory stress (270). mtDNA can act
as a cellular DAMP to activate macrophage inflammatory
pathways, including NLRP3 inflammasome activation,
leading to enhanced secretion of proinflammatory cyto-
kines (270). Circulating mtDNA levels in bronchioalveolar
lavage fluid (BALF) and plasma were found to be
increased and associated with disease progression and
reduced survival in IPF patients (582). Enhanced mtDNA
oxidation and damage were also reported in aging and
IPF lungs and found elevated in other fibrotic lung disor-
ders (576). In mechanistic studies, mtDNA was identified
as a proinflammatory and profibrotic factor toward normal
human lung fibroblasts, whereby exposure to exogenous
mtDNA induced a-smooth muscle actin expression (582).
The authors proposed that mtDNA could be used as a
predictor of clinical outcomes in IPF.
Further research will determine whether DAMPs,

including mtDNA, have potential to predict severity and
mortality in chronic lung diseases.

5. MITOCHONDRIAL DYSFUNCTION IN
INFECTIOUS AND INFLAMMATORY
DISEASE

5.1. Sepsis

Despite decades of research, sepsis persists as an
extremely morbid syndrome with an unacceptably high
mortality (583). In the United States alone, 1.7 million
adults are hospitalized with sepsis per annum, resulting
in 270,000 deaths (584). Yet the significant in-hospital
mortality of sepsis fails to approximate the true burden
of disease. One in every five sepsis survivors experien-
ces late mortality, dying within 2 yr of hospitalization
(585). Furthermore, sepsis survivors must also contend
with significant morbidity in the form of cognitive impair-
ment, deterioration in their physical function, and
decreased quality of life (586–588).

Even though sepsis research has yet to significantly
attenuate the disease burden, remarkable strides have
been made in our understanding of disease pathogene-
sis (589). Among these has been the redefining of sep-
sis as a dysregulated host response to infection that
leads to life-threatening organ dysfunction (590). As this
new definition implies, numerous host- and pathogen-
specific factors are responsible for sepsis-induced organ
dysfunction. Of the identified host factors, emerging evi-
dence suggests that mitochondrial activity is a key de-
terminant of sepsis.
A major goal of sepsis management is minimizing

end-organ damage by optimizing tissue perfusion and
oxygenation (591). However, animal models and clinical
studies have found evidence of decreased O2 consump-
tion, increased O2 tension, and decreased ATP produc-
tion during sepsis despite adequate O2 delivery (592–
595). The absence of significant cell death in these set-
tings suggests that O2 utilization is compromised. This
may account for why two randomized controlled trials
designed to optimize hemodynamic parameters and tis-
sue O2 delivery for critically ill patients failed to improve
outcomes (592, 596, 597).
One of the proposed mechanisms for impaired O2 uti-

lization in sepsis is NO-mediated inhibition of cellular
respiration. During sepsis, TNF-a, IL-1, and INF-c
enhance NO production through iNOS (598). Even
though NO is important for host defense against patho-
gens, its overproduction can be detrimental. Besides
mediating vasodilatory shock, NO may impair cellular
respiration as a competitive, reversible inhibitor of CIV.
Accordingly, an acute rise in NO can impede ATP pro-
duction while simultaneously increasing oxidative stress
through production of mtROS.
Furthermore, NO operates as an indirect inhibitor

of cellular respiration by reacting with O2
�� to form

ONOO�, a potent RNS (599, 600). ONOO� inhibits the
ETC through nitrosylation of its protein complexes (599–
601). Corroborating in vivo sepsis models have observed
decreased O2 consumption in rat cardiomyocytes associ-
ated with decreased CI activity, decreased ATP synthesis,
and increased NO and O2

�� production without alteration
of Wm (602). Additionally, treatment of rats with an iNOS
inhibitor and a ONOO� decomposition catalyst has been
shown to attenuate the development of sepsis-induced
AKI by decreasing nitrosative stress (603).
In a transcriptomic analysis of septic patients, OXPHOS

gene expression was significantly downregulated in sep-
sis nonsurvivors relative to healthy control subjects (604).
Although gene expression was also compromised in sep-
sis survivors, less than half of the studied transcripts were
significantly affected. Moreover, sepsis survivors exhib-
ited increased transcription of PGC-1a, NRF-1, and SOD2
relative to nonsurvivors. In fact, there was no appreciable
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difference in PGC-1a and NRF-1 levels between sepsis
nonsurvivors and healthy control subjects. Collectively,
these findings suggest that sepsis interferes with mito-
chondrial bioenergetics, potentially through oxidative
stress, and that mitochondrial biogenesis is integral for
survival.
Regardless of how cellular respiration is compro-

mised, when it occurs cells are forced to prioritize activ-
ities to avoid critical ATP depletion, as this could trigger
necrotic cell death. Slowing of cellular metabolism is
protective, allowing cells to hibernate, which ultimately
facilitates a more rapid recovery (605). Although energy-
conserving mechanisms extend cell survival, they
may do so at the expense of organ function (599).
Suppression of energy-dependent activities in sepsis is
believed to contribute to decreased cardiomyocyte con-
tractility, a major precipitant of shock (606). In alveolar
epithelial cells, the basolateral Na1-K1-ATPase is an
energy-demanding enzyme; its downregulation during
sepsis impairs alveolar fluid clearance, contributing to
the development of pulmonary edema (599). Similarly,
hepatocytes experience a decrease in synthetic function
and clearance. Histology studies of septic patients have
also found a discrepancy between the extent of kidney
injury and renal dysfunction, suggesting that cell ener-
getics, rather than cell death, is the driving factor (605).
Besides cell respiration, mitochondria-mediated apo-

ptosis is also altered during sepsis. To prevent unwanted
inflammation, the population of circulating neutrophils is
tightly controlled by constitutive neutrophil apoptosis
(607). Neutrophil exposure to the septic milieu increases
the DWm, causing sequestration of Cyt-c (608). The net
result is an antiapoptotic phenotype intended to augment
neutrophil half-life. Although this is an effective way to
expand the neutrophil population against infection, the
accumulation of neutrophils in tissues can be detrimental
because the cytotoxic compounds they release are as in-
jurious to surrounding tissues as to their intended target.
The collateral tissue damage caused by delaying mito-
chondria-mediated apoptotic pathways promotes organ
dysfunction, such as acute respiratory distress syndrome
(ARDS) (609).
Additionally, pathogen virulence factors can alter mi-

tochondria-mediated apoptotic pathways to diminish the
production of proinflammatory cytokines, avoid intrapha-
gocytic killing, and encourage infectious spread (610–
612). This is exemplified by Streptococcus pyogenes
and Listeria monocytogenes. These bacteria produce
pore-forming cytolysins to escape phagosomes and
damage mitochondrial membranes; the latter is associ-
ated with a decrease inWm and cellular respiration (613).
These alterations slow cell metabolism and may precipi-
tate apoptosis in both immune and nonimmune cells.
illustrating how pathogens manipulate mitochondria to

subvert the immune response and cause end-organ
damage (612–616). In contrast, Chlamydia spp. block the
release of Cyt-c and inhibit caspase-3 activity early on in
an infection. By shutting down apoptotic pathways, this
obligate intracellular bacterium is able to commandeer
host machinery for an extended period of time, thereby
facilitating its survival (612).
Over the past decade, there has been extensive spec-

ulation about whether mtDNA can be utilized as a bio-
marker for sepsis severity. Considering the biology,
investigators have hypothesized that mtDNA is not only
released in response to infection but can propagate the
inflammatory response through interaction with TLR-9,
inflammasomes, and other PRRs (617). If true, mtDNA
could serve as a surrogate marker of inflammation pro-
viding clinicians with invaluable information about a
patient’s severity of illness, response to treatment, and
overall prognosis.
One of the landmark studies of mtDNA in sepsis was

published by Nakahira et al. in 2013 (618). Admittedly,
this two-cohort, observational study enrolled a hetero-
geneous population of critically ill patients from medical,
surgical, and neuro intensive care units (ICUs), but most
patients had sepsis as an underlying diagnosis. Not only
did investigators find mtDNA to be significantly associ-
ated with 28-day mortality in both cohorts, but the odds
of dying within 28 days of ICU admission increased with
each log10-unit increase in mtDNA. This body of work
provides exceptionally strong evidence that rising
mtDNA levels reflect a worsening prognosis in a sepsis-
predominant critically ill cohort. Moreover, mtDNA had a
stronger association with 28-day mortality than lactate, a
biomarker currently used to assess sepsis severity.
Even though numerous studies have found mtDNA to

be significantly elevated in sepsis, they have not consis-
tently found mtDNA to be associated with severity of ill-
ness or outcomes (619). Thus, one of the greatest
challenges faced by the field is understanding the na-
ture of these discrepancies. One possibility is that dis-
crepant results stem from methodological differences:
protocols for the isolation and measurement of mtDNA
have yet to be fully standardized. Additionally, several
studies have employed small cohorts, thereby limiting
their power. Most studies are also designed with the
intent of measuring mtDNA at a single time point. There
may be greater utility in designing longitudinal studies to
follow how mtDNA changes over time, akin to troponin.
Furthermore, we do not have a clear sense of the varia-
bles that may confound mtDNAmeasurements.
In conclusion, sepsis has classically been conceived of

as a systemic inflammatory syndrome; however, recent
advancements recognize that sepsis is more aptly
described as a dysregulated host response to infection. A
significant contributing factor to this maladaptive response
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is mitochondrial dysfunction, specifically bioenergetic fail-
ure. By understanding how mitochondria fail to meet the
energetic demands of their host, opportunities arise
to redesign how sepsis management is approached.
Perhaps the future of supportive care in sepsis begins
at the cellular level, with therapeutics aimed at restor-
ing mitochondrial function.

6. MITOCHONDRIAL DYSFUNCTION IN AGE-
RELATED NEURODEGENERATIVE DISEASE

Emerging experimental evidence suggests that mito-
chondrial dysfunction may significantly contribute to the
pathogenesis of human neurodegenerative disorders,
the most common of which include Alzheimer’s disease
(AD), Parkinson’s disease (PD), Huntington’s disease
(HD), and amyotrophic lateral sclerosis (ALS) or Lou
Gehrig’s disease. These and related disorders are char-
acterized by neuronal cell dysfunction and death that
progressively lead to cognitive impairment and/or loss
of motor control. Biochemically, these diseases share
common pathological features including enhanced oxi-
dative stress and disruption in neuronal proteostasis,
attributed to accumulation of aggregated mutant pro-
teins. The net result is cellular and mitochondrial dys-
function, the latter of which can exacerbate disease
pathogenesis by activating cell death and inflammatory
pathways (620, 621). Histological evidence for mitochon-
drial dysfunction in neurodegenerative disorders includes
mitochondrial abnormalities in human postmortem brain
tissue. Additionally, in vivo and in vitro studies have asso-
ciated pathological end points with altered mitochondrial
function involving mitochondrial morphology, bioener-
getics, mitochondrial metabolism, Ca21 handling, mi-
tochondrial dynamics, mtROS production, biogenesis,
mitophagy, and other biophysical processes such as
axonal transport and ER MAM function (190, 191, 622–
624) (FIGURE 11). These associations vary in their rela-
tive importance and characterization with each dis-
ease type and model system as discussed below.

6.1. Alzheimer’s Disease

Alzheimer’s disease (AD) is a common neurodegenera-
tive disease primarily associated with progressive mem-
ory loss, synaptic dysfunction, and cognitive impairments.
AD represents the sixth leading cause of death in the
United States, with an estimated prevalence of 6.5 million
people >65 yr of age (625). Although most cases are
sporadic, familial AD (FAD) is associated with mutations in
the amyloid precursor protein (APP) gene or in Presenilin
genes, PSEN1 and PSEN2, that encode proteins that pro-
cess APP and additional risk factors such as the APOEɛ4

allele (626, 627). AD is characterized by accumulation of
plaques containing amyloid-b (Ab), derived from APP, as
well as neurofibrillary tangles consisting of the hyper-
phosphorylated form of microtubule-associated protein
Tau (p-Tau), in the brains of AD patients (626).
Mitochondrial dysfunction is believed to play a major

contributory role in AD pathogenesis based on bio-
chemical and histological evidence (628–630). In
human disease, gross mitochondrial abnormalities have
been identified in histological analyses of AD brain
(629). AD neurons were characterized by loss of mito-
chondrial numbers and leakage of mtDNA and COX into
neural cytoplasm (631). Human studies have revealed
altered or impaired activities of enzymes involved in
glucose metabolism and bioenergetics, including CI,
CIV, ATP synthase, and other metabolic enzymes
(628). Of these, COX activity was consistently found
impaired or reduced in AD brain, in part attributed to
reduced expression of enzyme protein and altered
enzyme kinetics (632–636). Recent studies also
uncovered altered expression of proteins involved in
Ca21 exchange in postmortem AD brain (637).
Experimental modeling in AD has relied on the gener-

ation of transgenic mouse models including APP, APP/
PS1, 5XFAD, Tg2576, and 3xTg-AD mice (638). Among
these, the 3XTg-AD mice [Tg(APPSwe,tauP301L)1Lfa)]
exhibit both Ab- and Tau-dependent pathology (638).
Data from these models have supported a central role
for mitochondrial dysfunction and associated alterations
in metabolism in AD pathogenesis.
For example, 3xTg-AD mice displayed a phenotype

of mitochondrial dysfunction in the brain involving
increased oxidant stress, reduced respiration and
decline of PDH protein and activity, and increased Ab
accumulation in mitochondria (639). Additionally,
3xTg-AD mice display a phenotype of depletion in
Krebs cycle metabolites (640).
In APP transgenic mice (Tg2576), genetic profiling

studies revealed upregulation of mitochondrial proteins
involved in energy metabolism and apoptosis. Elevated
ATPase-6 expression was associated with enhanced
oxidative stress in neurons of Tg2576 mice (641). Both
mutant APP and Ab protein target mitochondrial function
in Tg2576 mice, resulting in increased ROS production
and reduced COX activity (642). Different mutations of
presenilin-1 (PS1), the catalytic subunit of c-secretase,
that are associated with familial AD had variable impact
on mitochondrial functions, including modulation of ER
MAM contact and respiratory activity (643). In 5XFAD
mice, full and COOH-terminal truncated forms of APP
accumulate in mitochondria and promote mitochondrial
dysfunction, including impaired respiration and mtROS
production. Partial deletion of the b-site APP-cleaving
enzyme-1 (heterozygote) reduced APP accumulation in
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mitochondria and improved cognitive function in 5XFAD
mice (644).
Mechanistic studies support mitochondrial dysfunc-

tion as a driver of AD pathogenesis. For example, em-
bryonic hippocampal neurons derived from 3xTg-AD
mice had reduced mitochondrial respiration and
increased glycolysis (639). Cybrids generated with
mtDNA extracted from AD platelets displayed a phe-
notype of impaired bioenergetics, mtROS production,
and increased apoptosis (645). Ab can cause mitochon-
drial dysfunction, associated with enhanced mtROS for-
mation, cyclophilin D-dependent mPTP opening, and
neuronal cell death (646–648). APP mice cross-bred for
cyclophilin deficiency displayed improved cognitive

function (646). Mitochondrial dysfunction may also repre-
sent a primary cause of microglia activation, which drives
neuroinflammation (649).
Mouse models of AD have also uncovered a major

role for mitochondrial Ca21 accumulation in disease
pathogenesis, via promoting mtROS production, met-
abolic dysfunction, and neuronal cell death (637).
Recent studies using 3xTg-AD mice demonstrated
that Ca21 accumulation in the mitochondrial matrix may
precede mitochondrial dysfunction and neural pathology.
Neuron-specific deletion of the mitochondrial Na1/Ca21

exchanger (NCLX) in 3xTg-AD mice promoted cognitive
decline and increased amyloidosis and tau pathology.
Knockin of neuronal NCLX in 3xTg-AD mice rescued AD
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proteins and their aggregates have been implicated in the pathogenesis of various neurodegenerative diseases, including AD, HD, PD, and ALS, by
disrupting proteostasis and mitochondrial function. Mutant Ab and hyperphosphorylated Tau (p-T), mutant Huntingtin (mHTT), and a-synuclein (a-Syn)
aggregates can block electron transport chain (ETC) activities at various complexes. a-Syn and mHTT may also trigger mitochondrial dysfunction and
mitochondrial reactive oxygen species (mtROS) production. mHTT, p-T, and mutant Ab can interfere with the Sirt1-PGC-1a axis and its initiation of mito-
chondrial biogenesis. mHTT, p-T, and mutant Ab can promote mitochondrial fragmentation via interactions with dynamin-related protein-1 (Drp1).
Mutant forms of PTEN-induced kinase 1 (PINK1) can also interfere with PINK1-dependent Drp1 S616 phosphorylation. Autophagy and mitophagy proc-
esses may be disrupted by mutant proteins: mHTT can interfere with autophagosome formation, whereas p-T and mutant Ab block autophagosome-ly-
sosome fusion. Mutant PINK1 (mPINK1) and Parkin (mParkin) may cause mitophagy dysfunction. Superoxide dismutase 1 (SOD1) catalyzes the
dismutation of superoxide generated by mitochondria, whereas in ALS the mutant form (mSOD1) is defective at removing superoxide, which favors per-
oxynitrite formation. mSOD1 can also interfere with mitochondrial axonal transport via inhibiting the transport regulator protein mitochondrial Rho
GTPase (MIRO) and by promoting the autophagosome-dependent degradation of MIRO. �DWm, mitochondrial membrane potential (loss); ER, endo-
plasmic reticulum; MAM, mitochondria-associated membrane; p62, SQSTM1 autophagy cargo adaptor protein. See GLOSSARY for other abbreviations.
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pathology and cognitive decline (637). In 3XTg-AD mice,
inhibition of type 1 inositol trisphosphate receptor (InsP3R1)
expression and associated Ca21 signaling reduced Ab
accumulation and tau hyperphosphorylation and restored
hippocampal long-term potentiation and cognitive defects
(650). These observations have placed Ca21 signaling
alongside mitochondrial dysfunction as a primary driver
of AD pathogenesis and suggest mitochondrial Ca21

exchange as a potential therapeutic target in AD.
Accumulating research suggests that autophagy and

mitophagy are altered in AD, based on observations of
abnormal mitochondria. Autophagy/mitophagy defects
are related to accumulations of Ab and p-Tau during AD
pathogenesis (651). Mitophagy was impaired in the brain
tissue of AD patients, in induced pluripotent stem cell-
derived human AD neurons, and in animal models of AD
(652). In an APP/PS1 mouse model, mitophagy func-
tioned to remove insoluble Ab aggregates and prevent
cognitive impairment by promoting phagocytosis of Ab
plaques and reduction of neuroinflammation. Increased
levels of Ab and APP in a transgenic APP model resulted
in reduced levels of several autophagy and mitophagy
proteins, including PINK1 and LC3 (653). In transgenic
mAPP mice, PINK1 deficiency accelerated age-de-
pendent cognitive impairments and increased brain
Ab accumulation and mitochondrial dysfunction (654).
Conversely, PINK1 gene therapy in mAPP mice pro-
moted mitophagy clearance of mitochondria and
reduced neuropathology (654).
Age-dependent increased levels of Ab and p-Tau

were associated with a phenotype of impaired Parkin
assimilation to mitochondria (655, 656). Compromised
mitophagy may also involve inhibited autophagosome-
lysosome fusion and impaired lysosomal acidification
(657). Pharmacological enhancement of neuronal mitoph-
agy using novel compounds (urolithin A, actinonin)
reduced p-Tau accumulation in human neuronal cells
and reversed memory impairment in transgenic mouse
models of AD (652, 658). In contrast, recent studies also
reported that Ab overload increases autophagy and
mitophagy in young APP/PS1 mice (659). Although inter-
pretation of autophagic activity may vary between stud-
ies, mitophagy enhancers may represent a novel class of
experimental therapeutics in AD (658, 660).
Furthermore, increasing evidence points to altered mi-

tochondrial dynamics, including fission and motility, as
contributing to AD pathogenesis (661, 662). Significant
mitochondrial fragmentation and impaired axonal trans-
port of mitochondria were reported in AD neurons, asso-
ciated with increased GTPase activity in postmortem
frontal cortex tissue (663). AD brain tissue also exhibited
increased expression in fission regulatory proteins (i.e.,
Drp1, Fis1) and reduced expression of fusion-associated
proteins (i.e., Mfn1/2, Opa1) (664). Immunohistochemical

analyses of AD brain tissue revealed that both Ab and p-
Tau can directly interact with Drp1 and that these interac-
tions were associated with increased mitochondrial frag-
mentation in AD (663, 664). Mitochondrial fission-linked
GTPase activity was significantly elevated in cortical tis-
sues from APP, APP/PS1, and 3xTg-AD mice (663). In the
APP/PS1 mouse model, expression of mitochondrial fis-
sion proteins Drp1 and Fis1 was increased whereas fusion
proteins (Mfn1, Mfn2, and Opa1) and biogenesis-related
factors (PGC-1a, NRF1, NRF2, and TFAM) were decreased
(653). Partial genetic reduction of Drp1 (heterozygote) in
APP mice reduced Ab production and mitochondrial dys-
function and increasedmitochondrial biogenesis and syn-
aptic activity (665). In contrast, genetic deletion of DRP1
in CA1 neurons promoted cognitive deficits in mice
expressing mutant hAPP in neurons, associated with
mitochondrial Ca21 overload. These results suggested a
protective role for Drp1 in this model (666). In addition to
mitochondrial dysfunction, primary neurons from Tg2576
mice displayed increased mitochondrial fission and
decreased fusion, mitochondrial fragmentation and dam-
aged cristae, and impaired mobility. A mitochondria-tar-
geted antioxidant restored mitochondrial transport and
synaptic viability and decreased the number of damaged
mitochondria in this model (667). In CRND8APP transgenic
mice, increased neuronal mitochondrial fission and
impaired motility were observed. Treatment with the mito-
chondrial fission/mitophagy inhibitor Mdvi-1 ameliorated
these effects and restored cognitive defects (668).
Finally, aberrations in the regulation of mitochondrial bio-

genesis have also been observed in models of AD.
Decline in neuronal expression of PGC-1a has been found
in general association with AD pathology (669). Expression
of FAD mutant PS1 was associated with reduced PGC-1a
expression in murine cells (670). Sirt1-dependent activation
of PGC-1a was implicated in neuronal protection in mouse
models of AD (671). Vector-driven overexpression of PGC-
1a in cortex of APP/PS1 mice improved mitochondrial dys-
function and restored cognitive defects (672).
In conclusion, disruption of mitochondrial Ca21 balance

has emerged as a primary driver of AD pathogenesis,
which is associated with mitochondrial and metabolic
dysfunction and may precede Ab accumulation, Tau pa-
thology, and neuronal cell death. Alterations in mitoph-
agy, mitochondrial dynamics, motility, and other MQC
processes have been proposed as contributing to the
pathogenic mechanism of AD (663, 664, 673). Further re-
solution of the hierarchies of these events may inform
therapeutic development.

6.2. Parkinson’s Disease

Parkinson’s disease (PD) is the second most common
progressive neurodegenerative disease. PD affects 1–
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2% of the population above 65 yr, and its prevalence
increases to �4% in individuals above 85 yr (21). PD is
characterized by progressive loss of dopaminergic neu-
rons in the substantia nigra pars compacta (SNpc) and
the formation of Lewy bodies (674). The primary symp-
toms include primary motor deficits (i.e., bradykinesia,
tremor, rigidity, and postural instability) and nonmotor
symptoms (i.e., dyssomnia, depression, etc.) (674). PD
occurs in familial (5–10%) and sporadic forms, the latter
of which has unclear etiology.
Familial PD is attributed to mutations in distinct loci

(PARK1–PARK23), which include five that are casually
related to PD pathogenesis. These are represented by
PARK1 (Snca) encoding a-synuclein, the main constitu-
ent of Lewy bodies, PARK2 (Parkin), PARK6 (Pink1),
PARK7 (DJ1), and PARK8 (Lrrk2) (21, 675). Several of
these genes encode proteins, (i.e., Pink1 and Parkin) that
exert intimate functions in MQC processes, namely
mitophagy (676). whereas DJ1 has a purported mito-
chondrial redox sensing and ROS scavenging function
(677). Defects in mitochondrial bioenergetics and/or
COX expression have also been observed in PD brain
tissue (678, 679). Accumulations of a-synuclein can
cause mitochondrial dysfunction, which may reciprocally
exacerbate a-synuclein accumulation in the disease
pathogenesis (680).
Overall, PD is described as a disease of abnormal or

impaired mitophagy, and discoveries made in elucidat-
ing PD pathogenesis led to modern understanding of
PINK1-Parkin-dependent mitophagy (28, 674). Mutations
in DJ1 also contribute to impaired mitophagy and mito-
chondrial dynamics in PD (681).
Among the mouse models used to study PD, Pink1- or

Parkin-null mice do not recapitulate the PD phenotype.
Similarly, Parkin�/�/PolgAD257A/D257A mice did not pro-
duce a Parkinson phenotype, and the loss of Parkin did
not exacerbate mitochondrial dysfunction over the
mtDNA mutator genotype (682). A genetic model of PD
(mitoPARK) based on neuronal specific deletion of TFAM
displays respiratory chain deficiency in dopaminergic
neurons (683). A more recently developed genetic model
of PD (p.Thr61Ile knockin) exhibits neurological features
of PD and aberrant mitochondria phenotypes in the brain
(684). Mouse models of PD have also relied on the use of
toxins, such as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine (MPTP), which is metabolized to the neurotoxin 1-
methyl-4-phenylpyridinium (MPP1) (685). In MPTP-treated
mice, transcriptomic and proteomic analyses revealed a
phenotype of enhanced mitochondrial dysfunction and
oxidative stress (686). Pharmacological activation of
mitophagy with natural flavonoids alleviated Parkinson-
like symptoms in this model (687).
Pink1 deficiency, associated with familial PD, causes

impairments in mitochondrial Ca21 handling (688).

Neuronal PINK1 deficiency causes mitochondrial Ca21

accumulation, associated with mtROS production and
mPTP opening leading to neuronal cell death (688).
LRRK2 deficiency also led to impairment of NCLX-de-
pendent Ca21 efflux, leading to mitochondrial Ca21

accumulation (689).
Mitochondrial dynamics, quality control, and mitoph-

agy may also contribute to PD (690). The mitophagy reg-
ulator PINK1 directly phosphorylates Drp1 on S616.
Drp1S616 phosphorylation is reduced in PINK1-deficient
cells and mouse tissues but is independent of Parkin.
Impaired PINK1-mediated Drp1S616 phosphorylation was
associated with the pathogenesis of both familial and
sporadic PD (691). Parkin interacts with and ubiquitinates
Drp1 to promote its degradation by the proteasome.
Mutation or knockdown of Parkin inhibits Drp1 ubiquiti-
nation and degradation, leading to increased levels of
Drp1-dependent fission. These studies identified Drp1 as
a novel substrate of Parkin and associated abnormal
Parkin expression to mitochondrial dysfunction in the
pathogenesis of PD (692). The dominant p.D620N vari-
ant of vacuolar protein sorting 35 ortholog (VPS35)
gene is also associated with familial PD. Mutations of
this gene were associated with increased mitochondrial
depolarization and impaired initiation of Pink1/Parkin
mitophagy (693).
PD pathogenesis also includes phenotypes of impaired

mitochondrial biogenesis (680). SIRT1 expression is
reduced in PD; SIRT1 maintains PGC-1a in a deacetylated
state and thereby preserves PGC-1a levels. Thus, the
SIRT1-PGC-1a axis may have therapeutic potential in PD
and other neurodegenerative diseases (694).
In conclusion, the pathogenesis of PD also involves

mitochondrial dysfunction, deficient mitophagy, and
altered mitochondrial dynamics, which provide opportu-
nities for therapeutic targeting in this disease.

6.3. Huntington’s Disease

Huntington’s disease (HD) arises from CAG repeats in
exon 1 of huntingtin protein (HTT) that generate polyglut-
amine (polyQ) extensions of the protein (695). HD is char-
acterized by progressive motor impairment, cognitive
defects, and psychological abnormalities. Accumulations
of mutant Huntingtin (mHTT) in this disease can impact
mitochondrial functions including Ca21 buffering and
impaired respiratory chain activity at CII, CIII, and CIV
(696, 697). Inhibition of COX and cytochrome b gene
expression were reported in the striatum and frontal cor-
tex of HD patients accompanied by increased 8-OHdG
levels, a marker of oxidative DNA damage (698). Neural
tissue from HD patients also exhibited increased expres-
sion of mitochondrial fission genes (Drp1, Fis1) and
reduced expression of fusion genes (Mfn1, Mfn2, Opa1)
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(698). Toxic accumulation of mHtt directly in neuronal
mitochondria was also documented (698). The role of
mitochondrial Ca21 handling in HD is incompletely
characterized. mHTT can trigger mitochondrial Ca21

overload and reduce the Ca21 threshold for mPTP
opening (699).
As in other neurodegenerative disorders, inefficient

processing of damaged mitochondria via impaired
mitophagy may play a pathogenic role in HD (700).
Cellular models have confirmed that the polyQ tract of
mHTT can interfere with the initiation of autophagy by
obstructing the assembly of Ulk-1 and Beclin-1 com-
plexes and furthermore by interfering with the function-
ing of selective autophagy adaptor proteins (701).
Mitochondrial fission processes driven by hyperactiva-

tion of Drp1 are also believed to play a major pathogenic
role in HD (702). Mutant Huntingtin (mHTT) interacts with
Drp1 to promote its GTPase activity, causing excessive
fragmentation of mitochondria, promoting abnormal mi-
tochondrial dynamics and neuronal damage in HD-
affected neurons (703, 704). Aberrant Drp1 activity in HD
neurons was also associated with defective anterograde
mitochondrial movement and synaptic deficiencies
(704). Enhanced Fis1-Drp1 interactions are implicit in
Drp1 hyperactivation in HD. Inhibition of Drp1 hyperacti-
vation by P110, a peptide inhibitor of Drp1-Fis1 interac-
tion, was protective in the HD R6/2 mouse model, which
expresses a fragment of mHTT (705). Application of P110
also improved the neurocognitive phenotype of HD-
knockin (zQ175 KI) mice, which express full-length mHtt
and exhibit progressive HD symptoms (706). Activation
of SIRT3 conferred neuroprotection in HD models via
normalization of aberrant Drp1 activation and fission
(707). In parallel with fission abnormalities, deficiency in
PGC-1a-dependent mitochondrial biogenesis may also
contribute to HD pathogenesis (702). Pharmacological
enhancement of PGC-1a expression improved the neu-
ropathological phenotype in the R6/2 transgenic mouse
and BCHDmouse models of HT (708).

6.4. Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is a rare adult-onset
progressive neurodegenerative disorder that causes
muscle wasting and deformity and is associated with
frontotemporal dementia. ALS originates both sporadi-
cally (90% of cases) and as an inherited disorder.
Inherited cases partially associated with dominant muta-
tions in the SOD1 gene and other loci including C9orf72
(chromosome 9 open reading frame 72), FUS (fused in
sarcoma/translocated in liposarcoma or heterogeneous
nuclear ribonucleoprotein P2), and TARDBP (transactive
response DNA binding protein 43) (709). SOD1G93A

mutant mice display a neurological phenotype that

recapitulates human ALS and have been used exten-
sively to model ALS in vivo.
Mitochondrial dysfunction is considered a key patho-

logical determinant of experimental and human motor
neuron degeneration in ALS (710). As in other neurode-
generative diseases, disruptions of mitochondrial struc-
ture, dynamics, bioenergetics, and Ca21 buffering have
been reported in ALS (710). This is corroborated by
recent human studies using magnetic resonance spec-
troscopy, which revealed loss of bioenergetic capacity
in brain and muscle of human ALS patients. Loss of brain
muscle bioenergetic capacity correlated to pathophysio-
logical indexes (711).
Double transgenic mice expressing expression

SOD1G93A and the mitoflash indicator probe mt-cpYFP
were used to detect oxidative stress status in ALS. In
these mice, ROS-associated fluorescence increased in
skeletal muscle at the time of onset of ALS symptoms.
Onset of ALS symptoms was also associated with
increased CypD, a regulator of mPTP opening. Transient
overexpression of SOD1G93A in skeletal muscle of wild-
type mice promoted mtROS production and CypD
expression, whereas the CypD inhibitor cyclosporin-A
reduced the mtROS production (712). SOD1G93A mice
also exhibit bone loss, whereas osteoclasts derived
from these mice displayed dysregulated mitochondrial
dynamics, a phenotype that was partially reversed by
Mdivi-1 (713).
Altered mitochondrial Ca21 handling may also contrib-

ute to ALS pathogenesis (699). SOD1G93A-expressing
motor neurons displayed increased mitochondrial Ca21

accumulation, �DW, as well as increases in cytosolic
and ER Ca21 (714).
Mouse models also reveal disruptions in mitochondrial

mobility and organelle interactions. SOD1G93A transgenic
mice displayed a phenotype of impaired axonal transport
of mitochondria in motor neurons. The phenotype was
attributed to increased PINK1/Parkin-dependent degrada-
tion of MIRO, independent of cytosolic Ca21 flux. The
OMM protein mitochondrial Rho GTPase 1 (MIRO1) is a
regulator of mitochondrial axonal transport in response
to cytosolic Ca21 levels and mitochondrial injury.
MIRO1 is regulated by Pink1/Parkin-dependent mitoph-
agy. The study concluded that SOD1G93A inhibits axo-
nal transport of mitochondria by inducing PINK1/
Parkin-dependent Miro1 degradation (715). Recent
studies have deduced that disruption of ER-MAM in-
tegrity is a common pathological feature of familial
ALS. SOD1G93A mutation was shown to disrupt ER-
MAM integrity, as determined by novel MAM probes
(i.e., MAM tracker dyes) (716).
In addition to SOD, mutations in Fus are also associ-

ated with familial ALS (717). Fus colocalized with the mi-
tochondrial tethering protein syntaphilin (SNPH) in rat
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primary neurons and thus may exert a homeostatic func-
tion in mitochondria, whereas expression of mutant Fus
R514G in rat primary neurons disrupted this interaction
and caused mitochondrial abnormalities and loss of mi-
tochondrial motility (718).
Activation of mitochondrial biogenesis was found to

improve the phenotype of ALS. Overexpression of PGC-
1a in SOD1 transgenic mouse (Tg-SOD1G93A/PGC-1a)
improved motor function and survival relative to SOD1-
G93A mice and improved mitochondrial ETC activity in
the spinal cord of transgenic mice (719). Conversely,
genetic silencing of PGC-1a aggravates the phenotypes
of SOD1G93A mice (720). Chronic application of R13 [a
precursor of 7,8-dihydroxyflavone and tyrosine kinase
receptor B (TrkB)] agonist partially ameliorated the phe-
notype of SOD1G93A mice, including improvement of
motor performance and reduction of motor neuron pa-
thology. The beneficial effects of R13 were associated
with promotion of OXPHOS-related gene expression in
neural tissues including spinal cord, stimulation of AMPK
and of PGC-1a/NRF1/TFAM-dependent mitochondrial
biogenesis, and amelioration of mitochondrial dysfunc-
tion (721). Neuroprotection in SOD1G93A mice via PGC-
1a-dependent responses was also achieved by applica-
tion of a novel metal chelator compound (722). Taken to-
gether these observations indicate that ALS is
associated with a strong phenotype of mitochondrial
dysfunction in motor neurons.

6.5. Conclusions

Bioenergetic failure, Ca21 dysregulation, mtROS, mito-
chondrial depolarization, and mPTP opening may play an
important role in the early stages of various neurodege-
nerative disorders by contributing to neuronal cell death.
Furthermore, aberrations in mitophagy and mitochondrial
dynamics occur in parallel with mitochondrial dysfunction
and may accelerate pathophysiology. Enhancement of
mitophagy and mitochondrial biogenesis may present
possible avenues for therapeutic targeting (see sect. 7)
(660). Common elements of mitochondrial dysfunction
such as loss of energy charge, mitophagy impairment,
altered fission and biogenesis, or mobility defects may
appear across different types of neurodegenerative dis-
ease, though their relative contribution to the pathogene-
sis of specific diseases may be different. The importance
of the contributing mechanisms underlying mitochondrial
dysfunction may also potentially vary in discrete neuronal
cell populations, which may display differential suscepti-
bility to initiating stimuli as well as differential roles in dis-
ease pathogenesis. Further experimental work aimed at
improving our understanding of the neuronal cell type-
specific regulation and cross talk of processes involved in
mitochondrial homeostasis and dysregulation, using

multiomics or systems biology approaches, may enhance
understanding of neurodegenerative disease pathogene-
sis and also provide strategies for selective therapeutic
targeting of these pathways.

7. THERAPEUTIC CONSIDERATIONS

The mitochondria, and the cellular and molecular proc-
esses that support their function and homeostatic regu-
lation as summarized in this review, have revealed
numerous potential targets for therapeutic intervention.
Since no therapies specifically targeting mitochondria
have been approved for clinical use to date, the thera-
peutic avenues remain largely in preclinical and clinical
experimental stages (723).
Among the most widely cited therapeutic classes for

mitochondrial medicine are mitochondria-targeted com-
pounds, specifically antioxidants, that aim to reduce
pathological accumulation of mtROS as well as preserve
mitochondrial function (724, 725). These include natural
compounds such as coenzyme Q (Q10) and its synthetic
derivatives, idebenone and triphenylphosphonium
(TPP)-conjugated MitoQ, and other TTP-conjugated anti-
oxidants such as Mito-vitamin-E and mitoTEMPO (726–
728). Idebenone has been tested in multiple clinical tri-
als and showed promise as a treatment for Duchenne
muscular dystrophy (727). MitoQ has been studied in
several human clinical trials, and although the com-
pound showed positive effects in hepatitis C infection, it
failed to slow neurodegeneration in PD (729, 730).
Recent preclinical studies suggest that mitoTEMPO can
confer protection in acute liver injury (728).
A mitochondria-targeting oligopeptide, Szeto-Schiller-

31 peptide (SS-31, elamipretide), confers mitochondrial
protective effects by stabilizing the IMM, inhibiting
mtROS formation and membrane depolarization, and by
preventing mitochondrial swelling and mPTP opening
(731, 732). Furthermore, SS-31 inhibits CL-dependent
activation of Cyt-c peroxidase activity, preserves mito-
chondrial cristae, and enhances OXPHOS (733). SS-31
also promotes Sirt3-dependent mitochondrial fusion
(734). In mouse models, SS-31 protected against LPS-
induced cognitive decline (735). In addition to direct anti-
oxidants, mitochondrial iron chelation also shows thera-
peutic potential in experimental models (736).
Mitophagy represents a major mitochondrial homeo-

static mechanism that can be modulated for therapeutic
gain. However, the significance of the process as a pro-
or antipathogenic mediator may vary in a context-specific
fashion; therefore care must be taken when targeting
mitophagy in select diseases. Mitophagy-stimulating com-
pounds may represent a therapeutic strategy in neurode-
generative disorders (658). Similarly, the machinery
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regulating mitochondrial dynamics may be targeted for
therapeutic gain (190, 737). The Drp1 mitochondrial fis-
sion inhibitor Mdivi-1 has potential for protection in
experimental models, including neurodegenerative
diseases, though the specificity of this drug has been
challenged (668, 737–741). Synergistic effects of SS-
31 and Mdivi-1 combination treatment were reported in
cellular models of AD (738). A Drp1 antagonist peptide
showed therapeutic effects in an in vitro model of PD
(742).
Mitochondrial biogenesis may be targeted for homeo-

static control, by promoting mitochondrial replication in
deficiency states. Therapeutic strategies targeting the
upregulation of the master regulator PGC-1a show prom-
ise (743). These are exemplified by 5-aminoimidazole-4-
carboxamide ribonucleoside (AICAR), an AMPK activa-
tor, and natural compounds such as resveratrol, which
activates sirtuin-1 (744–747). NAD1-replenishing com-
pounds such as nicotinamide mononucleotide (NMN)
also represent therapeutic candidates that can activate
PGC-1a (747, 748). The PPAR-c agonist pioglitazone
showed positive effects on mitochondrial biogenesis in
human diabetes and conferred neuroprotection in the
APP/PS1 ADmouse (749–751).
Recent studies have also proposed therapeutic target-

ing of mPTP opening as a selective therapeutic strategy,
exemplified by CsA, and advanced by newly identified
small-molecule cyclophilin inhibitors (752, 753).
These examples point to a foundation for mitochon-

dria-dependent molecular medicine, although further
preclinical and clinical validation studies, as well as
improved understanding of off-target effects and tox-
icity, will be needed to arrive at specific therapies
(723, 727).

8. CONCLUSIONS AND FUTURE DIRECTIONS

The tenet that the mitochondria are functioning more
than as an organelle serving as a source of ATP produc-
tion and cellular respiration is intriguing and exciting.
Accumulating data in recent years have provided the
evidence that the mitochondria serve as a reservoir of
critical second messengers and key effector molecules
in mediating important cellular and physiological proc-
esses in the pathogenesis of human diseases. In the era
of precision medicine and health, we anticipate a contin-
ued trajectory of new discoveries of mitochondrial path-
ways important in improved understanding of the role of
mitochondrial biology in the pathogenesis of human dis-
ease. Importantly, these discoveries will hopefully lead
to molecular targets as diagnostics and therapeutics in
the approaches to confer impact on our patients with mi-
tochondria pathway-based medical disorders.

GLOSSARY

DWm Mitochondrial membrane potential (change)
Ab Amyloid-beta protein
AcCoA Acetyl-CoA
ACD Accidental cell death
AD Alzheimer’s disease
ALS Amyotrophic lateral sclerosis
AMP Adenosine monophosphate
AMPK Adenosine monophosphate-activated protein

kinase
APP Amyloid precursor protein
ATG Autophagy-related gene
ATP Adenosine-50-triphosphate
Beclin 1 Mammalian homolog of yeast Atg6/Vsp30
Ca21 Calcium
CARD Caspase-recruitment domain
CL Cardiolipin
COPD Chronic obstructive pulmonary disease
COX Cytochrome-c oxidase
CS Cigarette smoke
CSE Cigarette smoke extract (aqueous)
CVD Cardiovascular disease
Cyt-c Cytochrome c
DAMP Damage-associated molecular pattern
Drp1 Dynamin-related protein-1
ETC Electron transport chain
ER Endoplasmic reticulum
FA Fatty acid
FAO Fatty acid b-oxidation
FASN Fatty acid synthase
Fis1 Fission protein-1 (mitochondrial)
FOXO Forkhead family of transcription factors
FUNDC1 Fun14 domain-containing protein 1
GSDMD/E Gasdermin-D/E
GTP Guanosine 50-triphosphate
GTPase Guanosine 50-triphosphate hydrolase
HD Huntington’s disease
HIF-1a Hypoxia-inducible factor-1 alpha
HMGB1 High-mobility group box 1
HTT Huntingtin protein
IFN Interferon
IMM Inner mitochondrial membrane (mitochondrial)
IMS Inner membrane space (mitochondrial)
IPF Idiopathic pulmonary fibrosis
LC3 Microtubule-associated protein-1 light chain 3
LIR LC3 interacting region
LPS Lipopolysaccharide
MAM Mitochondria-associated ER membrane
MAVS Mitochondrial antiviral signaling
MCUC Mitochondrial Ca21 uniporter complex
MEF Mouse embryo fibroblast
MFF Mitochondrial fission factor
MFN-1/-2 Mitofusin-1, mitofusin-2
mHTT Mutant Huntingtin protein
MIEF-1/-2 Mitochondrial elongation factors-1, -2
MITOL Mitochondrial ubiquitin ligase
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MLKL Mixed-lineage kinase domain-like pseudokinase
MOMP Mitochondrial outer membrane permeabilization
MPAP Mean pulmonary artery pressure
MPT Mitochondria permeability transition
mPTP Mitochondrial permeability transition pore
MQC Mitochondrial quality control
mtDNA Mitochondrial DNA
mtROS Mitochondrial reactive oxygen species
NDP52 Nuclear dot protein, 52 kDa
NFP N-formylated peptide
NLRP3 Nucleotide-binding oligomerization domain (NOD)-,

leucine-rich repeat (LRR)-, and pyrin domain-con-
taining protein 3

NRF-1/-2 Nuclear respiratory factor-1 and -2
Nrf-2 Nuclear factor erythroid 2-related factor 2
OMM Outer mitochondrial membrane (mitochondrial)
OPA-1 Optic atrophy-1 (s, short form; l, long form)
OPTN Optineurin
OXPHOS Oxidative phosphorylation
P2R Purinergic receptor
p62SQSTM1 Autophagy cargo adaptor protein
PAH Pulmonary arterial hypertension
PAMP Pathogen-associated molecular pattern
Parkin Parkinson’s protein 2; E3 ubiquitin ligase
PARL Presenilin-associated rhomboid-like protein
PCWP Pulmonary capillary wedge pressure
PD Parkinson’s disease
PGAM5 Phosphoglycerate mutase family member 5
PGC-1a Peroxisome proliferator-activated receptor

gamma (PPARc) coactivator 1a
PHB2 Prohibitin 2
PI4P Phosphatidylinositol-4-phosphate
PINK1 Phosphatase and tensin homolog (PTEN)-induci-

ble kinase-1
PRR Pattern recognition receptor
RCD Regulated cell death
RIG-I Retinoic acid-inducible gene-I
RIPK3 Receptor-interacting protein kinase-3
RLR RIG-I-like receptor RNA helicases
RNS Reactive nitrogen species
Sirt Sirtuin; NAD1-dependent deacetylase
STING Stimulator of interferon genes
TBK1 Tank binding kinase-1
TFAM Mitochondrial transcription factor A
TGF-b1 Transforming growth factor-beta 1
TIM Translocase of the inner mitochondrial

membrane
TLR Toll-like receptor
TOM Translocase of the outer mitochondrial

membrane
TRIM25 Tripartite motif-containing protein-25
UCP2 Uncoupling protein-2 (mitochondrial)
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