Hindawi
Mediators of Inﬂammation
Volume 2019, Article ID 4050796, 11 pages
https://doi.org/10.1155/2019/4050796

Review Article
The Role of Mitochondrial Damage-Associated Molecular
Patterns in Chronic Neuroinflammation
Ekta Bajwa, Caitlin B. Pointer, and Andis Klegeris
Department of Biology, University of British Columbia Okanagan Campus, Kelowna, BC, Canada
Correspondence should be addressed to Andis Klegeris; andis.klegeris@ubc.ca
Received 17 September 2018; Revised 1 March 2019; Accepted 6 March 2019; Published 1 April 2019
Academic Editor: Andreas Ludwig
Copyright © 2019 Ekta Bajwa et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
Mitochondrial dysfunction has been established as a common feature of neurodegenerative disorders that contributes to disease
pathology by causing impaired cellular energy production. Mitochondrial molecules released into the extracellular space
following neuronal damage or death may also play a role in these diseases by acting as signaling molecules called damageassociated molecular patterns (DAMPs). Mitochondrial DAMPs have been shown to initiate proinﬂammatory immune
responses from nonneuronal glial cells, including microglia and astrocytes; thereby, they have the potential to contribute to the
chronic neuroinﬂammation present in these disorders accelerating the degeneration of neurons. In this review, we highlight the
mitochondrial DAMPs cytochrome c (CytC), mitochondrial transcription factor A (TFAM), and cardiolipin and explore their
potential role in the central nervous system disorders including Alzheimer’s disease and Parkinson’s disease, which are
characterized by neurodegeneration and chronic neuroinﬂammation.

1. Introduction
Neurodegenerative diseases are a heterogenous group of
chronic disorders characterized by gradual and progressive
loss or dysfunction of select neuronal subtypes. Prototypical
examples include Alzheimer’s disease (AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis, and Huntington’s
disease. Over the past several decades, evidence has accumulated suggesting that impaired mitochondrial function is a
common mechanism in these diseases [1]. Mitochondria
are cytoplasmic organelles that undertake vital metabolic
and cellular functions, the most important of which is the
generation of adenosine triphosphate (ATP) by oxidative
phosphorylation. In addition, mitochondria play a central
role in apoptosis and intracellular calcium homeostasis as
well as the production and modulation of reactive oxygen
species (ROS) [2]. Mitochondria have a semiautonomous
genome represented by mitochondrial DNA (mtDNA) that
codes for some of the structural components of the respiratory chain required for ATP production and the machinery
required for intramitochondrial protein synthesis [3]. Mitochondrial abnormalities that have been identiﬁed in

neurodegenerative diseases include mtDNA mutations that
result in respiratory chain deﬁciencies, increased generation
of ROS causing oxidative stress, and changes in mitochondrial structure, all of which lead to improper mitochondrial
function and impaired energy production [4–8]. Considering
the high metabolic demand of the central nervous system
(CNS) and the limited regenerative capacity of neurons,
mitochondrial dysfunction can be detrimental to all brain cell
types and contribute to neuronal death.
Chronic inﬂammation is another characteristic of neurodegenerative diseases mediated by nonneuronal glial cells,
including microglia and astrocytes [9]. Microglia are a distinct population of mononuclear phagocytes that represent
the innate immune cells of the brain [10]. Upon recognition
of foreign pathogens or other damaging stimuli, microglia
attempt to restore the homeostatic conditions of the CNS
by undergoing a process of activation characterized by alterations in their secretory proﬁle, morphology, and phagocytic
activity [11, 12]. Microglial activation is associated with
increased expression of the inducible nitric oxide synthase
(iNOS) and nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase enzymes, which are responsible for
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generating cytotoxic nitrogen and oxygen species [13, 14].
Additionally, microglial activation is accompanied by the
secretion of proinﬂammatory cytokines such as interleukin
(IL)-1β, IL-6, and tumor necrosis factor (TNF)-α [15–18].
The nonspeciﬁc nature of the inﬂammatory response of activated microglia may also induce collateral damage of the surrounding cells including neurons and other glial cells. The
damaged or dying cells that result from such deleterious conditions release endogenous molecules termed damageassociated molecule patterns (DAMPs) capable of causing
adverse glial cell activation, creating a self-propagating cycle
of neuroinﬂammation, and accelerating cell death [19–21].
Under the pathological conditions present in neurodegenerative disorders, microglia are chronically and adversely activated thereby mediating the neuroinﬂammatory processes
that could contribute to the degeneration of neurons [10].
DAMPs were ﬁrst described as molecules released during
necrotic cell death following traumatic injury or prolonged
inﬂammation. They alert the immune system to danger
[20]. Under physiological conditions, DAMPs are sequestered intracellularly where they perform distinct functions
contributing to cellular homeostasis; however, upon loss of
membrane integrity and their release into the extracellular
environment, they confer proinﬂammatory roles aimed at
inducing and facilitating the repair of host tissue [22, 23].
The immune response triggered by DAMPs is termed “sterile
inﬂammation,” as it occurs in the absence of infectious agents
[24]. Through their interaction with pattern recognition
receptors (PRRs) and other immune cell receptors, DAMPs
prime the process of antigen presentation by dendritic cells
and induce the expression of proinﬂammatory molecules
and nitric oxide (NO) in peripheral macrophages and
microglia of the CNS [19, 25, 26].
Recent studies have revealed the mitochondria as organelles that store and release several speciﬁc DAMPs [27, 28].
According to the “endosymbiont hypothesis,” mitochondria
evolved from α-proteobacteria that entered a symbiotic relationship with an ancestral eukaryotic cell [29]. Due to their
endosymbiotic origin, mitochondria possess bacterial features
such as circular double-stranded mtDNA containing cytosine
phosphate guanosine (CpG), N-formylated peptides, and the
membrane lipid cardiolipin [27]. As a result of the similarities
between mitochondrial and bacterial molecules, several distinct mitochondrial components are capable of engaging PRRs
that recognize bacterial structures [30]. Therefore, an emerging role of mitochondria in the pathogenesis of neurodegenerative disorders involves harboring and releasing molecules that
can contribute to neurotoxic inﬂammatory environments. In
this review, we will be highlighting three mitochondrial components capable of serving as DAMPs once they have been
released extracellularly within the CNS: the mitochondrial
respiratory chain protein cytochrome c (CytC), mitochondrial
transcription factor A (TFAM), and the mitochondrial membrane lipid cardiolipin (Figure 1).

2. Cytochrome c (CytC)
CytC is a 12 kDA mitochondrial protein comprised of 104
amino acids and a single covalently attached heme group
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[31]. CytC is primarily found in the mitochondrial intermembrane space, where it functions as an electron carrier
in the electron transport chain (ETC) and as a scavenger of
ROS [32, 33]. During cellular stress, such as heat or oxidative
damage, CytC also exhibits peroxidase activity leading to the
oxidation of the mitochondrial membrane lipid cardiolipin,
which is required for membrane permeabilization and release
of CytC into the cytosol [34]. Within the cytosol, CytC acts as
a key initiator of apoptosis by facilitating the assembly of
apoptosomes that activate the caspase cascade leading to cellular death [35]. Considering its critical role in mediating the
apoptotic pathway, CytC has been implicated in the pathogenesis of diseases characterized by excessive cell death
including the neurodegenerative diseases AD and PD [35,
36]. The mitochondrial dysfunction present in neurodegenerative pathologies increases the permeability of the mitochondrial membrane, which may lead to increased cytosolic
release of CytC and subsequent apoptosis of neurons and
nonneuronal glial cells [37–39].
CytC may also contribute to the progression of neurodegenerative diseases by acting extracellularly as a DAMP and
amplifying the neuroinﬂammatory state that is one of the
characteristics of these pathologies. CytC has emerged as a
potential DAMP due to the discovery of its elevated extracellular concentration following cell death in the periphery as
well as in the CNS. Damaged neurons have been shown to
release CytC into cell culture medium [40]. The release of
CytC into the extracellular space by splenocytes was observed
immediately following the induction of cellular necrosis, and
more delayed release followed apoptotic insults [41]. Following myocardial infarction or traumatic brain injury, CytC
concentrations reached 4.6 μg/ml in the serum and were as
high as 50 ng/ml in the cerebrospinal ﬂuid, representing a
50-fold increase over baseline levels [42, 43]. High extracellular concentrations of CytC in both these pathologies correlated with poor clinical outcomes.
Several immunomodulatory properties of extracellular
CytC have been observed in the periphery, which are similar
to those of other prototypical DAMPs. For example, intraarticular injection of CytC in mice resulted in the accumulation of neutrophils and macrophages within synovial joints
causing damage similar to the chronic inﬂammation in rheumatoid arthritis (RA) leading to the development of RA-like
symptoms. In addition, CytC stimulation of mouse splenocytes caused an activation of nuclear factor (NF)-κB accompanied by the release of proinﬂammatory mediators IL-6,
TNF-α, macrophage inﬂammatory protein (MIP)-1α, MIP2, and monocyte chemoattractant protein (MCP)-1 [44]. Primary lymphocytes and CD8+ dendritic cells underwent apoptosis following exposure to extracellular CytC [45, 46].
These studies demonstrated that the soluble serum protein
alpha-2-leucine-rich-glycoprotein inhibited CytC-induced
cytotoxicity by binding to and scavenging CytC from the
extracellular space, which implies that there are endogenous
proteins that function to protect against the cytotoxicity
and inﬂammation caused by extracellular CytC, which is
released following signiﬁcant tissue damage [45].
Studies have been performed demonstrating the potential
for extracellular CytC to act as a DAMP within the CNS and
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Figure 1: Mitochondrial damage-associated molecular patterns (DAMPs) cytochrome c (CytC), mitochondrial transcription factor A
(TFAM), and cardiolipin can be released into the central nervous system (CNS) intercellular space where they regulate microglial
phagocytosis and the release of inﬂammatory mediators by microglia. AD = Alzheimer’s disease; PD = Parkinson’s disease.

modulate glial cell immune responses. Gouveia et al. [47]
conducted in vitro experiments demonstrating that the addition of CytC in combination with lipopolysaccharide (LPS)
to phorbol 12-myristate 13-acetate (PMA)-diﬀerentiated
THP-1 monocytic cells, which were used as a model for
human microglia, led to a neurotoxic inﬂammatory response.
This study also demonstrated enhanced release of speciﬁc
cytotoxins by microglia-like cells in response to CytC stimulation. For example, CytC was found to prime the NADPH
oxidase-dependent respiratory burst of dimethyl sulfoxide
(DMSO)-diﬀerentiated promyelocytic HL-60 cells leading
to increased ROS production; this cellular eﬀect of CytC
was enhanced in the presence of interferon (IFN)-γ. Additionally, CytC exacerbated the secretion of NO by IFN-γactivated murine BV-2 microglial cells [47]. The synergistic
eﬀects of CytC and other inﬂammatory stimuli are also
observed for other DAMPs, such as TFAM, and suggest that
the interplay between DAMPs and other inﬂammatory signals may occur under neuroinﬂammatory conditions [48,
49]. The release of ROS and reactive nitrogen species (RNS)
could be beneﬁcial to the maintenance of homeostatic conditions by eliminating foreign substances and pathogens; however, increased microglial production of these cytotoxins in
response to extracellularly released CytC may contribute to
the oxidative and nitrosative stress observed in neurodegenerative disorders that lead to neuronal death [50, 51]. Thus,
CytC that is released extracellularly in the CNS may be recognized by microglia and lead to neuroinﬂammatory responses
that are detrimental to the survival of neurons (see Figure 1);
however, the extracellular eﬀects of CytC on glial cells are yet
to be conﬁrmed in vivo.
Immune cell recognition of DAMPs occurs through
PRRs, which also engage conserved pathogen-associated
molecular patterns (PAMPs) present on invading microbes
and viruses [52]. Toll-like receptors (TLRs) represent a family of PRRs that have been shown to initiate immune
responses upon interacting with several diﬀerent DAMPs
[20]. However, DAMP-mediated immune responses in some
cases still occur in the absence of TLR signaling. Other receptors engaged by DAMPs include nucleotide-binding

oligomerization domain-like receptors, formyl peptide
receptors, retinoic acid-inducible gene 1-like receptors, and
the receptor for advanced glycation end products (RAGE)
[53–56]. To elucidate the mechanisms mediating the eﬀects
of extracellular CytC as a DAMP, Gouveia et al. [47] assessed
microglial responses to extracellular CytC exposure in vitro
following inhibition of candidate receptors and intracellular
signaling pathways. They showed that the production of
ROS by CytC-primed HL-60 cells was signiﬁcantly reduced
by blocking TLR4, but not RAGE, suggesting that the interaction between CytC and microglia leading to proinﬂammatory
eﬀects may occur at least partially through TLR4 [47].
The central event in many DAMP-mediated immune
responses is the activation of mitogen-activated protein
kinase (MAPK) signaling cascades, which act downstream
of PRRs [54]. The Jun N-terminal kinase (JNK) pathway is
known to be activated following TLR4 binding and has also
been implicated in the production of RNS [57]. Gouviea
et al. [47] demonstrated that pretreatment of murine BV-2
microglial cells with a speciﬁc inhibitor of the JNK pathway
(SP600125) attenuated the NO secretion induced by CytC.
These results indicate that the function of CytC as a DAMP
may be dependent on the activation of the JNK pathway similar to the mitochondrial DAMP TFAM and the wellcharacterized DAMP S100B [48, 58]. Table 1 summarizes
the extracellular eﬀects of CytC.

3. Mitochondrial Transcription Factor
A (TFAM)
TFAM is a 25 kDa protein abundant in the mitochondria
where it regulates gene transcription and maintains mtDNA
structure [59, 60]. TFAM binds to a 22-base-pair region of
mtDNA upstream from promoter sites and causes a turn in
the DNA exposing a speciﬁc binding site for transcription
machinery upstream from the transcription initiation site
[61, 62]. TFAM consists of 246 amino acids arranged into
several well-deﬁned domains including two high-mobility
group box (HMGB) domains (Box A and Box B), which
make it a member of the highly conserved and ubiquitous
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Table 1: Eﬀects of extracellular CytC on diﬀerent cell types and signaling mechanisms activated in the target cells.

Target cell/tissue

Eﬀects

Murine
splenocytes
Primary human
lymphocytes
Murine CD8+
dendritic cells
Diﬀerentiated
human
promyelocytic
HL-60 cells

Release of IL-6, TNF-α, MIP-1α, MIP-2, and MCP1 [44]

Murine BV-2
microglial cells

Enhanced secretion of NO from cells activated by
IFN-γ [47]

Signaling receptor

Signaling pathway

Induction of apoptosis [45]
Induction of apoptosis [46]
Priming the NADPH oxidase-dependent
respiratory burst leading to increased ROS
production [47]

TLR4, but not RAGE,
blockade decreases
ROS release [47]
Inhibition of JNK, but not extracellular
signal-regulated kinase (ERK) or p38
MAPK, pathways decreases NO secretion
[47]

Human THP-1
monocytic cells

Costimulation with LPS induces cytotoxicity
towards human SH-SY5Y neuronal cells [47]
Enhanced neutrophil and macrophage
accumulation in synovial ﬂuid leading to
Murine knee joint
histopathological and clinical signs of rheumatoid
arthritis [44]

HMGB family of DNA-binding proteins [59]. HMGB1 is
arguably the best characterized member of the HMGB family
of proteins. It is a nuclear DNA-binding protein that exhibits
approximately 76% sequence homology with TFAM [63].
HMGB1 is expressed by almost all vertebrate cells, and upon
its release into the extracellular space, it is capable of initiating inﬂammatory responses by activating several diﬀerent
cell types [64]. Within the CNS, HMGB1 is released by damaged cells as well as actively secreted by neurons and glia.
HMGB1 has been shown to function as a proinﬂammatory
mediator that can cause microglial activation characterized
by the release of cytokines such as TNF-α and IL-1β as well
as the chemokine MCP-1 [65–67]. Considering that TFAM
is a structural and functional homolog of HMGB1, its extracellular role as a potential DAMP has been implicated. Under
physiological conditions, TFAM is localised to the inner
mitochondrial membrane; however, upon cellular damage,
TFAM can also be released into the extracellular environment where it can function as a proinﬂammatory signaling
molecule in a manner similar to HMGB1 [68–70]. In the
peripheral tissues, the combination of TFAM and N-formyl
peptides has been shown to trigger the release of IL-8 from
human peripheral blood monocytes [70]. Another study
observed that TFAM augmented plasmacytoid dendritic cell
activation induced by CpG DNA, which was characterized by
increased release of TNF-α. TFAM in combination with CpG
DNA was also shown to induce TNF-α secretion by human
splenocytes [71].
The proinﬂammatory activity of extracellular TFAM
demonstrated in peripheral tissues suggests that it could also
play a role in the CNS inﬂammation observed in neurodegenerative diseases. Little et al. [48] reported that TFAM
applied at low μg/ml concentrations to human microglialike THP-1 monocytic cells and peripheral blood monocytes

increased their expression of IL-1β, IL-6, and IL-8. TFAM, in
combination with IFN-γ, also induced the secretion of IL-6
by human microglia. Additionally, TFAM augmented the
release of cytotoxins by IFN-γ-activated THP-1 cells as
observed by the decreased viability of human SH-SY5Y neuronal cells exposed to supernatants from these monocytic
cells [48]. IFN-γ is a proinﬂammatory molecule involved in
regulating glial cell activation that is elevated in brains with
neurodegenerative disease [72]. Sha et al. [73] suggested that
binding of HMGB1 to inﬂammatory cytokines may be
required for its proinﬂammatory activity; similarly, the proinﬂammatory activity of TFAM may require the formation
of an immune complex with IFN-γ. Interestingly, TFAM in
combination with IFN-γ increased the secretion of MCP-1
by THP-1 monocytic cells compared to TFAM alone, consistent with the above studies [74]. MCP-1 is a chemotactic factor that may contribute to the neurotoxic inﬂammatory
response induced by TFAM through recruiting and activating the surrounding microglia, which express the MCP-1
receptor [75, 76]. Schindler et al. [74] also investigated the
cellular mechanisms mediating the proinﬂammatory function of TFAM by selectively inhibiting receptors already
implicated in HMGB1 signaling due to the structural similarity between these two DAMPs. Blocking the macrophage-1
antigen (Mac-1) and RAGE receptors using speciﬁc antibodies led to a reduction in MCP-1 secretion by THP-1 cells, suggesting that Mac-1 and RAGE may be partially engaged by
TFAM and mediate its DAMP-like function similar to
HMGB1 [74].
Microparticles (MPs) are intercellular signaling agents
recently implicated in the progression of neurodegenerative
diseases. They may also play a role in the neuroinﬂammatory
processes induced by DAMPs [77]. MPs are submicron fragments released upon plasma membrane budding from
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various cell types including monocytes, microglia, astrocytes,
and neurons [78–80]. The content of MPs can be transferred
to target cells and include biological signals that diﬀer based
on the donor cell-type as well as the inducing stimulus [81].
MPs can regulate various biological processes including
cell-cell interactions, cell proliferation, and inﬂammation
[82]. TFAM was shown to stimulate the signiﬁcant release
of MPs by THP-1 monocytic cells compared to unstimulated
cells. Moreover, the MPs released by THP-1 cells in response
to TFAM were able to activate THP-1 cells in an autocrine
manner and led to cytotoxicity as shown by a decrease in
SH-SY5Y neuronal cell viability following exposure to supernatant from MP-stimulated monocytic cells. The MPs
derived from TFAM-stimulated THP-1 cells also induced
the secretion of MCP-1 by THP-1 cells [83]. These results
indicate that TFAM may act as a DAMP that can activate
microglial cells to release MPs that possess neurotoxic and
inﬂammatory properties and could contribute to neurodegenerative disease pathology.
Studies have been performed to determine the ability of
TFAM to activate microglia and induce neuroinﬂammation
in vivo providing further insight into the role of TFAM as a
DAMP within the CNS. Schindler et al. [74] demonstrated
that TFAM injected into the cisterna magna of male
Sprague-Dawley rats triggered neuroinﬂammation in the
hippocampus and frontal cortex, which are the predominant
brain areas aﬀected by neurodegeneration in AD. Injected
TFAM upregulated the expression of MCP-1, IL-1β, IL-6,
and TNF-α in the hippocampus, the expression of MCP-1,
IL-1β, and TNF-α in the frontal cortex, and the concentration of IL-1β in both brain regions. Extracellular TFAM
applied in a concentration-dependent manner to isolated
rat microglia upregulated the expression of inﬂammatory
cytokines IL-6, IL-1β, and TNF-α, suggesting that microglia
may be responsible for the neuroimmune response induced
by TFAM in vivo [74].
Overall, the studies investigating the extracellular role of
TFAM support its role as a DAMP that is capable of activating brain microglia leading to proinﬂammatory and neurotoxic responses (Table 2). TFAM, and the cellular receptors
it engages, may represent novel targets for the development
of therapeutic strategies against CNS pathologies characterized by neuroinﬂammation.

4. Cardiolipin
Cardiolipin is an anionic phospholipid found almost exclusively within the inner mitochondrial membrane of mammalian cells. Cardiolipin is essential for maintaining
mitochondrial functioning and regulating several cellular metabolic processes [84, 85]. The speciﬁc functions of cardiolipin
are supported by its unique structure, which includes a double
glycerophosphate backbone and four fatty acid side chains.
This is diﬀerent from most other membrane phospholipids,
which possess a single glycerophosphate backbone and two
fatty acid side chains [86–88]. It has been proposed that, due
to its distinctive structure, cardiolipin acquires a conical shape
within the lipid bilayer, which contributes to its ability to promote electron transport eﬃciency, interact with proteins
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located both inside and outside of the mitochondria, and regulate mitochondrial membrane fusion and ﬁssion [87, 89–91].
The role of cardiolipin in regulating metabolic processes
within healthy cells has been studied extensively; however,
recent studies have implicated cardiolipin in pathologies
involving damage or death of CNS cells [92, 93]. For example, cardiolipin has been implicated in the regulation of mitophagy, the elimination of dysfunctional mitochondria via
autophagic processes, as well as apoptotic cell death [85,
94–96]. During these cellular processes, cardiolipin is redistributed from the inner mitochondrial membrane to the
outer mitochondrial membrane by the mitochondrial isoform of the creatine kinase (MtCK) enzyme [97–99]. Redistribution of cardiolipin is a critical step in mitophagy, as it
promotes the interaction of cardiolipin with several proteins
involved in the initiation and propagation of this process,
including microtubule-associated-protein-1-light chain-3
(LC3), which regulates mitochondrial engulfment and degradation via autophagosome formation [94, 99]. Furthermore,
the redistribution of cardiolipin to the outer mitochondrial
membrane allows cardiolipin to interact with various cell
death-related proteins, including CytC and truncated BH3
interacting-domain death agonist (tBid), which are essential
components of programmed apoptotic cell death [97, 100–
102]. As a molecule expressed on the outer mitochondrial
membrane, cardiolipin participates in the destruction of malfunctioning mitochondria, which is an essential process for
maintaining homeostatic conditions in the CNS [96, 98, 103].
In addition to its roles in mitophagy and apoptosis, cardiolipin has also been implicated in regulating immune cell
functions within the peripheral tissues and the CNS.
Although primarily found within the mitochondria, cardiolipin can also be redistributed to the plasma membrane of a
cell and be released extracellularly. More speciﬁcally, studies
have shown that cardiolipin, as well as cardiolipin-containing
mitochondria, can be relocated or released during cellular
processes, such as apoptotic events, necrosis, and acute
trauma, as well as in disease states [92, 104–107]. For example, it has been demonstrated that in mice aﬄicted with bacterial pneumonia, levels of extracellular cardiolipin are
signiﬁcantly increased within the lungs, which subsequently
results in reduced immune cell production of IL-10, a cytokine involved in suppressing excessive inﬂammatory
responses [107, 108]. Additionally, externalized cardiolipin
has been shown to upregulate the phagocytic activity of the
surrounding immune cells. Balasubramanian et al. [92] demonstrated that extracellular mitochondria with cardiolipin
present on their surface can increase the phagocytic activity
of peripheral macrophages by up to four times. Results from
our laboratory showed that extracellular cardiolipin signiﬁcantly upregulated the phagocytic activity of primary
microglia isolated from C57BL/6 mouse brains. Extracellular
cardiolipin also decreased the release of select proinﬂammatory mediators and cytotoxins including TNF-α, NO, and
ROS from microglia-like cells [109]. These observations indicate that, following its release from cells, cardiolipin may act
as a DAMP by regulating cytokine release and phagocytic
activity of the surrounding immune cells, including microglia
in the CNS [107, 109–112].
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Table 2: Eﬀects of extracellular TFAM on diﬀerent cell types and signaling mechanisms activated in the target cells.

Target cell/tissue
Human splenocytes

Eﬀects

Murine plasmacytoid Costimulation with CpG DNA induces TNF-α
dendritic cells
secretion [69]
Human peripheral
blood monocytes

Human THP-1
monocytic cells

Human microglia
Rat microglia
Rat hippocampus
following injection
into the cisterna
magna
Rat frontal cortex
following injection
into the cisterna
magna

Signaling receptor

Signaling pathway

Blockade of TLR9 and
RAGE decreases TNF-α
secretion [71]

Activation of NF-κB [69]

Blockade of Mac-1
receptor and RAGE
decreases MCP-1
secretion [74]

Inhibition of the JNK, but not p38
MAPK, pathway reduces cytotoxicity
towards SH-SY5Y neuronal cells [48]

Costimulation with CpG DNA induces TNF-α
secretion [71]

Increased expression of IL-1β, IL-6, and IL-8
[48]
Costimulation with N-formyl peptides induces
IL-8 release [70]
Costimulation with IFN-γ increases secretion of
MCP-1 [74]
Costimulation with IFN-γ induces release of
cytotoxins leading to reduced viability of SHSY5Y neuronal cells [48]
Increased expression of IL-1β, IL-6, and IL-8
[48]
Enhanced release of microparticles capable of
autocrine induction of MCP-1 secretion as well
as cytotoxicity towards SH-SY5Y neuronal cells
[83]
Costimulation with IFN-γ induces IL-6 secretion
[48]
Upregulated expression of IL-6, IL-1β, and TNFα [74]
Upregulated expression of MCP-1, IL-1β, IL-6,
and TNF-α and increased IL-1β concentration
[74]
Upregulated expression of MCP-1, IL-1β, and
TNF-α and increased IL-1β concentration [74]

Although important in regulating homeostatic conditions, dysfunctional cardiolipin has been implicated in neurodegenerative disorders characterized by neurotoxic
inﬂammatory states, such as AD and PD [93, 113, 114]. More
speciﬁcally, it has been demonstrated that aging brains, particularly those aﬀected by AD and PD, have signiﬁcantly
lower levels of cardiolipin, as well as increased ROS production. Such elevated oxidative stress results in excessive peroxidation of cardiolipin, which can lead to substantial
modiﬁcation of its structure [89, 115–117]. Although the
exact mechanism by which peroxidation of cardiolipin
occurs is not fully understood, its structural alteration can
negatively aﬀect phospholipid-protein interactions and promote membrane lipid degradation, which hinders cardiolipin’s ability to eﬀectively regulate mitochondrial functions
[118–120]. The mitochondrial abnormalities associated with
altered cardiolipin structure include decreased respiratory
chain eﬃciency, impaired energy production, and excessive
ROS production, which lead to a further increase in oxidative
stress and contribute to the extensive cell death observed in
AD and PD brains [85, 86, 89, 121]. Additionally, it has been
demonstrated that decreased levels of cardiolipin are associated with CytC destabilization, reduced release of CytC from

the mitochondria, and disrupted interactions between cardiolipin and MtCK or tBid, all of which hinder eﬀective mitophagic and apoptotic processes [95, 103, 122]. Therefore, it
is evident that preserving the levels and structure of intracellular cardiolipin is crucial for maintaining its functions as a
regulator of CNS homeostasis. Meanwhile, extracellularly
released cardiolipin may act as a DAMP by regulating neuroimmune responses (Table 3). In both capacities, cardiolipin appears to be an important regulator of the chronic
neuroinﬂammatory state observed in neurodegenerative diseases, including AD and PD.

5. Conclusion
Due to the emerging role of impaired mitochondrial functioning in the pathogenesis of degenerative brain diseases,
including AD, PD, amyotrophic lateral sclerosis, and Huntington’s disease, it is critical to fully understand the roles
mitochondrial molecules play in the inﬂammatory processes
associated with these disorders. The purpose of this review
was to highlight CytC, TFAM, and cardiolipin and their
eﬀects as DAMPs on CNS functioning and pathology. By further understanding the mechanisms through which these
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Table 3: Eﬀects of extracellular cardiolipin on diﬀerent cell types.

Target cell
Murine RAW 264.7 macrophages
Primary murine microglia
Human THP-1 monocytic cells
Murine BV-2 microglial cells
Human promyelocytic HL-60 cells

molecules act, therapeutic targets may be revealed for the
treatment of neurodegenerative disorders characterized by
mitochondrial dysfunction, neuroinﬂammation, and extensive cell death.

Conflicts of Interest
The authors declare that there is no conﬂict of interests
regarding the publication of this paper.

Acknowledgments
This work was supported by grants from the Natural Sciences
and Engineering Research Council of Canada and the Jack
Brown and Family AD Research Foundation.

References
[1] M. Golpich, E. Amini, Z. Mohamed, R. Azman Ali,
N. Mohamed Ibrahim, and A. Ahmadiani, “Mitochondrial
dysfunction and biogenesis in neurodegenerative diseases:
pathogenesis and treatment,” CNS Neuroscience & Therapeutics, vol. 23, no. 1, pp. 5–22, 2017.
[2] E. Verdin, M. D. Hirschey, L. W. S. Finley, and M. C. Haigis,
“Sirtuin regulation of mitochondria: energy production, apoptosis, and signaling,” Trends in Biochemical Sciences, vol. 35,
no. 12, pp. 669–675, 2010.
[3] H. A. L. Tuppen, E. L. Blakely, D. M. Turnbull, and R. W.
Taylor, “Mitochondrial DNA mutations and human disease,”
Biochimica et Biophysica Acta (BBA) - Bioenergetics,
vol. 1797, no. 2, pp. 113–128, 2010.
[4] M. Morán, D. Moreno-Lastres, L. Marín-Buera, J. Arenas,
M. A. Martín, and C. Ugalde, “Mitochondrial respiratory
chain dysfunction: implications in neurodegeneration,” Free
Radical Biology and Medicine, vol. 53, no. 3, pp. 595–609,
2012.
[5] A. H. V. Schapira, J. M. Cooper, D. Dexter, J. B. Clark,
P. Jenner, and C. D. Marsden, “Mitochondrial complex I deﬁciency in Parkinson’s disease,” Journal of Neurochemistry,
vol. 54, no. 3, pp. 823–827, 1990.
[6] W. D. Parker Jr, S. J. Boyson, and J. K. Parks, “Abnormalities
of the electron transport chain in idiopathic Parkinson’s disease,” Annals of Neurology, vol. 26, no. 6, pp. 719–723, 1989.
[7] X. Wang, B. Su, H. Fujioka, and X. Zhu, “Dynamin-like protein 1 reduction underlies mitochondrial morphology and
distribution abnormalities in ﬁbroblasts from sporadic Alzheimer’s disease patients,” The American Journal of Pathology, vol. 173, no. 2, pp. 470–482, 2008.

Eﬀect
Upregulated phagocytic activity [92]
Upregulated phagocytic activity [109]
Attenuated IFN-γ-induced secretion of TNF-α [109]
Attenuated LPS-induced release of NO [109]
Attenuated LPS-primed NADPH oxidasedependent respiratory burst
leading to decreased ROS release [109]
[8] M. Hashimoto, E. Rockenstein, L. Crews, and E. Masliah,
“Role of protein aggregation in mitochondrial dysfunction
and neurodegeneration in Alzheimer’s and Parkinson’s diseases,” Neuromolecular Medicine, vol. 4, no. 1-2, pp. 21–36,
2003.
[9] J. Stephenson, E. Nutma, P. van der Valk, and S. Amor,
“Inﬂammation in CNS neurodegenerative diseases,” Immunology, vol. 154, no. 2, pp. 204–219, 2018.
[10] E. Solito and M. Sastre, “Microglia function in Alzheimer’s
disease,” Frontiers in Pharmacology, vol. 3, p. 14, 2012.
[11] Z. Cai, M. D. Hussain, and L. J. Yan, “Microglia, neuroinﬂammation, and beta-amyloid protein in Alzheimer’s disease,”
International Journal of Neuroscience, vol. 124, no. 5,
pp. 307–321, 2014.
[12] C. K. Combs, D. E. Johnson, J. C. Karlo, S. B. Cannady, and
G. E. Landreth, “Inﬂammatory mechanisms in Alzheimer’s
disease: inhibition of beta-amyloid-stimulated proinﬂammatory responses and neurotoxicity by PPARgamma agonists,”
The Journal of Neuroscience, vol. 20, no. 2, pp. 558–567, 2000.
[13] J. Zhang, A. Malik, H. B. Choi, R. W. Y. Ko, L. DissingOlesen, and B. A. MacVicar, “Microglial CR3 activation
triggers long-term synaptic depression in the hippocampus
via NADPH oxidase,” Neuron, vol. 82, no. 1, pp. 195–207,
2014.
[14] D. W. Moss and T. E. Bates, “Activation of murine microglial
cell lines by lipopolysaccharide and interferon-gamma causes
NO-mediated decreases in mitochondrial and cellular function,” The European Journal of Neuroscience, vol. 13, no. 3,
pp. 529–538, 2001.
[15] A. Klegeris, D. G. Walker, and P. L. McGeer, “Toxicity of
human THP-1 monocytic cells towards neuron-like cells is
reduced by non-steroidal anti-inﬂammatory drugs
(NSAIDs),” Neuropharmacology, vol. 38, no. 7, pp. 1017–
1025, 1999.
[16] P. Garcao, C. R. Oliveira, and P. Agostinho, “Comparative
study of microglia activation induced by amyloid-beta and
prion peptides: role in neurodegeneration,” Journal of Neuroscience Research, vol. 84, no. 1, pp. 182–193, 2006.
[17] D. Ferrari, P. Chiozzi, S. Falzoni, S. Hanau, and F. di Virgilio,
“Purinergic modulation of interleukin-1 beta release from
microglial cells stimulated with bacterial endotoxin,” The
Journal of Experimental Medicine, vol. 185, no. 3, pp. 579–
582, 1997.
[18] S. T. Dheen, Y. Jun, Z. Yan, S. S. W. Tay, and E. Ang Ling,
“Retinoic acid inhibits expression of TNF-alpha and iNOS
in activated rat microglia,” Glia, vol. 50, no. 1, pp. 21–31,
2005.
[19] H. M. Gao, H. Zhou, F. Zhang, B. C. Wilson, W. Kam, and
J. S. Hong, “HMGB1 acts on microglia Mac1 to mediate

8

[20]

[21]

[22]

[23]

[24]

[25]
[26]

[27]

[28]

[29]
[30]

[31]

[32]
[33]

[34]

[35]

Mediators of Inﬂammation
chronic neuroinﬂammation that drives progressive neurodegeneration,” The Journal of Neuroscience, vol. 31, no. 3,
pp. 1081–1092, 2011.
G. Srikrishna and H. H. Freeze, “Endogenous damageassociated molecular pattern molecules at the crossroads of
inﬂammation and cancer,” Neoplasia, vol. 11, no. 7,
pp. 615–628, 2009.
K. Hensley, “Neuroinﬂammation in Alzheimer’s disease:
mechanisms, pathologic consequences, and potential for
therapeutic manipulation,” Journal of Alzheimer's Disease,
vol. 21, no. 1, pp. 1–14, 2010.
K. L. Rock and H. Kono, “The inﬂammatory response to
cell death,” Annual Review of Pathology, vol. 3, pp. 99–
126, 2008.
D. L. Rosin and M. D. Okusa, “Dangers within: DAMP
responses to damage and cell death in kidney disease,” Journal of the American Society of Nephrology, vol. 22, no. 3,
pp. 416–425, 2011.
K. L. Rock, E. Latz, F. Ontiveros, and H. Kono, “The sterile
inﬂammatory response,” Annual Review of Immunology,
vol. 28, pp. 321–342, 2010.
J. Thundyil and K. L. Lim, “DAMPs and neurodegeneration,”
Ageing Research Reviews, vol. 24, Part A, pp. 17–28, 2015.
D. Yang, Q. Chen, H. Yang, K. J. Tracey, M. Bustin, and J. J.
Oppenheim, “High mobility group box-1 protein induces
the migration and activation of human dendritic cells and
acts as an alarmin,” Journal of Leukocyte Biology, vol. 81,
no. 1, pp. 59–66, 2007.
D. V. Krysko, P. Agostinis, O. Krysko et al., “Emerging role of
damage-associated molecular patterns derived from mitochondria in inﬂammation,” Trends in Immunology, vol. 32,
no. 4, pp. 157–164, 2011.
S. Grazioli and J. Pugin, “Mitochondrial damage-associated
molecular patterns: from inﬂammatory signaling to human
diseases,” Frontiers in Immunology, vol. 9, p. 832, 2018.
L. Sagan, “On the origin of mitosing cells,” Journal of Theoretical Biology, vol. 14, no. 3, pp. 255–274, 1967.
Q. Zhang, M. Raoof, Y. Chen et al., “Circulating mitochondrial DAMPs cause inﬂammatory responses to injury,”
Nature, vol. 464, no. 7285, pp. 104–107, 2010.
G. W. Bushnell, G. V. Louie, and G. D. Brayer, “High-resolution three-dimensional structure of horse heart cytochrome
c,” Journal of Molecular Biology, vol. 214, no. 2, pp. 585–
595, 1990.
D. S. Goodsell, “The molecular perspective: cytochrome C
and apoptosis,” Stem Cells, vol. 22, no. 3, pp. 428-429, 2004.
A. Atlante, P. Calissano, A. Bobba, A. Azzariti, E. Marra, and
S. Passarella, “Cytochrome c is released from mitochondria in
a reactive oxygen species (ROS)-dependent fashion and can
operate as a ROS scavenger and as a respiratory substrate in
cerebellar neurons undergoing excitotoxic death,” The Journal of Biological Chemistry, vol. 275, no. 47, pp. 37159–
37166, 2000.
V. E. Kagan, V. A. Tyurin, J. Jiang et al., “Cytochrome c acts
as a cardiolipin oxygenase required for release of proapoptotic factors,” Nature Chemical Biology, vol. 1, no. 4, pp. 223–
232, 2005.
M. Hüttemann, P. Pecina, M. Rainbolt et al., “The multiple
functions of cytochrome c and their regulation in life and
death decisions of the mammalian cell: from respiration to
apoptosis,” Mitochondrion, vol. 11, no. 3, pp. 369–381, 2011.

[36] R. K. Chaturvedi and M. Flint Beal, “Mitochondrial diseases
of the brain,” Free Radical Biology & Medicine, vol. 63,
pp. 1–29, 2013.
[37] N. Dragicevic, M. Mamcarz, Y. Zhu et al., “Mitochondrial
amyloid-β levels are associated with the extent of mitochondrial dysfunction in diﬀerent brain regions and the degree of
cognitive impairment in Alzheimer’s transgenic mice,” Journal of Alzheimer's Disease, vol. 20, Supplement 2, pp. S535–
S550, 2010.
[38] V. Rhein, X. Song, A. Wiesner et al., “Amyloid-beta and tau
synergistically impair the oxidative phosphorylation system
in triple transgenic Alzheimer’s disease mice,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 106, no. 47, pp. 20057–20062, 2009.
[39] R. Ren, Y. Zhang, B. Li, Y. Wu, and B. Li, “Eﬀect of β-amyloid
(25-35) on mitochondrial function and expression of mitochondrial permeability transition pore proteins in rat hippocampal neurons,” Journal of Cellular Biochemistry, vol. 112,
no. 5, pp. 1450–1457, 2011.
[40] B. Ahlemeyer, S. Klumpp, and J. Krieglstein, “Release of cytochrome c into the extracellular space contributes to neuronal
apoptosis induced by staurosporine,” Brain Research,
vol. 934, no. 2, pp. 107–116, 2002.
[41] R. Jemmerson, B. LaPlante, and A. Treeful, “Release of intact,
monomeric cytochrome c from apoptotic and necrotic cells,”
Cell Death and Diﬀerentiation, vol. 9, no. 5, pp. 538–548, 2002.
[42] J. Radhakrishnan, S. Wang, I. M. Ayoub, J. D. Kolarova, R. F.
Levine, and R. J. Gazmuri, “Circulating levels of cytochrome c
after resuscitation from cardiac arrest: a marker of mitochondrial injury and predictor of survival,” American Journal of
Physiology. Heart and Circulatory Physiology, vol. 292,
no. 2, pp. H767–H775, 2007.
[43] A. K. Au, R. K. Aneja, M. J. Bell et al., “Cerebrospinal ﬂuid
levels of high-mobility group box 1 and cytochrome C predict
outcome after pediatric traumatic brain injury,” Journal of
Neurotrauma, vol. 29, no. 11, pp. 2013–2021, 2012.
[44] R. Pullerits, M. Bokarewa, I. M. Jonsson, M. Verdrengh, and
A. Tarkowski, “Extracellular cytochrome c, a mitochondrial
apoptosis-related protein, induces arthritis,” Rheumatology
(Oxford), vol. 44, no. 1, pp. 32–39, 2005.
[45] R. Codina, A. Vanasse, A. Kelekar, V. Vezys, and
R. Jemmerson, “Cytochrome c-induced lymphocyte death
from the outside in: inhibition by serum leucine-rich alpha2-glycoprotein-1,” Apoptosis, vol. 15, no. 2, pp. 139–152,
2010.
[46] M. L. Lin, Y. Zhan, A. I. Proietto et al., “Selective suicide of
cross-presenting CD8+ dendritic cells by cytochrome c injection shows functional heterogeneity within this subset,” Proceedings of the National Academy of Sciences of the United
States of America, vol. 105, no. 8, pp. 3029–3034, 2008.
[47] A. Gouveia, E. Bajwa, and A. Klegeris, “Extracellular cytochrome c as an intercellular signaling molecule regulating
microglial functions,” Biochimica et Biophysica Acta,
vol. 1861, no. 9, pp. 2274–2281, 2017.
[48] J. P. Little, S. Simtchouk, S. M. Schindler et al., “Mitochondrial transcription factor A (Tfam) is a pro-inﬂammatory
extracellular signaling molecule recognized by brain microglia,” Molecular and Cellular Neurosciences, vol. 60, pp. 88–96,
2014.
[49] C. Zheng, X. W. Zhou, and J. Z. Wang, “The dual roles of
cytokines in Alzheimer’s disease: update on interleukins,

Mediators of Inﬂammation

[50]
[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

TNF-α, TGF-β and IFN-γ,” Translational Neurodegeneration, vol. 5, no. 1, p. 7, 2016.
G. C. Brown, “Nitric oxide and neuronal death,” Nitric Oxide,
vol. 23, no. 3, pp. 153–165, 2010.
G. C. Brown and J. J. Neher, “Inﬂammatory neurodegeneration and mechanisms of microglial killing of neurons,”
Molecular Neurobiology, vol. 41, no. 2-3, pp. 242–247,
2010.
D. Tang, R. Kang, C. B. Coyne, H. J. Zeh, and M. T. Lotze,
“PAMPs and DAMPs: signal 0s that spur autophagy and
immunity,” Immunological Reviews, vol. 249, no. 1,
pp. 158–175, 2012.
C. J. Chen, H. Kono, D. Golenbock, G. Reed, S. Akira, and
K. L. Rock, “Identiﬁcation of a key pathway required for the
sterile inﬂammatory response triggered by dying cells,”
Nature Medicine, vol. 13, no. 7, pp. 851–856, 2007.
M. Heil and W. G. Land, “Danger signals – damaged-self recognition across the tree of life,” Frontiers in Plant Science,
vol. 5, p. 578, 2014.
M. A. D. van Zoelen, H. Yang, S. Florquin et al., “Role of tolllike receptors 2 and 4, and the receptor for advanced glycation end products in high-mobility group box 1-induced
inﬂammation in vivo,” Shock, vol. 31, no. 3, pp. 280–284,
2009.
L. Li, K. Chen, Y. Xiang et al., “New development in studies of
formyl-peptide receptors: critical roles in host defense,” Journal of Leukocyte Biology, vol. 99, no. 3, pp. 425–435, 2016.
A. Ahmad, R. Crupi, M. Campolo, T. Genovese, E. Esposito,
and S. Cuzzocrea, “Absence of TLR4 reduces neurovascular
unit and secondary inﬂammatory process after traumatic
brain injury in mice,” PLoS One, vol. 8, no. 3, article
e57208, 2013.
R. Bianchi, E. Kastrisianaki, I. Giambanco, and R. Donato,
“S100B protein stimulates microglia migration via RAGEdependent up-regulation of chemokine expression and
release,” The Journal of Biological Chemistry, vol. 286, no. 9,
pp. 7214–7226, 2011.
C. T. Campbell, J. E. Kolesar, and B. A. Kaufman, “Mitochondrial transcription factor A regulates mitochondrial transcription initiation, DNA packaging, and genome copy
number,” Biochimica et Biophysica Acta, vol. 1819, no. 9-10,
pp. 921–929, 2012.
D. F. Bogenhagen, D. Rousseau, and S. Burke, “The layered structure of human mitochondrial DNA nucleoids,”
Journal of Biological Chemistry, vol. 283, no. 6, pp. 3665–
3675, 2008.
A. Rubio-Cosials and M. Sola, “U-turn DNA bending by
human mitochondrial transcription factor A,” Current Opinion in Structural Biology, vol. 23, no. 1, pp. 116–124, 2013.
B. M. Hallberg and N. G. Larsson, “TFAM forces mtDNA to
make a U-turn,” Nature Structural & Molecular Biology,
vol. 18, no. 11, pp. 1179–1181, 2011.
H. Yang, D. J. Antoine, U. Andersson, and K. J. Tracey, “The
many faces of HMGB1: molecular structure-functional activity in inﬂammation, apoptosis, and chemotaxis,” Journal of
Leukocyte Biology, vol. 93, no. 6, pp. 865–873, 2013.
P. Fang, M. Schachner, and Y. Q. Shen, “HMGB1 in development and diseases of the central nervous system,” Molecular
Neurobiology, vol. 45, no. 3, pp. 499–506, 2012.
H. S. Hreggvidsdottir, T. Östberg, H. Wähämaa et al., “The
alarmin HMGB1 acts in synergy with endogenous and

9

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

exogenous danger signals to promote inﬂammation,” Journal
of Leukocyte Biology, vol. 86, no. 3, pp. 655–662, 2009.
J. Li, R. Kokkola, S. Tabibzadeh et al., “Structural basis for the
proinﬂammatory cytokine activity of high mobility group
box 1,” Molecular Medicine, vol. 9, no. 1-2, pp. 37–45, 2003.
A. Rouhiainen, S. Tumova, L. Valmu, N. Kalkkinen, and
H. Rauvala, “Pivotal advance: analysis of proinﬂammatory
activity of highly puriﬁed eukaryotic recombinant HMGB1
(amphoterin),” Journal of Leukocyte Biology, vol. 81, no. 1,
pp. 49–58, 2007.
W. W. Chaung, R. Wu, Y. Ji, W. Dong, and P. Wang, “Mitochondrial transcription factor A is a proinﬂammatory mediator in hemorrhagic shock,” International Journal of
Molecular Medicine, vol. 30, no. 1, pp. 199–203, 2012.
M. W. Julian, G. Shao, S. Bao et al., “Mitochondrial transcription factor A serves as a danger signal by augmenting plasmacytoid dendritic cell responses to DNA,” Journal of
Immunology, vol. 189, no. 1, pp. 433–443, 2012.
E. D. Crouser, G. Shao, M. W. Julian et al., “Monocyte activation by necrotic cells is promoted by mitochondrial proteins
and formyl peptide receptors,” Critical Care Medicine,
vol. 37, no. 6, pp. 2000–2009, 2009.
M. W. Julian, G. Shao, Z. C. VanGundy, T. L. Papenfuss, and
E. D. Crouser, “Mitochondrial transcription factor A, an
endogenous danger signal, promotes TNFα release via
RAGE- and TLR9-responsive plasmacytoid dendritic cells,”
PLoS One, vol. 8, no. 8, article e72354, 2013.
K. S. P. Lai, C. S. Liu, A. Rau et al., “Peripheral inﬂammatory
markers in Alzheimer’s disease: a systematic review and
meta-analysis of 175 studies,” Journal of Neurology, Neurosurgery, and Psychiatry, vol. 88, no. 10, pp. 876–882, 2017.
Y. Sha, J. Zmijewski, Z. Xu, and E. Abraham, “HMGB1
develops enhanced proinﬂammatory activity by binding to
cytokines,” Journal of Immunology, vol. 180, no. 4,
pp. 2531–2537, 2008.
S. M. Schindler, M. G. Frank, J. L. Annis, S. F. Maier, and
A. Klegeris, “Pattern recognition receptors mediate proinﬂammatory eﬀects of extracellular mitochondrial transcription factor A (TFAM),” Molecular and Cellular Neurosciences, vol. 89, pp. 71–79, 2018.
G. Ramesh, A. G. MacLean, and M. T. Philipp, “Cytokines
and chemokines at the crossroads of neuroinﬂammation,
neurodegeneration, and neuropathic pain,” Mediators of
Inﬂammation, vol. 2013, Article ID 480739, 20 pages,
2013.
G. Yang, Y. Meng, W. Li et al., “Neuronal MCP-1 mediates
microglia recruitment and neurodegeneration induced by
the mild impairment of oxidative metabolism,” Brain Pathology, vol. 21, no. 3, pp. 279–297, 2011.
C. Frühbeis, D. Fröhlich, W. P. Kuo, and E. M. KrämerAlbers, “Extracellular vesicles as mediators of neuron-glia
communication,” Frontiers in Cellular Neuroscience, vol. 7,
p. 182, 2013.
F. Bianco, C. Perrotta, L. Novellino et al., “Acid sphingomyelinase activity triggers microparticle release from glial cells,”
The EMBO Journal, vol. 28, no. 8, pp. 1043–1054, 2009.
E. Colombo, B. Borgiani, C. Verderio, and R. Furlan, “Microvesicles: novel biomarkers for neurological disorders,” Frontiers in Physiology, vol. 3, p. 63, 2012.
A.-M. Marzesco, P. Janich, M. Wilsch-Bräuninger et al.,
“Release of extracellular membrane particles carrying the

10

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

Mediators of Inﬂammation
stem cell marker prominin-1 (CD133) from neural progenitors and other epithelial cells,” Journal of Cell Science,
vol. 118, no. 13, pp. 2849–2858, 2005.
S. M. Schindler, J. P. Little, and A. Klegeris, “Microparticles: a
new perspective in central nervous system disorders,”
BioMed Research International, vol. 2014, Article ID
756327, 17 pages, 2014.
B. György, T. G. Szabó, M. Pásztói et al., “Membrane vesicles,
current state-of-the-art: emerging role of extracellular vesicles,” Cellular and Molecular Life Sciences, vol. 68, no. 16,
pp. 2667–2688, 2011.
S. M. Schindler, E. Bajwa, J. P. Little, and A. Klegeris, “Possible role of microparticles in neuroimmune signaling of
microglial cells,” Neuroimmunology and Neuroinﬂammation,
vol. 3, no. 10, pp. 232–242, 2016.
D. J. Mancuso, P. Kotzbauer, D. F. Wozniak et al., “Genetic
ablation of calcium-independent phospholipase A2γ leads to
alterations in hippocampal cardiolipin content and molecular
species distribution, mitochondrial degeneration, autophagy,
and cognitive dysfunction,” The Journal of Biological Chemistry, vol. 284, no. 51, pp. 35632–35644, 2009.
G. Petrosillo, M. Matera, G. Casanova, F. Ruggiero, and
G. Paradies, “Mitochondrial dysfunction in rat brain with
aging: involvement of complex I, reactive oxygen species
and cardiolipin,” Neurochemistry International, vol. 53,
no. 5, pp. 126–131, 2008.
S. Pope, J. M. Land, and S. J. R. Heales, “Oxidative stress and
mitochondrial dysfunction in neurodegeneration; cardiolipin
a critical target?,” Biochimica et Biophysica Acta (BBA) - Bioenergetics, vol. 1777, no. 7-8, pp. 794–799, 2008.
G. Paradies, V. Paradies, V. de Benedictis, F. M. Ruggiero, and
G. Petrosillo, “Functional role of cardiolipin in mitochondrial
bioenergetics,” Biochimica et Biophysica Acta (BBA) - Bioenergetics, vol. 1837, no. 4, pp. 408–417, 2014.
E. M. Mejia, H. Nguyen, and G. M. Hatch, “Mammalian cardiolipin biosynthesis,” Chemistry and Physics of Lipids,
vol. 179, pp. 11–16, 2014.
A. J. Chicco and G. C. Sparagna, “Role of cardiolipin alterations in mitochondrial dysfunction and disease,” American
Journal of Physiology. Cell Physiology, vol. 292, no. 1,
pp. C33–C44, 2007.
M. Sathappa and N. N. Alder, “The ionization properties of
cardiolipin and its variants in model bilayers,” Biochimica et
Biophysica Acta, vol. 1858, no. 6, pp. 1362–1372, 2016.
M. Schlame, D. Rua, and M. L. Greenberg, “The biosynthesis
and functional role of cardiolipin,” Progress in Lipid Research,
vol. 39, no. 3, pp. 257–288, 2000.
K. Balasubramanian, A. Maeda, J. S. Lee et al., “Dichotomous
roles for externalized cardiolipin in extracellular signaling:
promotion of phagocytosis and attenuation of innate immunity,” Science Signaling, vol. 8, no. 395, article ra95, 2015.
C. B. Pointer and A. Klegeris, “Cardiolipin in central nervous
system physiology and pathology,” Cellular and Molecular
Neurobiology, vol. 37, no. 7, pp. 1161–1172, 2017.
C. T. Chu, J. Ji, R. K. Dagda et al., “Cardiolipin externalization
to the outer mitochondrial membrane acts as an elimination
signal for mitophagy in neuronal cells,” Nature Cell Biology,
vol. 15, no. 10, pp. 1197–1205, 2013.
J. B. McMillin and W. Dowhan, “Cardiolipin and apoptosis,”
Biochimica et Biophysica Acta, vol. 1585, no. 2-3, pp. 97–107,
2002.

[96] X. X. Li, B. Tsoi, Y. F. Li, H. Kurihara, and R. R. He, “Cardiolipin and its diﬀerent properties in mitophagy and apoptosis,” The Journal of Histochemistry and Cytochemistry,
vol. 63, no. 5, pp. 301–311, 2015.
[97] U. Schlattner, M. Tokarska-Schlattner, S. Ramirez et al.,
“Mitochondrial kinases and their molecular interaction with
cardiolipin,” Biochimica et Biophysica Acta, vol. 1788,
no. 10, pp. 2032–2047, 2009.
[98] M. Garcia Fernandez, L. Troiano, L. Moretti et al., “Early
changes in intramitochondrial cardiolipin distribution during apoptosis,” Cell Growth & Diﬀerentiation, vol. 13, no. 9,
pp. 449–455, 2002.
[99] C. T. Chu, H. Bayır, and V. E. Kagan, “LC3 binds externalized
cardiolipin on injured mitochondria to signal mitophagy in
neurons: implications for Parkinson disease,” Autophagy,
vol. 10, no. 2, pp. 376–378, 2014.
[100] Y. Hong, J. Muenzner, S. K. Grimm, and E. V. Pletneva, “Origin of the conformational heterogeneity of cardiolipin-bound
cytochrome C,” Journal of the American Chemical Society,
vol. 134, no. 45, pp. 18713–18723, 2012.
[101] M. D. Esposti, I. M. Cristea, S. J. Gaskell, Y. Nakao, and
C. Dive, “Proapoptotic Bid binds to monolysocardiolipin, a
new molecular connection between mitochondrial membranes and cell death,” Cell Death and Diﬀerentiation,
vol. 10, no. 12, pp. 1300–1309, 2003.
[102] T. H. Kim, Y. Zhao, W. X. Ding et al., “Bid-cardiolipin interaction at mitochondrial contact site contributes to mitochondrial cristae reorganization and cytochrome C release,”
Molecular Biology of the Cell, vol. 15, no. 7, pp. 3061–3072,
2004.
[103] W. X. Ding and X. M. Yin, “Mitophagy: mechanisms, pathophysiological roles, and analysis,” Biological Chemistry,
vol. 393, no. 7, pp. 547–564, 2012.
[104] A. Nakajima, H. Kurihara, H. Yagita, K. Okumura, and
H. Nakano, “Mitochondrial extrusion through the cytoplasmic vacuoles during cell death,” Journal of Biological Chemistry, vol. 283, no. 35, pp. 24128–24135, 2008.
[105] M. Sorice, A. Circella, I. M. Cristea et al., “Cardiolipin and its
metabolites move from mitochondria to other cellular membranes during death receptor-mediated apoptosis,” Cell
Death and Diﬀerentiation, vol. 11, no. 10, pp. 1133–1145,
2004.
[106] M. Sorice, A. Circella, R. Misasi et al., “Cardiolipin on the surface of apoptotic cells as a possible trigger for antiphospholipids antibodies,” Clinical and Experimental Immunology,
vol. 122, no. 2, pp. 277–284, 2000.
[107] K. Chakraborty, M. Raundhal, B. B. Chen et al., “The mitoDAMP cardiolipin blocks IL-10 production causing persistent inﬂammation during bacterial pneumonia,” Nature
Communications, vol. 8, p. 13944, 2017.
[108] W. Ouyang, S. Rutz, N. K. Crellin, P. A. Valdez, and S. G.
Hymowitz, “Regulation and functions of the IL-10 family of
cytokines in inﬂammation and disease,” Annual Review of
Immunology, vol. 29, pp. 71–109, 2011.
[109] C. B. Pointer, T. J. Wenzel, and A. Klegeris, “Extracellular
cardiolipin regulates select immune functions of microglia
and microglia-like cells,” Brain Research Bulletin, vol. 146,
pp. 153–163, 2019.
[110] R. Fu, Q. Shen, P. Xu, J. J. Luo, and Y. Tang, “Phagocytosis of
microglia in the central nervous system diseases,” Molecular
Neurobiology, vol. 49, no. 3, pp. 1422–1434, 2014.

Mediators of Inﬂammation
[111] M. Prinz and J. Priller, “The role of peripheral immune cells
in the CNS in steady state and disease,” Nature Neuroscience,
vol. 20, no. 2, pp. 136–144, 2017.
[112] S. Gordon, “Phagocytosis: an immunobiologic process,”
Immunity, vol. 44, no. 3, pp. 463–475, 2016.
[113] V. F. Monteiro-Cardoso, M. M. Oliveira, T. Melo et al., “Cardiolipin proﬁle changes are associated to the early synaptic
mitochondrial dysfunction in Alzheimer’s disease,” Journal
of Alzheimer's Disease, vol. 43, no. 4, pp. 1375–1392, 2015.
[114] S. Ghio, F. Kamp, R. Cauchi, A. Giese, and N. Vassallo,
“Interaction of α-synuclein with biomembranes in Parkinson’s disease —role of cardiolipin,” Progress in Lipid
Research, vol. 61, pp. 73–82, 2016.
[115] D. Fang, Z. Zhang, H. Li et al., “Increased electron paramagnetic resonance signal correlates with mitochondrial dysfunction and oxidative stress in an Alzheimer’s disease mouse
brain,” Journal of Alzheimer's Disease, vol. 51, no. 2,
pp. 571–580, 2016.
[116] C. Zhou, Y. Huang, and S. Przedborski, “Oxidative stress in
Parkinson’s disease: a mechanism of pathogenic and therapeutic signiﬁcance,” Annals of the New York Academy of Sciences, vol. 1147, no. 1, pp. 93–104, 2008.
[117] F. M. Ruggiero, F. Cafagna, V. Petruzzella, M. N. Gadaleta,
and E. Quagliariello, “Lipid composition in synaptic and
nonsynaptic mitochondria from rat brains and eﬀect of
aging,” Journal of Neurochemistry, vol. 59, no. 2, pp. 487–
491, 1992.
[118] B. H. Bielski, R. L. Arudi, and M. W. Sutherland, “A study of
the reactivity of HO2/O2- with unsaturated fatty acids,” The
Journal of Biological Chemistry, vol. 258, no. 8, pp. 4759–
4761, 1983.
[119] M. Ott, V. Gogvadze, S. Orrenius, and B. Zhivotovsky, “Mitochondria, oxidative stress and cell death,” Apoptosis, vol. 12,
no. 5, pp. 913–922, 2007.
[120] G. Paradies, G. Petrosillo, V. Paradies, and F. M. Ruggiero,
“Mitochondrial dysfunction in brain aging: role of oxidative
stress and cardiolipin,” Neurochemistry International,
vol. 58, no. 4, pp. 447–457, 2011.
[121] G. Paradies, G. Petrosillo, V. Paradies, and F. M. Ruggiero,
“Role of cardiolipin peroxidation and Ca2+ in mitochondrial
dysfunction and disease,” Cell Calcium, vol. 45, no. 6,
pp. 643–650, 2009.
[122] M. Lutter, M. Fang, X. Luo, M. Nishijima, X. S. Xie, and
X. Wang, “Cardiolipin provides speciﬁcity for targeting of
tBid to mitochondria,” Nature Cell Biology, vol. 2, no. 10,
pp. 754–756, 2000.

11

