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    Chapter 5   
 Mitochondrial Signaling 
and Neurodegeneration                     

       Martin     Picard       and     Meagan     J.     McManus    

    Abstract     The endosymbiosis of mitochondria and the resulting increase in energy 
supply thus conferred upon the eukaryotic cell enabled the evolution of multicellu-
lar organisms and complex organs, such as the brain. As a result, the brain and other 
organs with high energy demands, depend heavily upon mitochondrial metabolism 
for normal function, and as a consequence, defects in mitochondrial function lead to 
neurodegenerative disorders. However, the mechanisms linking mitochondrial 
defects to hallmarks of neurodegeneration, such as the protein aggregates are also 
extracellular epigenetic alterations, abnormal gene expression, systemic infl amma-
tion, and protein aggregates, remain unclear. 

 Emerging evidence demonstrates that mitochondria are not only power- generating 
organelles, but also engage in signaling at multiple levels. During the bioenergetic decline 
associated with aging, dysfunctional mitochondria generate signals of stress (SOS) that 
can trigger and/or amplify neurodegenerative processes. In this chapter, we describe 
emerging mechanisms for mitochondrial signaling at four different levels. Mitochondria 
communicate (1) with each other via fusion and specialized inter-mitochondrial junc-
tions, (2) with cytoplasmic components via posttranslational modifi cations that shift sig-
naling pathways and promote protein aggregation, (3) with the nucleus to regulate 
epigenetic modifi cations and gene expression, and (4) with the systemic environment 
where they alter neuroendocrine and infl ammatory processes that impact neuronal func-
tion. The relevance of mitochondrial signaling to neurodegeneration is discussed.  
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5.1       Introduction 

 Mitochondria evolved from an α-proteobacterium engulfed by the proto-eukary-
otic cell over 1.5 billion years ago [ 1 ]. The endosymbiosis of this aerobic bacte-
rium was a turning point in the evolution of complex life, with the larger amount 
of energy afforded by mitochondrial oxidative phosphorylation (OXPHOS), 
enabling the regulation of a complex genome comprised of >25,000 genes [ 2 ]. 
This biologically unprecedented marriage of OXPHOS with complex genetic 
material culminated in the development of multicellular organisms, tissues, and 
interdependent organ systems [ 3 ]. The brain, with its unparalleled structural and 
functional complexity, exemplifi es the product of multicellular evolution enabled 
by mitochondria. Likely as a result of this evolutionary interdependence, the 
structure and function of the brain and of its constituent neurons are closely 
linked to energy metabolism in general, and to mitochondrial function in 
particular. 

 Unlike the traditional “powerhouse of the cell” concept would suggest, the role 
of mitochondria is not limited to energy production. As benefi cial symbionts, mito-
chondria perform several other “non-energetic” (i.e., other than ATP synthesis) 
functions that impact cell function and fate. These crucial functions include, but are 
not limited to, calcium (Ca 2+ ) uptake and release that regulates energy production 
itself [ 4 ], intracellular signaling and vesicular endocytosis [ 5 ], and cell death [ 6 ]; 
reactive oxygen species (ROS) production to alter gene expression and protein func-
tion [ 7 ,  8 ]; macromolecule biosynthesis including heme, hormones, and purines/
pyrimidines to enable cell growth and replication [ 9 ]; and the balance of specifi c 
cell death effectors [ 10 ]. 

 Not unlike their bacterial ancestors that communicate and behave as colonies 
through regulated processes of quorum sensing [ 11 – 14 ], mitochondria participate in 
signaling at a number of levels.  Signaling  is defi ned as  the exchange of information 
between two compartments ,  involving transmission and / or reception of a chemical 
or molecular signal . In this chapter, we consider mitochondrial signaling at four 
levels (Fig.  5.1 ).

   First, we describe evidence of chemical and physical communication within 
the mitochondrial network. Second, we discuss how mitochondrial signals of 
stress (SOS) control the intracellular environment of the aging brain and alter 
protein function and folding in the cytoplasm. Third, mitochondrial signals that 
shift the epigenetic landscape in the nucleus and infl uence gene expression are 
discussed. Finally, we present emerging evidence that mitochondria exert sys-
temic effects, in part via modulation of the immune and neuroendocrine networks 
relevant to the pathophysiology of neurodegenerative diseases. Overall, the 
emerging picture is one where mitochondria behave as signaling hubs, dynami-
cally integrating endogenous and environmental factors to dictate neurological 
health by communicating with each other, within other cellular compartments, 
and systemically.  
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5.2     Mitochondria: Inter-mitochondrial Signaling 

 Within the cell cytoplasm, mitochondria interact with each other and engage in 
mitochondria-mitochondria signaling via a number of mechanisms. The fi eld of 
research around inter-organellar signaling being relatively recent, some caveats 
must be pointed out as we discuss it in the context of neuronal dysfunction and the 
brain. Some of the mechanisms described in this section such as the inter- 
mitochondrial junctions (IMJs) have been reported in neurons, yet their functional 
relevance to neuronal pathophysiology is still a matter of speculation. In contrast, 
mitochondrial fusion as a means of exchanging molecular information has been 
extensively investigated in neurons and its involvement in neurodegeneration 
reviewed elsewhere (see Chap.   7    ). In different cell types, mitochondrial signaling 
involves the release of diffusible signals such as ROS, Ca 2+ , and apoptotic inducers, 
which propagate in a wavelike fashion through the mitochondrial network [ 15 – 17 ]. 
These mechanisms have been identifi ed and investigated mostly in certain cell types 
(e.g., cardiomyocytes), but may also occur to some extent in neurons. Thus, these 
mechanisms will not be discussed here. 

  Fig. 5.1    Overview of mitochondrial signaling at four different levels. (1) Mitochondria exchange 
information with each other via inter-organelle fusion, the release of soluble mediators, and inter- 
mitochondrial junctions (IMJs) (see [ 38 ] for details). (2) Mitochondrial redox signaling shifts sig-
nal transduction pathways in the cytoplasm by modifying redox-sensitive amino acids and altering 
the activity of kinases, phosphatases, and proteases. (3) Mitochondrial metabolic intermediates 
and ROS travel to the nucleus where they impact epigenetic and transcriptional processes that alter 
gene expression profi les. (4) Mitochondria release signals that travel to the systemic circulation, 
infl uencing the behavior of surrounding cells and tissues, and the physiological function of neuro-
endocrine, cardiovascular, and nervous systems that indirectly feedback onto the brain to impact 
neuronal structure and function, and contribute to neurodegeneration       
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 This section focuses on two major mechanisms for inter-mitochondrial communi-
cation: (i) molecular exchange through mitochondrial fusion and (ii) communication 
through inter-mitochondrial junctions (IMJs) that connect adjacent mitochondria. 

5.2.1     Mitochondria-Mitochondria Signaling Through Fusion 
and Molecular Exchanges 

 Mitochondria continuously change their size, shape, and cristae architecture [ 18 ], 
which allows them to adapt to the fl uctuating demands of their cellular environment 
and react with the appropriate signal [ 19 ]. Whereas mitochondrial fusion appears 
important to preserve OXPHOS and prevent cell death during starvation [ 20 ], cris-
tae remodeling may impact bioenergetic effi ciency by enhancing respiratory super-
complex formation [ 21 ]. Mitochondrial cristae remodeling also regulates the release 
of mitochondrial SOS, including proapoptotic signals (reviewed in [ 18 ]). 
Furthermore, mitochondrial fusion and its reciprocal process of fi ssion are neces-
sary to maintain mitochondrial DNA (mtDNA) integrity and renew distal mitochon-
dria for proper synaptic function [ 22 ,  23 ]. 

 In addition to impacting intrinsic functional properties of mitochondria, the 
dynamic process of mitochondrial fusion is critical for the exchange of proteins and 
mtDNA among the mitochondrial network. Mitochondria contain >1,000 proteins 
that are normally distributed throughout the mitochondrial network within the cyto-
plasm. Ablation of the profusion factors mitofusin 1 and 2 and (Mfn1/Mfn2) leads 
to substantial protein heterogeneity among the mitochondrial network, with some 
mitochondria preferentially accumulating certain proteins and lacking others [ 24 ]. 
Protein heterogeneity is a distinguishing feature in neurons, with the proteome of 
synaptic and non-synaptic mitochondria differing by about 20 % [ 25 ]. However, the 
signifi cance of selective fusion and fi ssion in mitochondrial protein distribution for 
proper neuronal function, and the relevance to neurodegeneration, remains unknown. 

 Mitochondrial dynamics also contributes to mitochondrial axonal traffi cking, the 
process by which mitochondria commute toward and away from synaptic terminals 
[ 26 ]. Because mitochondria constantly generate signals, the act of transporting 
mitochondria from one cellular compartment (e.g., cell body) to another (e.g., syn-
aptic terminal) should be regarded as a form of intracellular signaling. 

 Importantly, mitochondrial fusion also results in the exchange of genetic mate-
rial from neighboring mitochondria. In the context of mtDNA heteroplasmy, i.e., 
when some mitochondria contain mtDNA mutations and others have normal 
mtDNA, the mixing of mitochondrial contents through fusion enables functional 
complementation of gene products, thus maintaining mitochondrial homeostasis 
despite the presence of mitochondrial defects [ 27 ]. Mitochondrial functional com-
plementation in heteroplasmic cells does not occur with “kiss-and-run” contact, but 
requires fusion via both Mfn2 (outer mitochondrial membrane fusion) and optic 
atrophy 1 (OPA1) (fusion of the inner membrane) and exchange of DNA nucleoids, 
although mtDNA transcription/translation appears dispensable [ 28 ]. Mitochondrial 
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fusion also prevents severe heterogeneity in membrane potential among cells with 
mtDNA heteroplasmy [ 28 ]. Fusion-dependent mtDNA exchange can be regarded as 
a “stable” form of inter-mitochondrial signaling, where the normal mtDNA trans-
mitted through fusion acts as the signal that promotes normal respiratory chain 
function among a mutant mtDNA bearing mitochondrion. Beyond permitting 
mtDNA exchange, mitochondrial fusion also appears essential to preserve mtDNA 
integrity, since mtDNA mutations accumulate in the absence of mitochondrial 
fusion [ 24 ]. 

 As evidence that mitochondria-mitochondria signaling via membrane fusion is 
important in the context of neurodegeneration, ablation of mitofusins in the mouse 
promotes cell loss and cerebellar neurodegeneration [ 22 ]. In humans, a growing list 
of mutations in genes encoding the machinery necessary for mitochondrial fusion 
and cristae remodeling cause neurological disease affecting both the central and 
peripheral nervous systems [ 29 ].  

5.2.2     Mitochondria-Mitochondria Signaling via Inter- 
mitochondrial Junctions 

 Even in the absence of fusion, electrochemical information can be passed from one 
mitochondrion to its neighbor(s) [ 30 ]. This form of signaling was originally described 
in cardiomyocytes [ 31 ] and more recently skeletal muscle [ 32 ], constituting the basis 
for the “cable” theory. Elongated “mitochondrial cables” extending up to >30 um have 
also been reported in dendrites of hippocampal neurons [ 33 ,  34 ]. This theory of cables 
stipulates that mitochondria behave as electrically coupled conduits that carry informa-
tion about their electrical charge (membrane potential) throughout the mitochondrial 
network of a cell [ 35 ]. In various cell types such as cardiomyocytes, where mitochon-
drial membrane potential may spontaneously oscillate over time, clusters of physically 
juxtaposed mitochondria exhibit a substantial degree of coordination [ 36 ,  37 ], reveal-
ing the existence of inter- mitochondrial signaling without mitochondrial fusion. 

 Studies in the 1980s suggested the existence of physical structures connecting 
electrically coupled mitochondria in cardiomyocytes, termed  inter - mitochondrial 
junctions  (IMJs) [ 31 ]. Closer quantitative examination of IMJs by electron tomog-
raphy, which provides substantial spatial resolution and three dimensionality, 
revealed the presence of structures characterized by enhanced electron density and 
physical tethering of juxtaposed mitochondria through a <10-nm gap [ 38 ]. These 
gap junction-like IMJs are evolutionary conserved from mollusk to mammal and 
inducible by the physical rapprochement of adjacent mitochondria through a syn-
thetic linker molecular system [ 38 ]. More interestingly in the context of signaling is 
that cristae organization is altered at IMJs. When two mitochondria are joined by an 
IMJ, cristae from both mitochondria become coordinated in space, often exhibiting 
substantial deformation and bending to achieve near-perfect alignment [ 38 ]. 

 Similar to synapses in the brain (which regulate the exchange of information from 
one cell to another), IMJs appear dynamically strengthened or weakened based on 
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their activity. For example, presynaptic terminals of more metabolically demanding, 
tonic synapses contain more IMJs than phasic synapses that exhibit more temporally 
spaced fi rings in the brain [ 39 ]. Evidence from a different tissue, skeletal muscle, 
also indicates that low energy requirements during inactivity tend to reduce the num-
ber of IMJs [ 40 ], while exercise increases their numbers [ 41 ], indicating a certain 
level of IMJ plasticity. The transmitochondrial coordination of cristae represents the 
fi rst physical demonstration of inter-mitochondrial signaling, but the functional sig-
nifi cance for the brain, neurons, or mitochondria themselves remains unclear.   

5.3     Mitochondria: Cellular Signaling 

 Mitochondria generate diffusible signals that are transmitted – or communicated – 
to both the cytoplasm and the cell nucleus. Many of these diffusible signals are 
propagated by redox-based posttranslational reactions that alter signal transduction 
pathways and protein processing in the cytoplasm, and activate transcription factors 
that translocate to the nucleus. In addition, mitochondrial signals, such as metabolic 
intermediates, are the epigenetic language that directs chromatin accessibility. This 
section discusses mitochondrial signaling to both cytoplasmic and nuclear compart-
ments and the relevance of mitochondrial signals of stress (SOS) in neurodegenera-
tive pathogenesis (Fig.  5.2 ).

  Fig. 5.2    Mitochondrial signals of stress: from mitochondrial dysfunction to neurodegenerative 
disease. Common stressors such as aging, psychological and metabolic stress, and exposure to 
toxins cause mitochondrial dysfunction and aberrant morphology, including donut-shaped mito-

chondria (    ). Mitochondria respond by sending signals of stress (SOS), which induce defi ned 
molecular changes within the cytoplasm and nucleus that directly contribute to the established 
hallmarks of neurodegenerative disease, including protein aggregates and transcriptional dysregu-
lation.  OXPHOS  oxidative phosphorylation,  Cyt c  cytochrome  c ,  PTMs  posttranslational modifi ca-
tions,  NFTs  neurofi brillary tangles,  LBs  Lewy bodies       
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5.3.1       Mitochondrial Bioenergetics and Redox Signaling 

 Mitochondrial redox chemistry is not only central to the production of ATP by 
OXPHOS, but also a critical means by which mitochondria communicate to the 
nucleus, regulate enzymatic activity, control cell death, and stimulate the immune 
system. During OXPHOS, up to 2 % of the electrons leak to molecular oxygen and 
produce the superoxide radical (O 2  ·− ) [ 8 ]. The mitochondrial matrix antioxidant, man-
ganese superoxide dismutase (MnSOD), converts O 2  ·−  to hydrogen peroxide (H 2 O 2 ), 
which may act as a signaling molecule in the cytosol/nucleus or generate more toxic 
ROS, such as the hydroxyl radical ( · OH). The majority of mitochondrial ROS 
(mtROS) are produced by the OXPHOS complexes I and III, but other mitochondrial 
enzymes such as NADPH oxidase-4 (Nox4), monoamine oxidases (MAOs), and 
some TCA cycle enzymes are also important in neural redox regulation [ 7 ,  42 ]. 

 While mtROS are often viewed as indiscriminate molecular villains, they are in 
fact mitochondrial signaling molecules that produce a wide range of physiological 
effects dependent on the cellular context in which they are produced. Low levels of 
mtROS can induce gene expression changes to preserve mitochondrial function dur-
ing stress, such as those that extend the lifespan of  C. elegans  [ 43 ]. Physiologically 
appropriate fl uctuations in mtROS modulate the redox status of the mitochondria 
and the cell via several key redox couples: NADPH/NADP + , NADH/NAD + , thiore-
doxins 1 and 2 (Trx 1 and Trx2) (SH) 2 /SS, glutathione (GSH/GSSG), and cysteine/
cysteine (CyS/CySS) [ 44 ]. These redox nodes are interconnected within and 
between cellular compartments. For instance, the mitochondrial and cytoplasmic 
NADH/NAD +  redox states are linked via the activity of the malate/aspartate 
NAD(H) and α-glycerophosphate shuttles, which may be particularly important in 
neurons and less so in astrocytes [ 45 ]. Transient opening of the mitochondrial per-
meability transition pore (PTP) can also rapidly release NAD +  and NADH into the 
cytoplasm [ 46 ], although the functional signifi cance of this mechanism in the brain 
remains unclear. 

 The intramitochondrial redox state is intimately coupled to mitochondrial ener-
getics by nicotinamide nucleotide transhydrogenase (NNT) [ 47 ]. NNT relies on the 
proton motive force generated during OXPHOS to regenerate NADPH from NADP + , 
in order to power NADPH-dependent reductases that recycle the other redox cou-
ples in the mitochondrial matrix. Thus, by linking mitochondrial proton motive 
force to interconnected redox control nodes within and outside mitochondria, mito-
chondria may communicate the energetic state with the rest of the cell and organ-
ism. When mitochondrial bioenergetics is compromised, the redox nodes act as 
“barometers” that induce mitophagy or apoptosis, depending on the magnitude of 
the insult [ 48 – 51 ]. The importance of these redox nodes to cellular homeostasis is 
evidenced by the embryonic lethality that occurs when components are genetically 
deleted [ 52 – 55 ] and neuronal cell death that ensues when the system is overwhelmed 
by excess mtROS [ 56 ]. 

 The downstream signaling pathways initiated by mtROS are determined by the 
reactivity, charge, and location of the particular species. In the aging brain, impair-
ments in OXPHOS produce O 2  ·−  primarily within the mitochondrial matrix and 
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inner membrane. In order for O 2  ·−  to react with mitochondrial components, the tar-
get must outcompete micromolar concentrations of MnSOD in the matrix [ 57 ]. One 
signaling molecule that meets these stringent requirements is nitric oxide (NO · ). In 
contrast to O 2  ·− , NO ·  possesses a relatively long half-life for a “reactive species,” 
which allows it to readily diffuse into the mitochondria from cytoplasmic sources 
where it can induce neuroprotective pathways. In mitochondria, the close proximity 
of NO ·  and O 2  ·−  generates the highly toxic species peroxynitrite (ONOO − ) by a spon-
taneous reaction that occurs seven times faster than that of O 2  ·−  and MnSOD [ 58 ]. 
This reaction occurs predominantly in neuroinfl ammatory conditions when NO ·  is 
present at higher concentrations [ 59 ,  60 ]. In most contexts, ONOO -  causes perma-
nent protein damage, although it may protect the brain from ischemic episodes asso-
ciated with stroke [ 61 ,  62 ]. 

 The signaling potential of superoxide is increased in many neurodegenerative 
diseases due to nitration and permanent inactivation of MnSOD [ 63 ,  64 ]. O 2  ·−  is 
more selective than most mtROS, but readily reacts with iron-sulfur (Fe-S) centers 
of nonheme proteins, such as respiratory complexes I–III and TCA cycle enzymes. 
This reaction releases free ferrous iron (Fe 2+ ), which generates the highly reactive 
hydroxyl radical (·OH) via Fenton chemistry, thereby initiating a chain of lipid per-
oxidation, protein modifi cations, and DNA damage within or near the inner mito-
chondrial membrane (IMM) [ 57 ]. 

 Cardiolipin, the major phospholipid of the IMM, is particularly susceptible to 
peroxidation by ROS due to its high degree of unsaturation. During mitochondrial 
stress, mtROS or cytochrome  c  (cyt  c ) may oxidize cardiolipin, which dissolves its 
association with cyt  c  [ 65 ,  66 ]. Oxidized cardiolipin then translocates to the outer 
membrane, recruits mitophagic or apoptotic machinery, and releases cyt  c  into the 
cytosol [ 67 ]. If the cytosolic redox balance is also shifted to a prooxidant state, the 
released cyt  c  will remain oxidized and able to initiate activation of the apoptosome 
[ 68 ,  69 ]. Therefore, mtROS initiate cell death pathways by direct modifi cation of 
lipids and proteins, but the amplifi cation of these signals necessary to effectuate 
intrinsic apoptosis requires modulation of redox nodes in multiple compartments. In 
addition, mtROS may also induce neuronal death via caspase-independent mecha-
nisms involving IMM compromise and Ca 2+  dysregulation [ 56 ]. 

 Due to their transient nature, it is currently diffi cult to directly measure ROS 
 in vivo , and therefore analysis of ROS levels is largely dependent on the molecular 
footprints left in their wake of destruction [ 42 ]. Recent efforts to develop 
mitochondria- targeted mass spectrometry probes are under development and could 
circumvent this technical limitation in preclinical studies [ 70 ]. Among all organs of 
the body, the brain is perhaps most vulnerable to oxidative damage due to its high 
utilization of oxygen, increased levels of polyunsaturated fatty acids and redox tran-
sition metals, and relatively low levels of antioxidants. Elevation of virtually every 
established marker of oxidative damage has been documented in brain tissue from 
the most prevalent neurodegenerative diseases, including Alzheimer’s disease (AD), 
Parkinson’s disease (PD), Lewy body disease (LBD), amyotrophic lateral sclerosis 
(ALS), Huntington’s disease (HD), and Friedreich’s ataxia (FA) [ 71 ,  72 ]. 
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 Interestingly, the evidence suggests that bioenergetic defects precede the onset of 
diagnostic symptoms [ 73 ]. Furthermore, neurological symptoms often emerge 
without or before the accumulation of proteinaceous lesions [ 74 ] that are generally 
considered the key determinants of neurodegenerative disease pathogenesis [ 72 ,  75 , 
 76 ]. Therefore, the chronological disassociation between the emergence of diagnos-
tic symptoms and proteinaceous lesions [ 77 ] suggests that the pathological process-
ing of amyloid, tau, and alpha-synuclein could be a  consequence  of more proximal 
pathological stimuli, such as mitochondrial SOS produced by progressive mito-
chondrial dysfunction in aging [ 78 ].  

5.3.2     Mitochondrial Distress Signals and Pathological Protein 
Processing 

 Several mechanisms link mitochondrial signaling with protein misfolding and 
aggregation. The causative nature of mitochondrial dysfunction in this association 
is supported by animal models and patients that develop aggregates and neurode-
generation after exposure to mitochondrial toxins [ 79 ,  80 ], as well as patient-derived 
transmitochondrial cybrids [ 81 ], in which the mtDNA from AD, PD, and ALS 
patients is combined with an otherwise healthy cell and induces neurodegenerative 
disease-associated proteinopathy and cell death [ 82 ]. The next three sections focus 
on recent insights linking signals from dysfunctional mitochondria to the most com-
mon protein lesions found in neurodegenerative disease patient brains: amyloid 
plaques, tau tangles, and α-synuclein Lewy bodies. 

5.3.2.1     Amyloid Precursor Protein to Plaques 

 Since the discovery of amyloid plaques by Alois Alzheimer in the 1920s, the amy-
loid hypothesis has enjoyed the etiological spotlight. The main protein component 
of plaques is the amyloid-β (Aβ) peptide, a molecule of 40–42 amino acids with 
unclear function, derived from the proteolytic cleavage of the integral membrane 
amyloid precursor protein (APP). Interestingly, the key amyloidogenic proteases 
are infl uenced by fl uctuations in mitochondria function and oxidative stress [ 83 –
 88 ]. While mitochondrial SOS alter Aβ production and clearance in cellular and 
animal models, the pathophysiological relationship between mitochondrial distress 
and amyloid production remains ambiguous. As discussed below, since mitochon-
drial SOS occur early in AD and may act in concert to generate Aβ, which then 
localizes to mitochondria, one possibility is that the accumulation of “abnormal” Aβ 
represents a hormetic response to mitochondrial stress in neurons. 

 Indeed, APP cleavage products can act as antioxidants and Aβ monomers shift 
neuronal glucose metabolism away from mitochondria to glycolysis [ 89 – 91 ]. This 
metabolic shift would confer neuroprotection by decreasing mtROS produced by 
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OXPHOS while boosting endogenous antioxidant defenses by doubling NADPH 
levels and reducing the redox control nodes. In other studies, when the mtROS- 
responsive, Aβ-generating secretases are inhibited, neuronal death ensues, unless 
Aβ fragments are exogenously added [ 92 ]. Therefore, the induction of β- and 
γ-secretases by mitochondrial dysfunction may initially serve as a survival signal 
during oxidative stress by generating neuroprotective Aβ species. Aβ monomers 
preserve neuronal survival in classic models of mitochondria-dependent cell death 
that are mediated by mtROS [ 78 ,  80 ], but Aβ oligomers have the opposite effect 
[ 93 – 95 ], such that this pathophysiological role of Aβ depends on the particular spe-
cies and the aggregation state [ 96 ,  97 ]. 

 Interestingly, immunotherapeutic clearance of amyloid from transgenic mice and 
AD patients has adverse consequences [ 98 – 100 ]. Recent studies suggest that these 
effects involve the ability of amyloid to infl uence Ca 2+  fl ux [ 101 ] associated with 
AD mitochondrial impairments, which points to a second potential role of amyloid 
in mediating mitochondrial SOS. Taken together, the available evidence suggests 
that dysfunctional mitochondria in the aging brain may initially signal to induce Aβ 
production via mtROS in order to prevent oxidative damage and Ca 2+  dysregulation 
and preserve neuronal health.  

5.3.2.2     Tau to Neurofi brillary Tangles 

 Mitochondrial redox signaling modulates aberrant processing of another key protein 
related to age-dependent dementia and AD: the microtubule-stabilizing protein  tau  
[ 102 ]. Tau normally functions to promote microtubule assembly and stabilization for 
neurite traffi cking. In neurodegeneration, tau disengages from the microtubule and 
becomes hyperphosphorylated into neurofi brillary tangles (NFTs). Similar to amyloid 
processing, mtROS may initiate the process in AD by inducing caspases 3 and 7 [ 88 ], 
which cleave tau into neurotoxic fragments [ 103 ]. Mitochondrial redox signaling acti-
vates the key kinases currently implicated in tau hyperphosphorylation, including the 
stress-activated kinases JNK and p38 [ 104 ], as well as glycogen synthase kinase-3β 
(GSK-3ß) [ 105 ,  106 ]. mtROS may also inhibit peptidyl-prolyl isomerase (Pin1), 
which is necessary for tau dephosphorylation and microtubule binding [ 107 – 109 ]. 
Oxidative impairment of Pin1 appears crucial in the clinical presentation of tau pathol-
ogy, as it is increased in presymptomatic individuals and inversely correlates with 
NFT levels and neurodegeneration in the AD brain [ 110 ]. Therefore, early mitochon-
drial SOS may culminate in the pathological processing of tau, which then destabi-
lizes microtubules and further impairs mitochondrial signaling by inhibiting 
mitochondrial dynamics and traffi cking between the synapses and cell body [ 26 ,  111 ].  

5.3.2.3     α-Synuclein to Lewy Bodies 

 Lewy bodies are composed primarily of aggregated  α - synuclein  ( α - syn ), along with 
ubiquitin and tau, and represent the key histological hallmark shared by PD and LBD. 
α-Syn is a ubiquitously expressed protein of unknown function that localizes to various 
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cellular compartments, depending on the conformational changes induced by inherited 
mutations, or environmental conditions, such as increased oxidative stress [ 112 – 115 ]. 

 In normal conditions, α-syn is found in the cytosol where it regulates the dopa-
mine synthesis pathway [ 116 ] and within mitochondria-associated ER membranes 
(MAMs) where it may participate in a number of key signaling pathways, including 
the regulation of mitochondrial Ca 2+  transients and mitochondrial dynamics [ 117 ]. 
PD-associated mitochondrial dysfunction induces α-syn [ 71 ,  118 ,  119 ], which may 
represent a retrograde signal designed to dampen the bioenergetic burden of synap-
tic transmission by blocking vesicle exocytosis and neurotransmitter release [ 120 ], 
to preserve neuronal Ca 2+  homeostasis at MAMs [ 117 ], or to decrease oxidative 
stress associated with dopamine autoxidation [ 116 ] within the PD brain [ 119 ]. 

 However, in the event that mitochondrial dysfunction persists, excess mtROS 
may cause α-syn nitration in dopaminergic neurons, thereby impairing its ability to 
bind membranes [ 121 ]. In this regard, nitration of α-syn in “sporadic” PD patients 
may produce the same effect as familial PD mutations in the α-syn gene that decrease 
its lipid-binding ability and redirect it from MAMs to the mitochondria [ 122 ]. 
Mitochondria-localized α-syn may impair complex I function directly or increase its 
sensitivity to other modifi ers [ 123 – 126 ]. Complex I inhibition by α-syn could then 
serve a second signaling role by amplifying mtROS formation and changing α-syn 
physical conformation to promote aggregation and LB formation [ 127 ]. 

 This section has thus far focused on the effect of mitochondrial signaling in the 
cytoplasmic compartment, where mitochondrial SOS lead to the accumulation and 
aggregation of proteins associated with neurodegenerative diseases. The following 
section discusses mitochondrial signaling to the nucleus, which affects gene 
expression.   

5.3.3     Metabolic Signaling and the Epigenetic Language 

 Contrary to popular conception, mitochondria do not fl oat randomly amid the cyto-
plasm. Their cellular distribution is highly regulated by energy needs and other 
intracellular cues [ 128 ]. While most attention is given to the synaptic mitochondria 
required to supply the estimated 4.7 billion ATP molecules per second of a single 
neuron’s activity [ 129 ], mitochondria within the cell body are also critical for neu-
ronal function via retrograde signaling. In the soma, mitochondria are positioned in 
the perinuclear region, in close proximity to the chromatin [ 130 ]. The chromatin is 
the DNA-protein structure that modulates gene accessibility by either “closing” 
portions of the genome to repress transcription or “opening” them to promote their 
expression. Mitochondrial regulation of gene expression is facilitated by two major 
factors. The fi rst is “topological,” consisting in the perinuclear positioning of mito-
chondria only a few hundred nanometers away from the nuclear pores through 
which molecular signals travel [ 130 ]. The second and more studied factor that 
enables mitochondria-nuclear signaling is the nature of biochemical signals that 
induce epigenetic modifi cations, most of which are produced by mitochondria. The 
latter aspect constitutes the focus of this section. 
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 As part of their normal metabolism, mitochondria produce most of the biochemical 
substrates and cofactors required for epigenetic (i.e., “on top of” genes) modifi cations 
that remodel chromatin structure. These substrates and cofactors include, but are not 
limited to, acetyl-coenzyme A (Ac-CoA), succinyl- CoA, SAM these (S-adenosyl 
methionine), ATP, α-ketoglutarate, NAD +  (nicotinamide adenine dinucleotide), and 
FAD (fl avin adenine dinucleotide) [ 131 ,  132 ]. Posttranslational modifi cations require 
mitochondrial energy input and metabolism and consist of acetylation, succinylation, 
methylation, phosphorylation, and other labile alterations of the core chromatin com-
ponent, the histones. The DNA itself is also modifi ed via cytosine methylation, 
hydroxymethylation, and other modifi cations. This partially heritable collection of 
epigenetic modifi cations constitutes the relatively malleable “epigenetic landscape” 
that orchestrates gene expression, enabling a single genome to support multiple, dras-
tically different cellular phenotypes (i.e., neurons vs. fi broblasts [ 133 ]). In neurode-
generative diseases, the epigenetic landscape of the brain is altered [ 134 ], including 
early changes in DNA methylation in Alzheimer’s disease [ 135 ]. The link between 
mitochondrial intermediate metabolism and epigenetic modifi cations suggests a role 
for mitochondrial dysfunction and resulting signals in the transcriptional reprogram-
ming that may underlie neurodegeneration. 

 In a study of human cells with varying levels of mitochondrial dysfunction, it 
was recently discovered that the majority (>67 %) of the human genome is under 
mitochondrial regulation [ 136 ]. Indeed, whereas low levels of mitochondrial dys-
function in the presence of 20–30 % of mtDNA mutation load induced epigenetic 
modifi ers and repressed cell growth, higher levels (60–90 %) of the same mtDNA 
mutation caused opposing transcriptional changes, inducing anaerobic glycolytic 
metabolism and transcriptional programs associated with cell senescence [ 136 ]. A 
single nucleotide change in the mtDNA can thus exert a wide range of transcrip-
tional changes in the cell nucleus. 

 In addition to metabolites, mtROS also travel to the nucleus where they promote 
an oxidized nuclear environment favorable to the expression of redox-responsive 
genes [ 137 ]. Beyond regulating gene expression under normal circumstances, 
mtROS signals may also accelerate telomere shortening and aging [ 138 ,  139 ]. 
MtROS further activate oxidative stress-sensitive, pro-infl ammatory pathways such 
as nuclear factor-kappa B (Nf-kB) [ 140 ], involved in general infl ammatory response 
to chronic stress in human monocytes and microglia [ 141 ]. 

 Mitochondrial bioenergetic signals are also transduced to the nucleus via differ-
ent transcription factors and co-activators including but not restricted to Nf-kB 
[ 142 ]. Upon activation, transcription factors located in the cytoplasm translocate to 
the nucleus through nuclear pores, where they interact with chromatin components 
and the DNA itself. Canonical mito-nuclear signaling mechanisms include the 
energy sensors AMP-activated protein kinase (AMPK) and peroxisome proliferator- 
activated receptor gamma co-activator 1 alpha (PGC-1α), nuclear factor erythroid 
2-related factor (NRF2) and p53 induced by oxidative stress, and Ca 2+ -sensitive 
calcineurin pathways [ 143 ,  144 ]. These and others have been shown to be altered in 
neurodegenerative conditions [ 145 ]. Therefore, multiple pathways exist whereby 
progressive mitochondrial dysfunction is communicated to the nucleus where it 
modifi es gene expression via the epigenome. 
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 Genetic and biochemical mitochondrial defects alter cellular bioenergetics and can 
lead to energy defi ciency due to ATP depletion, which is generally believed to contrib-
ute to neurodegeneration. In addition, this section has outlined alternative pathways 
whereby dysfunctional mitochondria produce biochemical SOS, to which the cell and 
its plastic (epi)genome have evolved molecular sensitivity. These mitochondrial sig-
nals – oxidative stress and metabolic intermediates – travel to the nucleus to induce 
epigenetic modifi cations, many of which are post-translational modifi cations of regula-
tory proteins, that impact gene expression. From an evolutionary perspective, the cou-
pling of genome remodeling epigenetic processes with mitochondrial signals in the 
brain was likely an important step for the evolution of species in an environment where 
energy supply and demand vary widely over time [ 146 ]. Multiple mechanisms thus 
exist to link mitochondrial metabolism to fundamental aspects of neuronal function.  

5.3.4     Mitochondria as Synaptic Neuromodulators 

 Evidence for mitochondrial signaling at the synaptic level has recently expanded 
our conception of mitochondria not only as powerhouses but also as neuromodula-
tors. In addition to mitochondrial ATP that infl uences synaptic function [ 147 ], mito-
chondrial Ca 2+  uptake via the mitochondrial calcium uniporter (MCU) also regulates 
presynaptic neurotransmitter release [ 5 ]. On the other hand, abnormal mitochon-
drial morphology (i.e., donut shaped) in presynaptic terminals has been associated 
with abnormal synapse structure (smaller active zone, fewer docked neurotransmit-
ter vesicles) and impaired short-term memory, indicating a link between mitochon-
drial morphology and higher cognitive function [ 148 ], although the mechanism by 
which this occurs remains unclear. 

 In mice, mitochondrial DNA heteroplasmy (i.e., a mixture of two mtDNA types 
differing by 91 nucleotides) impairs memory retention and alters animal behavior 
[ 149 ], demonstrating a link between mitochondrial genetics and cognitive function. 
Live cell imaging studies of synaptic neurotransmitter release further showed how the 
movement of mitochondria into a presynaptic terminal dynamically potentiates pre-
synaptic vesicle release and reduces fatigability, whereas the absence of a mitochon-
drion in a presynaptic terminal leads to fatigability in response to consecutive 
stimulation [ 150 ]. Collectively, this positions mitochondria as neuromodulators within 
the brain [ 151 ,  152 ], illustrating a mechanism other than cell death and neurodegen-
erative changes by which mitochondrial signaling may affect cognitive function.   

5.4     Mitochondria: Systemic Signaling 

 The previous section discussed how the state of mitochondria directs processes 
within the cell cytoplasm and nucleus and their role at the synapse. In addition, pos-
sibly as a result of the evolutionary intertwine between mitochondrial energetics 
and the development of multicellular organisms, organ systems such as the 
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cardiovascular and endocrine axes are also functionally regulated by the bioener-
getic state of mitochondria. In this scenario, mitochondrial signals act in a cell 
non-autonomous manner to infl uence systemic neuroendocrine processes linked to 
neuronal function. 

 Early evidence for mitochondrial signaling at the systemic level came from exer-
cise physiology studies in patients with inherited mitochondrial myopathy. There is 
normally a tight coupling between whole body energy expenditure and cardiorespi-
ratory responses during exercise, where a one-unit increase in oxygen consumption 
leads to a fi ve-unit increase in cardiac output [ 153 ]. In contrast, patients with mito-
chondrial disease (m.3243A > G, single deletion) show exaggerated cardiac output 
and ventilatory responses that are disproportionate to energy demand [ 153 ], sug-
gesting that dysfunctional mitochondria signal to the central nervous system, via an 
currently unknown mechanism, to exaggeratedly mobilize oxygen delivery systems 
(heart rate, and ventilation). A similar response was also observed at the level of 
skeletal muscle, where muscle fi bers with respiratory chain-defi cient mitochondria 
are selectively surrounded by a greater number of capillaries than adjacent fi bers 
with normal mitochondria [ 154 ], indicating that defective mitochondria communi-
cate their dysfunctional state via SOS to neighboring endothelial cells, stimulating 
the growth of capillaries (i.e., angiogenesis). Collectively, the evidence suggests 
that dysfunctional mitochondria engage in signaling not only with each other and 
the cell nucleus but also with surrounding cells and across the organism where they 
infl uence broad physiological functions. 

 The remaining section discusses recent lines of research that aim to understand 
the effect of mitochondrial function on neuroendocrine, metabolic, and infl amma-
tory processes. Because neuroendocrine, metabolic, and infl ammatory mediators 
impact neuronal health [ 155 ], mitochondrial systemic signaling represents an 
emerging pathway by which mitochondrial dysfunction may infl uence the etiology 
and progression of neurodegenerative diseases. 

5.4.1     Mitochondrial Functions Regulate Neuroendocrine 
Systems 

 Two major neuroendocrine axes that release neuroactive hormones in the systemic 
circulation have been linked to mitochondrial function: the hypothalamic-pituitary- 
adrenal (HPA) axis, which leads to the secretion of  cortisol  (corticosterone in 
rodents), and the sympathetic-adrenal-medullary (SAM) axis, a division of the auto-
nomic nervous system (ANS), which leads to the secretion of the catecholamines 
 noradrenaline  and  adrenaline . Both cortisol and the catecholamines can infl uence 
brain structure and function by acting on the glucocorticoid receptor and adrenergic 
receptors on afferent sensory nerves, respectively [ 156 ,  157 ]. 

 Recent evidence in animal models suggests that mtDNA variants can alter stress- 
reactive corticosterone (CORT) production in mice [ 158 ,  159 ] and the CORT- 
generating cells of the adrenal cortex are exquisitely sensitive to intramitochondrial 
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oxidative stress [ 160 ]. Likewise, mutations or deletions of the redox-regulating 
enzyme NNT lead to hypocortisolemia in humans [ 160 ] and mice [ 161 ], respec-
tively. In patients with mutations in the mitochondrial adenine nucleotide transloca-
tor (ANT), which impairs ATP/ADP exchange across the IMM, resting circulating 
catecholamine levels are also almost double that of healthy controls [ 162 ], indicat-
ing that both HPA and SAM axes’ activities are modulated by mitochondrial 
dysfunction. 

 Mitochondrial respiratory chain dysfunction may also be associated with ANS 
dysfunction, involving increased sympathetic vagal nerve drive as evidenced by 
increased resting heart rate, and increased high frequency power RR interval vari-
ability (RRV) in patients with the m.3243A>G mutation [ 163 ]. Mitochondrial dis-
orders are also associated with excessive epinephrine and norepinephrine secretion 
by the SAM axis during exercise [ 164 ]. 

 A recent study in mice with either mtDNA point mutations affecting OXPHOS 
capacity or deletions of nuclear-encoded NNT or ANT1 genes demonstrated that in 
addition to gene expression in the hippocampus, the major neuroendocrine systems 
are under substantial mitochondrial regulation [ 161 ]. In response to psychological 
stress, mitochondrial defects may in some cases double corticosterone output while 
blunting catecholamine release [ 161 ]. Mitochondrial dysfunction may also promote 
stress-induced hypercortisolemia and hyperglycemia, which are associated with 
brain atrophy and cognitive decline [ 165 ]. These mitochondria-regulated neuroen-
docrine perturbations may cause neuronal insult directly by further damaging mito-
chondrial function and leading to the accumulation of mtDNA defects [ 165 ,  166 ] 
and indirectly by dysregulating the metabolic and immune systems [ 167 ], curtailing 
brain plasticity and adaptation to stress [ 156 ].  

5.4.2     Mitochondrial Immunogenic Signals 

 Another common feature of late-onset neurodegenerative diseases that may be mod-
ulated by mitochondrial SOS is infl ammation (Fig.  5.3 ). As we age, our metabolic 
and immune systems undergo a process of senescence characterized by a progres-
sive decline in mitochondrial and immune function, which correlates with an 
increased frequency of infection and neurodegenerative disease [ 78 ,  168 ]. 
Infl ammation in neurodegenerative diseases occurs without evidence of externally 
acquired pathogens, suggesting that endogenous factors may instead initiate infl am-
mation (i.e., sterile infl ammation) [ 169 ]. Interestingly, a growing body of literature 
indicates that mitochondrial SOS may trigger the immune systems and promote 
chronic low-grade infl ammation implicated in neurodegenerative diseases.

   The most common risk factors for neurodegenerative diseases include aging, 
metabolic and immune disorders, chemical toxin exposure, and psychological 
trauma [ 170 ]. These factors impact mitochondrial function by either promoting 
the accumulation of mtDNA mutations/deletions, decreased OXPHOS capac-
ity, or excessive mtROS production, which can trigger the release of 
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 mitochondria-derived damage-associated molecular patterns (mtDAMPs), such 
as mtDNA fragments and some mitochondrial proteins [ 169 ]. Progressive 
impairment of mitochondrial function and integrity and the associated release of 
immunogenic molecules may thus steadily stimulate the innate immune system 
and promote infl ammation both  systemically and within the brain [ 171 ]. Here, 

  Fig. 5.3    Mitochondrial signals of stress and neuroinfl ammation. In neurodegenerative diseases, 
microglia become “primed” and contribute to infl ammatory changes within the brain. Here, we 
propose that neuronal mitochondrial dysfunction initiates microglial activation by releasing 
immunogenic signals of stress (SOS). Mitochondrial SOS include reactive oxygen species 

(    ROS) and damage-associated molecular patterns (DAMPs;     mtDNA, RNA, and 

N-formyl peptides) that activate toll-like receptors 4 and 9 (TLR4/TLR9), inducing the innate 
immune response from microglia and systemic macrophages. In the aging brain, chronic stimu-
lation by mitochondrial SOS shifts the response of “primed” microglia from primarily phago-
cytic and anti-infl ammatory (M2) to pro-infl ammatory (M1) and induces their proliferation. 
TLR4/TLR9 stimulation activates M1 microglia by MyD88 or MAPK, which sends NF-kB from 
the cytosol to the nucleus to induce proIL-1β and NLRP3 transcription. When activated by oxi-
dized mtDNA, the NLRP3- infl ammasome cleaves pro-caspase-1 and induces the release of cyto-
kines (IL-4, IL-8, IL-1B, and TNF-α) that promote neuroinfl ammation, gliosis, and neuronal 
damage. Secondary insult from protein aggregates (    ) or glucocorticoids may exaggerate this 
response in sensitive brain regions, contributing to the mood disorders, cognitive decline, and 
cell death associated with neurodegenerative disease. Microglia may also contribute to elimina-
tion of dysfunctional mitochondria within the axon terminal, in a process whereby neurons out-
source mitophagy [ 223 ]       
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we discuss the interplay between mitochondrial SOS and the immune system, 
which can be divided into two main categories. 

5.4.2.1     Mitochondrial SOS as Infl ammatory Triggers 

 The circular mtDNA of bacterial origin and resultant N-formyl peptides are recog-
nized as foreign molecules by the immune system [ 169 ]. N-formyl peptides and 
mtDNA itself constitute mtDAMPs that are released following mitochondrial stress, 
particularly oxidative stress [ 172 ]. The release of mtDAMPs engages the innate 
immune system through the intracellular DNA-sensing system cGAS [ 173 ] and 
toll-like receptors (TLRs) [ 174 ]. TLRs are present in dendritic cells, macrophages, 
and microglia in the CNS, as well as nonimmune cells such as neurons and epithe-
lial cells, where they activate the infl ammasome and pro-infl ammatory gene expres-
sion [ 175 ]. In microglia and neuronal cultures, mtDAMPs cause dopaminergic cell 
death [ 176 ] and increased amyloidosis with AD-associated infl ammation [ 177 ]. In 
animal models, mtDAMP infl ammasome activation is associated with cognitive 
impairment [ 178 ] and neurodegenerative disease [ 176 ,  179 ,  180 ]. 

 Other mitochondrial components have also been reported in human plasma and sug-
gested to play signaling roles that may infl uence the brain (Table  5.1 ). They include 
cardiolipin, which may act as a mtDAMP when oxidized [ 181 ]; mitochondrial proteins 
encoded in the nuclear genome such as cyt  c  [ 182 ], heat shock protein 60 (Hsp60) [ 183 ], 
and prohibitins [ 184 ]; and mtDNA-encoded proteins derived from alternative open 
reading frames (altORFs) such as humanin [ 185 ] and MOTS-c [ 186 ] (see Table  5.1 ). 
Circulating Hsp60 levels correlate with neurodegenerative disease risk factors, such as 
psychological stress and circulating cholesterol levels [ 183 ], indicating a potential 
immunogenic link between psychosocial factors, mitochondrial stress, and neuronal 
demise [ 187 ]. Mitochondria-derived molecules are thus emerging as a source of signals 
that may chronically instigate systemic infl ammation in neurodegenerative disease.

   Just as mtDAMPs correlate with known mediators of neurodegeneration, new 
evidence suggests that established neurodegenerative disease therapeutics prevent 
mtDAMP release. The anti-infl ammatory signal acetylcholine (ACh) prevents 
stress-induced release of mtDNA via binding a putative mitochondrial nicotinic 

 Molecule  Full name  Reference 

 Hsp60  Heat shock protein 60  [ 183 ] 
 Humanin  Humanin  [ 185 ] 
 MOTS-c  Mitochondrial open reading 

frame of the 12S RNA type c 
 [ 186 ] 

 PHB1/2  Prohibitin  [ 184 ] 
 mtDNA  Mitochondrial DNA  [ 171 ] 
 Cardiolipin  Cardiolipin  [ 181 ] 
 Cyt c  Cytochrome c  [ 182 ] 

   Table 5.1    Mitochondrial 
components reported in human 
blood  
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ACh receptor [ 172 ]. Therefore, it is plausible that the therapeutic benefi t of nicotine 
and acetylcholinesterase (AChE) inhibitors for NDs [ 188 ] may not only be related 
to mitochondrial signaling in cell death [ 189 ], but also to mitochondria-related 
infl ammatory signaling.  

5.4.2.2     Mitochondria Regulate Intracellular Immunogenic Responses 

 Infected immune cells require energized mitochondria to recruit the mitochondrial 
antiviral signaling (MAVS) protein, which aggregates on the mitochondrial outer 
membrane and initiates antiviral signaling [ 190 ]. This signal stimulates the cellular 
antiviral response by activating nuclear translocation of NF-kB and interferon regu-
latory factors (IRFs) where they stimulate transcription of type I interferons and 
pro-infl ammatory cytokine genes associated with “primed” microglia in aging and 
neurodegenerative diseases [ 191 ]. Ablating mitochondrial membrane potential 
inhibits this response [ 192 ], whereas mitochondrial ROS and mtDAMPs potentiate 
it [ 193 ,  194 ]. Interestingly, the mtDNA variants that govern mtROS and membrane 
potential also correlate with risk for neurological disorders and alter the metabolic- 
immune axis in a manner that mirrors the circulating cytokine profi les in patients 
with mood disorders and neurodegenerative disease [ 195 – 199 ]. 

 Taken together, this relationship suggests that genetic or environmental insults to 
mitochondria may induce the release of SOS (mtDAMPs and mtROS) that drive 
neuroinfl ammation by activating the innate immune system and priming microglia 
(see Fig.  5.3 ). In turn, primed microglia in the aged brain inappropriately respond to 
immune challenges presented by mitochondrial dysfunction, as evident by their 
decreased phagocytic activity and sustained infl ammatory signals in neurodegener-
ative disease [ 200 ]. The result of this faulty mitochondrial-immune network may 
amplify protein aggregates, neuronal death, and neurodegenerative disease 
progression.   

5.4.3     Mitochondria as Mediators of Common Risk Factors 
in Neurodegenerative Disease 

 The risk of developing late-onset neurodegenerative disease is intimately tied to 
lifestyle factors such as physical activity [ 201 ] and psychosocial stress [ 202 ]. As 
discussed below, physical activity and chronic psychosocial stress induce biological 
patterns that correlate with downstream changes in biomarkers of increased [ 203 ] or 
decreased neurodegenerative disease risk [ 204 ,  205 ], respectively. Mitochondria 
may thus contribute to translate the lifestyle and environmental risk factors into the 
biological changes that cause neurodegenerative disease. 

 Physical inactivity, or sedentary behavior, promotes disease risk by producing a 
diabetes-like physiological state of metabolic oversupply that damages mitochon-
dria [ 206 ]. Metabolic stress arises from excess energetic substrates (glucose, lipids), 
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impairs mitochondrial dynamics, increases mtROS production, and leads to accu-
mulation of mtDNA damage [ 206 ]. Diabetes exemplifi es this state of metabolic 
dysregulation, where circulating glucose levels are continuously elevated. As a 
result, diabetes is associated with brain atrophy and cognitive decline in aging [ 165 ] 
and AD patients [ 207 ]. Hyperglycemia increases Aβ levels in the hippocampus 
[ 208 ]. On the other hand, exercise counteracts metabolic oversupply systemically 
[ 206 ] and within the brain by inducing mitochondrial biogenesis and neurogenesis 
and may stimulate clearance of Aβ [ 209 – 211 ]. The metabolic state, regulated by the 
combined effect of physical activity and diet, imparts substantial effects on neuronal 
health and the risk of neurodegenerative diseases [ 201 ]. 

 Likewise, psychological stress in the social and work environment, which arises 
from real or perceived threat to the self, increases the risk of neurodegenerative 
disease. Psychosocial stress at work (i.e., low job control and high demand) is asso-
ciated with increased risk for dementia and AD later in life [ 212 ]. Likewise, longi-
tudinal studies demonstrated that chronic life stress during middle age is associated 
with brain atrophy and white matter lesions later in life [ 213 ] and increased risk for 
depression, dementia, and neurodegenerative diseases [ 202 ,  214 ], underscoring the 
negative impact of various stressors on neuronal health. 

 In seeking to resolve the biological connections responsible for these associa-
tions, it is relevant to note that hormones secreted during stress, including cortisol 
which becomes dysregulated during chronic stress and neurodegenerative disease, 
impact mitochondria both directly via the mitochondrial glucocorticoid receptor 
[ 166 ,  215 ] and indirectly by promoting metabolic stress systemically [ 167 ]. Excess 
stress-associated cortisol and metabolic stress can both impair neuronal mitochon-
dria function and lead to neuroinfl ammation and dopaminergic death associated 
with PD [ 216 ]. On the other hand, physical activity/exercise confers protection 
against age-related hippocampal atrophy and memory decline [ 217 ] and reduces 
AD risk [ 218 ] and PD progression [ 219 ]. Interestingly, physical activity may also 
buffer against stress-associated cellular changes such as telomere shortening [ 220 ]. 
The exact mechanisms for the benefi cial effects of physical activity and the damag-
ing effect of chronic stress on brain structure and function remain unclear [ 156 ]. 
However, evidence that stress damages mitochondria, whereas physical activity 
promotes mitochondrial biogenesis [ 221 ], and that mitochondrial signaling is essen-
tial to exercise-induced neurogenesis (i.e., the formation of new neurons) in the 
adult brain [ 222 ], suggests that mitochondria constitute a hub where the action of 
stressors and resiliency factors intersect to infl uence brain structure and function.   

5.5     Conclusion 

 The road from mitochondrial dysfunction to neurodegeneration takes many turns, and 
the trajectory from normal to abnormal brain function can be infl uenced by multiple 
mitochondrial signals. In addition to their central role in energy production, mitochon-
dria perform a number of functions essential to neuronal activity and synaptic 
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transmission. In this chapter, we have considered emerging facets of mitochondrial 
biology related to signal transduction from mitochondria to mitochondria, mitochon-
dria to cytoplasm, mitochondria to nucleus, and mitochondria to the systemic 
circulation. 

 Mitochondrial dysfunction may result from primary inherited genetic defects or 
from acquired structural and functional changes with aging and chronic stressors 
(i.e., mitochondrial allostatic load) [ 167 ]. In turn, dysfunctional mitochondria 
produce abnormal signals of stress (i.e., SOS) that propagate to other cellular com-
partments and infl uence systemic regulatory processes. 

 This chapter integrated experimental, clinical, and epidemiological evidence that 
posits mitochondria as a proximal mediator of established pathogenic processes that 
defi ne neurodegenerative disease. Why would mitochondrial signals infl uence such 
a broad number of physiological and molecular processes? A partial justifi cation for 
this “mitocentric” perspective may in part rest in biological events that occurred as 
part of the evolution of complex life. To reiterate, mitochondria played a central and 
necessary role in the evolution of multicellular organ systems, of which the brain is 
arguably the most intricate product. The cellular machinery involved in neurologi-
cal functioning, including synaptic transmission, and those of its basic cellular 
behaviors including replication, differentiation, and growth, as well as the underly-
ing process of transcriptional regulation, have thus relied and become dependent 
upon mitochondrial biochemical outputs (ATP, mtROS, and intermediate 
metabolites). 

 As a result, multiple evolutionary-carved paths exist to translate signals of mito-
chondrial dysfunction into maladaptive cellular processes contributing to neurode-
generation. Future work will be needed to elucidate the molecular and physiological 
basis for mitochondrial signaling within and beyond the cell. A fuller understanding 
of the role of mitochondria in the process of neurodegeneration should provide new 
opportunities to design interventions to preserve optimal brain function throughout 
the lifespan.     
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