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20.1	 �Introduction

Neurodegenerative diseases are conditions with 
complex etiologies resulting in progressive 
decline in functionality and, to date, have no 
cure. Significant progress has been made towards 
the mechanisms contributing to neurodegeneration 
in the past two decades, providing potential 
targets for the development of therapeutics. Not 
only are unique pathologies of specific 
neurodegenerative diseases becoming more clear, 
common features among different 
neurodegenerative diseases are also being 
elucidated. Perhaps the best illustration of this is 
our growing understanding of pathological steps 
that lead to amyotrophic lateral sclerosis (or 
motor neuron disease), little of which was 
understood until the identification of the first 
genetic link to the disease in 1990s. The goal of 
this review is to explore how novel mechanistic 
insights of neurodegenerative diseases may 
provide potential targets for the development of 
treatments. The primary focus will be on 
amyotrophic lateral sclerosis for the reasons 
stated above, but we will also address novel 

approaches for the treatment of Parkinson’s dis-
ease, and various forms of dementia.

20.2	 �Amyotrophic Lateral 
Sclerosis

ALS is a progressive neurodegenerative disease 
that affects motor neurons in the brain and spinal 
cord. As with many other neurodegenerative dis-
eases, the pathophysiology and etiology that 
leads to amyotrophic lateral sclerosis (ALS) 
remains elusive. ALS exemplifies the multifacto-
rial nature of neurodegenerative diseases. Several 
genetic, molecular, and cellular factors have been 
implicated in the initiation and progression of the 
disease. That said ALS is also an example of how 
continued elucidation of factors that contribute to 
the neurodegenerative disease process can pro-
vide avenues for the development of treatments. 
As the disease progresses, patients lose the abil-
ity to initiate and control muscle movement. 
Individuals with ALS exhibit high mortality rates 
within 3–5 years of diagnosis as the loss in move-
ment control progresses to paralysis. There is 
considerable complexity and heterogeneity in the 
onset, sites initially affected, and in progression 
of the disease that is likely a result of the numer-
ous factors that contribute to etiology and patho-
physiology of ALS.
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One of the first insights into the pathology of 
ALS was the observation that altered superoxide 
dismutase 1 (SOD-1) activity is associated with 
familial ALS [1]. SOD-1 is a Cu/Zn-binding 
cytosolic enzyme that catalyzes the dismutation 
of the toxic superoxide anion to oxygen and per-
oxide, serving as cellular antioxidant. SOD-1 
mutations are detected in approximately 20% of 
familial ALS and 3% of sporadic ALS cases [2]. 
Although numerous mutations of SOD-1 have 
been linked to ALS, its role in the pathophysiol-
ogy is not clear. A common feature of the many 
SOD-1 mutations is the disruption of protein 
folding. This has led some to conclude that the 
misfolding and aggregation of SOD-1, but not 
loss of dismutase activity, contribute to its patho-
logical role in ALS [3, 4]. Despite the lack of a 
defined role of SOD-1 in ALS, transgenic animal 
models expressing SOD-1 mutations have been a 
cornerstone of our growing understanding of 
other mechanisms that contribute to ALS [5, 6].

SOD-1 mutations remained the only known 
molecular link to ALS until causative mutations 
in TAR DNA-binding protein 43 (TDP-43) were 
found [7]. A pathological hallmark of ALS is the 
presence of ubiquitinated inclusions in surviving 
spinal motor neurons that results from protea-
somal dysfunction [8, 9]. Some misfolded pro-
teins are targets for ubiquitination, and the 
ubiquitinated forms of these proteins aggregate 
in various regions of the cell [10]. Both SOD-1 
and TDP-43 mutations associated with ALS are 
known to be ubiquitinated and form aggregates in 
neurons, suggesting that as with other protein 
misfoldeding diseases (e.g., Alzheimer’s disease) 
cellular aggregation of altered proteins may be 
the causal factor in ALS [3]. Consistent with this 
hypothesis, ubiquitinated TDP-43 is also 
observed in frontotemporal dementia [7], and 
more recently, TDP-43 has been shown to inter-
act with the main characteristic pathologies of 
Alzheimer’s disease, amyloid plaques and Tau 
tangles. The presence of TDP-43 in combination 
with the plaques and tangles was more likely to 
result in diagnosed Alzheimer’s dementia than 
plaques and tangles alone [11]. Despite these 
similarities with other misfolding diseases, how-
ever, where SOD-1 is concerned protein misfold-

ing and ubiquitinated cytoplasmic inclusions do 
not appear to be the primary casual factor in 
ALS. In three distinct transgenic SOD-1 animal 
models of ALS, enhancing the capacity of mito-
chondria to buffer calcium levels resulted in 
reduced aggregation of SOD-1 and suppression 
of motor neuron death; however, muscle denerva-
tion, motor axon degeneration, and disease pro-
gression and survival remained unaltered [12]. In 
addition, contribution of SOD-1 mutations to the 
ALS is about 10–20% of familial and 1–2% spo-
radic cases [13]. In contrast, TDP-43 proteinopa-
thy is present in approximately 97% of all ALS 
cases [14–16].

TDP-43 is a widely expressed DNA/RNA-
binding protein that has a nuclear localization 
signal and primarily localizes to the nucleus, but 
can also move between the nucleus and the cyto-
plasm [17, 18]. The identified biological roles of 
TDP-43 include: inhibition of retroviral replica-
tion, RNA splicing, and nucleocytoplasmic shut-
tling of messenger RNA [18–20]. TDP-43 
localization to the cytoplasm is enhanced by 
mutations associated with ALS and appears to 
contribute to neurotoxicity [9, 21]. Expression of 
exogenous wild-type TDP-43 in rat cortical neu-
rons results in higher levels of protein in the 
nucleus without producing neurotoxicity, 
whereas expression of mutant TDP-43 results in 
significantly higher accumulation in the cyto-
plasm with an associated increase in neurotoxic-
ity [22]. Overexpression of wild-type TDP-43 in 
transgenic mice produces the same proteinopathy 
and disease observed with mutant forms of TDP-
43, likely related to enhanced TDP-43 accumula-
tion in the cytoplasm [23]. A feature of many 
neurodegenerative diseases is the prion-like 
spreading of underlying pathology into specific 
regions of the central nervous system as the dis-
ease progresses [24–27]. In ALS, the spread of 
TDP-43 proteinopathy has been used to stage the 
course of the disease into four distinct steps based 
on the brain regions affected [28]. The brain 
regions affected correlate with the neurological 
deficits that manifest in ALS suggesting a link 
between TDP-43 proteinopathy and disease pro-
gression. Elevated levels of cytoplasmic TDP-43, 
as a result of overexpression or mutant forms of 
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the protein, clearly contribute to pathogeneses of 
ALS, but TDP-43 is also essential for viability 
and motor neuron function. Complete knockout 
of TDP-43  in transgenic animals is lethal, and 
selective knockout in motor neurons, muscle, or 
glia alone precipitates ALS promoting some 
researches to refer to TDP-43 as the “Goldilocks” 
protein [29–32]. The role of TDP-43  in ALS 
appears to result from either gain or loss of func-
tion suggesting that potential therapeutics for 
ALS are ones that can prevent TDP-43 aggrega-
tion (Fig.  20.1) [15]. What are the factors that 
contribute to aggregation? In addition to muta-
tions of TDP-43, aggregation can result from cel-
lular stress and altered protein degradation, 
perhaps serving as a link between genetic and 
environmental factors [33, 34].

A protein that regulates TDP-43 levels is 
human up-frameshift protein 1 (hUPF1), an RNA 
helicase and regulator of nonsense-mediated 
mRNA decay (NMD) (Fig. 20.1) [32]. NMD is a 

surveillance mechanism that serves to mitigate 
errors in translation by recognizing anomalous 
mRNA transcripts and is thought to have evolved 
to eliminate abnormal transcripts due to routine 
errors in gene expression. Messenger RNAs that 
prematurely terminate translation because of a 
frameshift or nonsense mutation are selectively 
degraded by NMD [35]. In mammalian cells, 
NMD works on newly synthesized mRNA and is 
dependent on pre-mRNA splicing. NMD has 
been shown to modulate the severity of a number 
of diseases pointing to a possible mechanism for 
the development of therapeutics [36]. TDP-43 
has been shown to autoregulate its synthesis by 
triggering nonsense-mediated RNA degradation 
that results from direct binding of TDP-43 to the 
3′ untranslated region of its own mRNA and 
enhancing splicing of an intron region [37]. 
Barmada et  al. tested the hypothesis that 
nonsense-mediated RNA degradation of TDP-43 
was mediated by NMD [38]. In rat cortical 
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Fig. 20.1  Factors that contribute to axonal damage and 
death of motor neurons in ALS. One of the major factors 
linked to ALS is TDP-43. TDP-43 is primarily a nuclear 
protein involved in RNA processing. In ALS TDP-43 
cytosol accumulation, ubiquitination, and incorporation 
into protein inclusions is thought to result in motor neuron 
loss. Mechanisms that decrease cytosolic TDP-43 such as 
hUPF1-dependent nonsense-mediated decay (NMD) and 
Drb1 produced products (see text) that sequester and pre-
vent its aggregation provide potential therapeutic 

approaches. In C. elegans model of ALS, TDP-43-induced 
neuronal damage and paralysis is blocked by an ortholog 
of human SARM1. SARM1 plays a critical role in axonal 
degeneration (Wallerian degeneration) that follows axonal 
injury. SARM1 is directly inhibited by nicotinamide 
nucleotide adenylyl transferase 1(NMNAT1). It remains 
to be seen if TDP-43-induced neuronal damage is tied to 
SARM1. Another protein that can promote axonal dam-
age and astrocyte-induced necroptosis is RIPK1, provid-
ing a link between inflammation and neuronal damage
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neurons expressing wild-type or mutant forms of 
TDP-43, they were able to demonstrate that co-
expression of hUPF1 reduced neuronal death by 
40–50% through a mechanism that incorporates 
NMD.  Similar results were observed with pri-
mary neurons expressing fused in sarcoma (FUS) 
protein, mutants of which are associated with 
familial, but not sporadic ALS [39]. FUS and 
TDP-43 are associated with multiple steps of 
RNA processing, especially in processing of long 
pre-mRNAs, but have largely non-overlapping 
RNA targets [40]. Although the results with 
hUPF1 are limited to a cellular model of ALS, 
they provide insight into a novel mechanism that 
can be exploited to modulate TDP-43 levels by 
enhancing hUPF1 activity or by targeting another 
component of NMD.

An alternative mechanism to preventing TDP-
43 aggregation involves the protein Dbr1 
(Fig. 20.1). Dbr1 is an intron lariat debranching 
enzyme, essential for normal processing of 
mRNA [41]. Reducing Dbr1 activity can block 
the toxic effects of TDP-43  in human neuronal 
cell line or in primary rat cortical neuron models 
of ALS [42]. An increase in the cellular pools of 
lariat RNA is thought to sequester TDP-43, 
thereby preventing its aggregation. Inhibitors of 
Dbr1 could be useful in the treatment of TDP-43-
mediated ALS and the related neurodegenerative 
disease frontotemporal dementia. To that end, 
Montemayor et al. have solved the crystal struc-
ture of Dbr1, which should greatly aid in the 
development of selective small molecules with 
the capacity to inhibit the enzyme [43]. The fea-
sibility of this approach is yet to be determined, 
however, because deletion of the DBR1 gene 
results in growth and morphological defects in 
yeast [43].

Whether protein aggregation is the pathologi-
cal process that contributes to ALS is debated 
[44–46]. A long held view on the pathogenesis of 
Alzheimer’s disease was that amyloid plaque for-
mation was the casual factor in the disease; how-
ever, there is evidence to suggest that amyloid 
plaque formation may serve a protective function 
[46]. Similar process may occur in ALS. A study 
by Yonashiro et al. has uncovered a mechanism 
by which transcripts that stall ribosomal activity 

result in the tagging of the nascent polypeptide 
chain for aggregation, and a protein (Listerin/
Ltn1) implicated in ALS-like symptoms is inte-
gral to this process [47]. What isn’t known is 
whether the aggregates produced by ribosome-
associated quality control are the same aggre-
gates as those that result from mutants of TDP-43, 
FUS, or SOD-1.

Observations that link immune function to 
development of the disease provide another ave-
nue for the development of potential therapeutics 
for ALS. Although ALS lacks the hallmark signs 
of autoimmune disease, the infiltration of circu-
lating lymphocytes, factors that stimulate inflam-
mation are present in central nervous system of 
people with ALS [48]. The role of immune 
response in ALS, however, appears to be mixed: 
protective or potentially destructive [49–51]. 
Recent studies in a C. elegans model of ALS, in 
which the animals were induced to undergo 
motor degeneration by the expression of TDP-43 
or FUS, degeneration of motor neurons was 
induced by an innate immune response mediated 
by TIR-1 [52]. TIR-1 plays an integral role in 
response to microbial infection as part of the 
innate immune system in C. elegans [43]. 
Deleting the tir-1 gene in C. elegans results in 
significantly reduced neurodegeneration and 
paralysis induced by expression of TDP-43 or 
FUS, which demonstrates the link between 
immune function and ALS disease progression 
[53]. The human ortholog of the tir-1 gene, 
SARM1 (sterile alpha and TIR motif containing 
1), plays a role in maintaining the integrity of 
neurons [54, 55]. Mitochondrial dysfunction, a 
feature of multiple neurodegenerative diseases, 
in sensory neurons causes neuron death through a 
SARM1-dependent mechanism [56]. SARM1 
has also been implicated in Wallerian degenera-
tion, a localized form of programmed axon 
destruction that occurs in response to axon 
trauma or disease (Fig. 20.1) [57]. Axon degen-
eration is an early pathological event in many 
neurological disorders, including ALS [58]. In 
response to injury, SARM1 promotes axonal 
degeneration by depleting cellular levels of 
NAD+ (nicotinamide adenine dinucleotide) limit-
ing energy generation in axons [59]. In SARM1 
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knockout mice mechanical severed axons 
remained intact 24 h post injury, whereas axonal 
degeneration was evident in mice carrying func-
tional SARM1. Yang et al. have provided insight 
into the mechanisms by which axonal damage 
results in energy deficit near the sight of injury 
[60]. They show that SARM1 must activate the 
MAPK kinase pathway to initiate the process, 
and that SARM1 activation of the MAPK kinase 
pathway can be blocked by cytosolic version of 
nicotinamide mononucleotide adenylyl transfer-
ase 1 (NMNAT1) (Fig. 20.1). NMNAT1 is one of 
three homologous enzymes involved in the syn-
thesis of NAD+ that is known to have neuropro-
tective effects [61–63]. SARM1 and NMNATs 
appear to have apposing effects in neurodegen-
erative process [64]. NMNAT2 deletion causes 
neurodegeneration that is reversed by eliminating 
the expression of SARM1 [64, 65]. Surprisingly, 
NMNAT1 counters SARM1 effects on NAD+ 
depletion not by increasing NAD+ synthesis but 
by blocking injury-induced SARM1-dependent 
NAD+ depletion through a mechanism that is still 
to be determined [66]. Inhibitors of SARM1 and 
activiators of NMNATs make for intriguing ther-
apeutic approaches for ALS and other axonal 
degeneration diseases. SARM1 contains a SAM 
(sterile α motif) or TIR (Toll-interleukin-1 recep-
tor) domains that must interact for SARM1-
induced neurodegeneration [54]. In addition, 
unique motifs in the SARM1 domain have been 
identified that are essential for its prodegenera-
tion effects pointing to possible mechanisms that 
could be targeted by small molecules [67].

If SARM1 contributes to axonal degeneration, 
what contributes to motor neuron death? Are 
there other inflammatory processes that contrib-
ute to ALS? The answer to these questions comes 
from studies that measured the effect of astro-
cytes derived from patients with either familial or 
sporadic cases of ALS on co-cultured motor neu-
rons [68]. When cells were co-cultured, the 
derived astrocytes produced toxic effects on the 
motor neurons in culture. This effect is specific to 
astrocytes isolated from ALS patients and occurs 
through necroptosis, a form of programmed 
necrosis [69, 70]. Necroptosis can be reduced by 
inhibition of RIPK1 (receptor-interacting kinase 

1) (Fig. 20.1) [71]. RIPK1 is a critical regulator 
of cell death and inflammation [72]. Recent work 
by Ito et al. has linked RIPK1 to ALS; in trans-
genic mice with an optineurin (OPTN, mutations 
of which have been linked to familial and spo-
radic forms of ALS) knockout, the loss of OPTN 
resulted in demyelination and axonal degenera-
tion through processes that required RIPK1 [73, 
74]. Selective inhibitors of RIPK1 have already 
been identified and characterized, and have 
shown the ability to block necroptosis, providing 
the necessary tools to further explore the poten-
tial of RIPK1 as a therapeutic target [75, 76].

20.3	 �Parkinson’s Disease

Parkinson’s disease (PD) is a chronic neurodegen-
erative disorder characterized by a wide range of 
motor symptoms and pathological features, some or 
all of which may be present in any individual patient 
[77]. While the ultimate cause of PD is unknown, 
both genetic and environmental factors appear to be 
involved, and PD etiology suggests multiple poten-
tial mechanisms involving dopaminergic neurons 
and disruptions in neurotransmitter metabolism 
[78]. Currently, there is no cure for PD, and symp-
toms are managed primarily through routes that 
attenuate the effects of disruptions in dopamine 
metabolism [79]. As more underlying mechanisms 
are elucidated, additional targets for potential phar-
macotherapy are coming into focus. One such target 
is protein deglycase (DJ-1, alternatively called 
Parkinson disease protein 7 or PARK7) [80].

Mutations of the PARK7/DJ-1 gene are 
responsible for one form of recessive early-onset 
Parkinson’s disease, making PARK7 an attrac-
tive target for pharmacotherapy [81]. There is 
growing evidence that the protein product of this 
gene, PARK7, along with homologs, functions 
as glyoxal- and methylglyoxalases, thus attenu-
ating the maturation of early glycation products 
into advanced glycation end products (AGEs) 
[82, 83]. Over time, AGEs promote the cross-
linking of several classes of biomolecules, 
including proteins, lipids, and nucleic acids. 
These cross-linked biomolecules result in vascu-
lar and tissue damage and contribute to the 
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underlying pathology of not only Parkinson’s 
disease, but other disorders including other neu-
rodegenerative disorders, diabetes, atherosclero-
sis, cardiovascular disease, and chronic renal 
failure [84–86].

One significant protein that exhibits extensive 
cross-linking by AGEs is α-synuclein [87], which 
is the primary protein component of Lewy bodies 
[88]. While found in other tissues, most notably 
at the neuromuscular junctions of cardiac and 
skeletal muscles, the primary location of expres-
sion is in the presynaptic neuron [89]. The native 
function of the α-synuclein appears to be the 
regulation of neurotransmitter transport, acting at 
the early stages of vesicular trafficking and pos-
sibly dopamine re-uptake [90, 91]. There is a 
high degree of homology among the synuclein 
protein family and they appear to have at least 
some functional redundancy [90, 92]. The aggre-
gation of α-synuclein into a Lewy body structure 
is kinetically mediated by the equilibrium which 
exists between the membrane-bound, helix-rich 
monomer and a pathologic α-sheet-containing 
conformer which can aggregate into insoluble 
fibrils, making up the fibrous protein component 
of the Lewy body [93–95]. Even prior to Lewy 
body formation, the synuclein aggregates exhibit 
neurotoxicity [95–97]. AGE-cross-linking pre-
sumably increases toxicity by stabilizing the 
aggregation of the ß-sheet conformer, driving the 
equilibrium towards oligomer formation [98, 99].

Targeting PARK7 would presumably be a via-
ble route towards clearing certain early glycation 
products, thus attenuating the formation of AGE-
cross-linked synuclein aggregates. Methylglyoxal 
forms as a spontaneous by-product of triose deg-
radation during glycolysis and covalently links to 
various amino acid side chains, including cyste-
ine, arginine, and lysine [100]. The covalent 
modification of proteins by methylglyoxal can be 
reversed at all three of these amino acids by the 
actions of PARK7 and its prokaryotic homolog, 
YajL, releasing the methylglyoxal as lactate [82, 
101, 102].

PARK7 deficiency has been shown to result in 
increased oxidative stress through the loss of 
ROS quenching capacity [103, 104]. This effect 
on neuron oxidative state may occur through the 

regulation of amino acid uptake specifically that 
of glutamate/glutamine and serine [105, 106]. 
Serine can potentially act as a precursor to gly-
cine and cysteine synthesis. Glycine and cyste-
ine, along with glutamate, which can be taken up 
directly or synthesized from glutamine, are in 
turn the precursors to glutathione (GSH). 
Decreased uptake and synthesis capacity of these 
amino acids could result in a GSH deficiency 
[107]. Indeed, model systems of PARK7 defi-
ciency have been shown to exhibit decreased bio-
synthesis of serine and GSH as well as a 
downregulation in the expression of key enzymes 
involved in cysteine, glutamate, and GSH metab-
olism [106, 108, 109].

PARK7 may exert influence through its 
actions as a sensor for oxidative stress. Under 
oxidative conditions, alterations to PARK7 cyste-
ine residues lead to nuclear and mitochondrial 
translocation, where it may act as a transcription 
factor [110, 111]. In addition to the aforemen-
tioned effect on glutathione pathways, PARK7 
deficiency results in decreased expression of the 
lipid raft proteins flotillin-1 and caveolin-1, 
which have been shown to be involved in func-
tioning of dopamine transporter (DAT) and excit-
atory amino acid carrier (EAAT) [105, 112–114]. 
The transcription activity of PARK7 also influ-
ences dopamine synthesis directly, as tyrosine 
hydroxylase is also upregulated [110].

The involvement of PARK7 by these mecha-
nisms in the pathogenesis of PD is supported 
by the observation that amphetamine use 
increases the risk of developing PD [115, 116]. 
Amphetamines exert their effect through disrup-
tion of dopamine transporter and endocytosis 
of cell membrane EAATs, which would disrupt 
glutamate metabolism in much the same way as 
PARK7 dysfunction [117, 118].

PARK7 may also influence protein function 
directly. Oxidation-triggered translocation to the 
mitochondria results in PARK7 interactions with 
Complex I and Complex II activity, which is 
diminished with PARK7 deficiency [111, 119]. 
PARK7 potentially acts as a protein chaperone 
for cysteine-rich proteins by forming mixed 
disulfides with the thiol proteome [102]. The pro-
karyote PARK7 homolog YajL has been shown to 
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chaperone and other thiol containing biomole-
cules as well, and this activity may allow PARK7 
to participate in the reduction of oxidized thiols 
and may be a mechanistic route towards the 
observed attenuation of α-synuclein aggregation 
[102, 120, 121].

Mechanisms of other neurodegenerative dis-
orders may also be influenced by PARK7. In 
addition to its role as a general thiol chaperone, 
PARK7 has also been identified as a copper chap-
erone with peroxidase activity involved in the 
transfer of copper ion to activate SOD-1 [122, 
123]. The interaction between PARK7 and 
SOD-1 may be an important key to ALS treat-
ment, as cell culture studies and animal models 
have shown PARK7 overexpression attenuates 
oxidative damage and increases cell viability in 
SOD-1 mutant neurons and mice [124].

20.4	 �Dementia and mTOR

A more recent therapeutic target for multiple 
dementias has been the inhibition of the serine/
threonine protein kinase mechanistic target of 
rapamycin (mTOR). Both dementias and 
increased mTOR activity seem to create cells 
with an inability for cellular housekeeping of 
macromolecules, leading to protein aggregates in 
the case of dementias. Research into the mTOR 
pathway was launched in 1975 when rapamycin, 
an inhibitor to mTOR found in soil on Easter 
Island, was shown to act as an antifungal antibi-
otic [125]. Since that time, it has been elucidated 
that mTOR acts as a central detector coordinating 
cell action based on nutrient and stress sensing 
(Fig.  20.2). Rapamycin, hailed as a fountain of 
youth compound, has been found to increase 
lifespan in organisms ranging from yeast, to 
nematodes, to fruit flies, and in mice [125–129]. 
Lifespan increased by as much as 100% in mice, 
with an average increased lifespan of ~20% 
[130]. Caloric restriction, which is also known to 
decrease mTOR activity, likewise has been shown 
to increase lifespans across many genera, and 
recently a 30% calorically restricted diet has been 
shown to increase lifespan in rhesus monkeys by 
15% [131, 132]. Resveratrol, a compound found 

in red wine among other foods, has been exten-
sively investigated as a compound that promotes 
longevity and has been found to inhibit the 
mTOR pathway. While most of the work with 
resveratrol has investigated its ability to decrease 
DNA methylation thereby preventing genes such 
as tumor suppressors from being shut off, it has 
recently been shown the resveratrol directly binds 
to mTOR at the same site as ATP, which presents 
an elegant mechanism to mimic caloric restric-
tion at a molecular level [133–138]. There have 
been 14 clinical trials of resveratrol for various 
dementias with eight in phase 1, three in phase 2, 
and three in phase 3 (clinicaltrials.gov as of 
February 21st, 2017). In general, resveratrol has 
proven safe but not very effective. Two of the 
phase 3 trails were targeted at AD, with one being 
withdrawn (clinicaltrails.gov NCT00743743) 
and the other completing but not yet reporting 
results (clinicaltrails.gov NCT00678431). There 
are promising phase 2 trials targeting AD. A 2015 
study showed positive resveratrol dose-dependent 
effects even though only 1% of resveratrol passed 
the blood brain barrier to reach the nervous sys-
tem (NCT01504854) [139]. More recently, a 
phase 4 study completed in December 2016 is 
comparing dietary interventions of resveratrol 
supplementation, omega-3 supplementation, and 
caloric restriction. In a second phase, the addition 
of physical/cognitive training in conjunction with 
the supplements is being assessed. Outcomes 
will measure any change in the Alzheimer 
Disease Assessment scale, functional/structural 
brain changes, and plasma biomarkers, but results 
have not been released yet (clinicaltrails.gov 
NCT01219244). The last phase 3 trial of resvera-
trol is targeting HD and is still in the recruiting 
phase (clinicaltrials.gov NCT02336633).

mTOR is actually a component of two protein 
complexes termed mechanistic target of rapamy-
cin (mTORC1 and mTORC2), both of which 
contain DEPTOR, mLST8, telO2, and tti1 (DEP 
domain containing mTOR-interacting protein, 
mammalian lethal with sec-13 protein 8 [also 
known as G𝛽L], telomere maintenance 2, and 
telO2-Interacting Protein 1, respectively). The 
mTORCs differ in that mTORC1 alone contains 
mSIN1, RICTOR, and Protor (mammalian 
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Fig. 20.2  mTOR signaling and inhibitors: (a) Growth fac-
tors, food, and cancer all cause activation of PI3K and inac-
tivation of AMPK which cause an increase in mTOR 
activity in both complexes mTORC1 and mTORC2 and 
decrease the level of cellular autophagy. Restoring autoph-
agy either through mTOR inhibitors (rapalogs, ATP-
competitive inhibitors, pan-mTOR inhibitors, or dual PI3K/
mTOR inhibitors) or reduced caloric intake (growth sig-
nals) all restore autophagy which can clear Aß and Tau, 
thereby reducing amyloid plaques and tangles, respectively. 
(b) A simplified mTORC pathway showing the positive 
effects rapamycin and its analogs have by increasing 
autophagy compared to the detrimental outcomes of 
increased mTORC signaling. Beneficial and deleterious 
interactions or macromolecules are shown in green and red, 
respectively. Proteins found in both mTOR1 and mTOR2 

are colored blue. Abbreviations: AMPK AMP-activated 
protein kinase, DEPTOR DEP domain containing mTOR-
interacting protein, FKBP12 FK506/rapamycin binding 
protein, FOXO Forkhead box protein, mLST8 mammalian 
lethal with sec-13 protein 8 (also known as G𝛽L), mPMP 
mitochondrial permeability transition pore, mSin1 
Mammalian Stress-activated map kinase-Interacting pro-
tein 1, mTOR Mammalian Target Of Rapamycin, mTORC 
Mammalian Target Of Rapamycin Complex, PTEN 
Phosphatase and tensin homolog, PRAS40 proline-rich Akt 
substrate 40 kDa, protor1/2 protein observed with rictor 1 
and 2, RAPTOR Regulatory-Associated Protein of mam-
malian Target Of Rapamycin, RICTOR Rapamycin-
Insensitive Companion of mTOR, Sirt1 Sirtuin-1, telO2 
telomere maintenance 2, tti1 telO2-Interacting Protein 1

Fig. 20.2  (continued)
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stress-activated map kinase-interacting protein 1, 
and rapamycin-insensitive companion of mTOR, 
and protein observed with rictor 1 and 2, respec-
tively), while mTORC2 alone contains PRAS40 
and RAPTOR (proline-rich Akt substrate 40 kDa, 
and regulatory-associated protein of mammalian 
target of rapamycin, respectively) (Fig.  20.2a). 
Much more is known about mTORC1 signaling 
compared to mTORC2; however, mTORC2 can 
activate mTORC1 through phosphorylation and 
activation of AKT. It has been reported that both 
amyloid-beta (Aß) increases mTOR activity and 
that mTOR increases Aß levels [140, 141]. 
Interestingly, Aß has been shown to induce 
mTOR hyperactivity through PRAS40 that is 
unique to mTORC1 [142].

Growth factors activate mTORCs by binding 
growth factor receptors, which activate 
PI3K.  While rapamycin inhibition of mTORC1 
complex has proven beneficial for many disease 
states, long-term rapamycin use also inhibits 
mTORC2 which some have suggested could 
cause unforeseen deleterious side effects [143]. 
However, pan-mTOR inhibitors (which block 
both mTORC1 and mTORC2) have been shown 
to be beneficial [143]. There are now compounds 
which preferentially target mTORC1 (rapalogs), 
both mTORC1 and 2 over PI3K (pan-mTOR 
inhibitors), or target all three components equally 
(dual PI3K/mTOR inhibitors) (Fig. 20.2a).

A cellular theme that has been repeatedly sup-
ported is that, while mTOR and aging in general 
inhibit autophagy (cleaning up of macromolecules 
in a cell), maintaining a high level of autophagy via 
caloric restriction, sirtuin, or rapalogs promotes lon-
gevity [144]. Neurodegenerative diseases seem par-
ticularly susceptible to low autophagy activity, 
increasing the speed with which amyloid aggre-
gates form. Calorically restricted cells increase 
autophagy via two well-established pathways. Cells 
in a low energy state have decreased PI3K activity, 
thereby lowering Akt activity, which in turn lowers 
mTORC1 (Akt inhibits Tsc1/2 which inhibits 
mTORC1). Normally mTORC1 inhibits sirtuin 
(Sirt1) which in turn activates FOXO, increasing, 
cellular autophagy. Calorically restricted cells also 
have increased AMPK activity, which activates 
Ulk1 also leading to increased autophagy. The 

increased cellular autophagy has multiple beneficial 
effects. Autophagy offers a molecular mechanism 
to alleviate the burden posed by the general phe-
nomena of amyloid proteins in the various demen-
tias. A low level of autophagy also leads to necrosis 
over apoptosis, which increases inflammation via 
the immune system. Intracellular stress is known to 
signal through Bcl-2 and cause increased calcium 
levels opening the mitochondrial permeability tran-
sition pore (mPTP) which can lead to caspase-
dependent intrinsic apoptosis [145, 146]. The mPTP 
can exist in three states: closed, transiently open in 
low conductance, and permanently open in high 
conductance [147–149]. When excessively open, 
the mPTP causes an almost complete loss of ATP 
production, due to depolarization of the mitochon-
dria, and leads to caspase-independent necrosis due 
to lack of energy to follow the controlled apoptotic 
path (Fig. 20.2a) [150].

While mitochondrial dysfunction has been 
implicated in various dementia including Parkinson 
disease, amyotrophic lateral sclerosis, Huntington 
disease, and Alzheimer disease, methods to target it 
have trailed [151–154]. Upregulation of the mTOR 
pathway is now known to increase oxidative stress. 
Oxidative stress has been targeted with antioxidant 
therapy and it has been found conjugating a cation 
compound to the antioxidant can greatly increase 
localization to the mitochondria due to its negative 
potential of 165  mV across the inner membrane 
[155]. Uptake of antioxidants has been shown to 
increase up to 80-fold while potency has increased 
up to 800-fold [156]. Most of the early targeting of 
the mTOR pathway was for cancer patients with 
many cancers showing increased mTOR pathway 
signaling. Not only is rapamycin FDA approved 
(Sirolimus) but follow on rapamycin analogs 
(rapalogs) are also FDA approved. For example, 
everolimus (Afinitor), temsirolimus (Torisel), and 
ridaforolimus are used for various cancers, with 
sirolimus and everolimus also particularly being 
used as immunosuppressants for use after organ 
transplants [130, 157]. There are 417 clinical trials 
listed as targeting mTOR, and of those 23 are target-
ing neurodegenerative diseases (clinicaltrials.gov as 
of February 21st, 2017). For example, tamoxifen 
has been shown to increase autophagy [158] like 
the mTOR inhibitors mentioned earlier, which is 
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why there is a phase 1–2 clinical trial using tamoxi-
fen for ALS (clinicaltrials.gov NCT02336633). 
The increased autophagy should decrease TDP-43 
accumulation seen the in multiple neurogenerative 
diseases, but results have not yet been published for 
this trial. Interestingly, the combination of an anti-
cancer therapeutic (CSC-3436) and tamoxifen was 
shown to synergistically kill cancer cells but switch 
cells from an autophagic to apoptotic state [159], 
suggesting combination therapies involving mTOR 
will likely take more time to elucidate. The fact that 
inhibition of mTOR seems to reduce dementia and 
extend lifespan raises the hope of not only longer 
life but also an increase in years of quality.

�Conclusions
While the aforementioned disorders, on the 
surface, appear to be distinct and unrelated, 
many of the underlying mechanisms can offer 
insights into other diseases of neurodegenera-
tion. The mitigation of oxidative stress has 
long been a focus in preventing the pathogen-
esis of many classes of neurodegenerative dys-
functions. In the past, with limited knowledge 
of mechanistic pathways leading to increased 
oxidative conditions, elevation of antioxidants, 
both exogenous and endogenous, has been the 
point of concentration. As seen above, a greater 
understanding of the pathways that either 
exacerbate or attenuate oxidative stress is 
revealing a number of regulation points to tar-
get for future therapy. A generation ago, the 
analogy of antioxidants being akin to a bullet-
proof vest to intercept free-radicals was often 
evoked. Using this same analogy, we can 
equate the increasing understanding of signal-
ing mechanisms and regulating pathways of 
oxidative stress as identifying the shooter, thus 
rather than trying to deflect damaging oxida-
tive agents, by targeting these pathways, we 
can instead decrease the generation of these 
agents. As a greater understanding of the regu-
lating pathways of neurodegeneration comes 
to light, the ability to develop pharmacother-
apy to manipulate these pathways and improve 
treatment options will follow.
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