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Dysfunction of cell bioenergetics is a common feature of neurodegenerative diseases,

the most common of which is Alzheimer's disease (AD). Disrupted energy utilization

implicates mitochondria at its nexus. This review summarizes some of the evidence

that points to faulty mitochondrial function in AD and highlights past and current

therapeutic development efforts. Classical neuropathological hallmarks of disease

(β‐amyloid and τ) and sporadic AD risk genes (APOE) may trigger mitochondrial distur-

bance, yet mitochondrial dysfunction may incite pathology. Preclinical and clinical

efforts have overwhelmingly centred on the amyloid pathway, but clinical trials have

yet to reveal clear‐cut benefits. AD therapies aimed at mitochondrial dysfunction are

few and concentrate on reversing oxidative stress and cell death pathways. Novel

research efforts aimed at boosting mitochondrial and bioenergetic function offer an

alternative treatment strategy. Enhancing cell bioenergetics in preclinical models

may yield widespread favourable effects that could benefit persons with AD.

LINKED ARTICLES: This article is part of a themed section on Therapeutics for

Dementia and Alzheimer's Disease: New Directions for Precision Medicine. To view

the other articles in this section visit http://onlinelibrary.wiley.com/doi/10.1111/

bph.v176.18/issuetoc
1 | MITOCHONDRIAL AND CELL
BIOENERGETIC DYSFUNCTION IN
ALZHEIMER'S DISEASE

Mitochondria are maternally inherited, intracellular organelles with key

roles covering energy metabolism and second messenger signalling to

programmed cell death. Oxygen‐dependent ATP synthesis is mediated

by enzyme complexes that make up the mitochondrial electron trans-

port chain (ETC) in a process called oxidative phosphorylation.
E, apolipoprotein E; APP, amyloid
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Mitochondriopathies are diseases classically recognized for mitochon-

dria dysfunction as the inciting insult. These may be genetically

inherited (mitochondrial proteins encoded by mitochondrial DNA

[mtDNA] or nuclear DNA) or acquired (toxins or other secondary

insults). Mitochondriopathies are typically heterogeneous in their pre-

sentation, with multiorgan involvement in common. Characterization

of the various mitochondriopathies in the past identified skeletal mus-

cle and brain to be the primary target organs, with variable effects on

liver, heart, kidneys, and endocrine glands (Scholte, 1988). Although

genetically determined mitochondriopathies are best recognized as

disorders of childhood and managed by paediatric specialists, mito-

chondrial impairment is increasingly recognized in adult‐onset neuro-

degenerative disorders, including Alzheimer's disease (AD),

Parkinson's disease (PD), and progressive supranuclear palsy (Parker,
© 2019 The British Pharmacological Societyal/bph 3489

http://orcid.org/0000-0002-8953-4281
https://orcid.org/0000-0003-2948-7230
mailto:rswerdlow@kumc.edu
http://onlinelibrary.wiley.com/doi/10.1111/bph.v176.18/issuetoc
http://onlinelibrary.wiley.com/doi/10.1111/bph.v176.18/issuetoc
https://doi.org/10.1111/bph.14585
http://wileyonlinelibrary.com/journal/bph


3490 PEREZ ORTIZ AND SWERDLOWBJP
Filley, & Parks, 1990; Swerdlow, 2009; Swerdlow et al., 2000, 1996).

Neuronal susceptibility to mitochondrial dysfunction might be

explained by the fact that neurons are highly dependent on oxidative

phosphorylation (Cardoso, Carvalho, Correia, Seiça, & Moreira, 2016).

AD is a progressive neurodegenerative disorder characterized by

memory deficits and cognitive impairment. There is no cure. The clas-

sical neuropathological hallmarks of AD are abnormal aggregation of

amyloid plaques and neurofibrillary tangles, containing β‐amyloid

(Aβ) and hyperphosphorylated tau (τ) respectively. Definitive AD diag-

nosis is classically made post mortem, once neuropathology has con-

firmed the characteristic plaque and tangle deposition in an

individual with clinical diagnostic criteria during life. As such, studies

on AD‐related pathogenesis and therapeutics have focused largely

on amyloid precursor protein (APP) metabolism, Aβ toxicity, and τ

phosphorylation. Autosomal dominant mutations in APP processing

genes lead to the uncommon, early‐onset, Mendelian AD cases. These

mutations can be located in the APP gene or presenilin genes (a γ

secretase subunit necessary for APP processing) and have been used

extensively in transgenic mice to induce brain amyloidosis and to

model that aspect of AD pathology. Interest in better understanding

other pathological features has been slowly gaining traction, including

inflammation pathways, insulin resistance, mitochondrial dysfunction,

and oxidative stress (Toledo et al., 2018). Evidence‐based disease

staging generated by the Alzheimer's Disease Neuroimaging Initiative

and other longitudinal studies supports the notion that AD is not a lin-

ear downstream consequence of Aβ deposition alone but rather a mul-

tifactorial disease (Iturria‐Medina, Carbonell, Sotero, Chouinard‐

Decorte, & Evans, 2017; Veitch et al., 2018). Some argue that mito-

chondrial dysfunction is a primary insult driving the more prevalent,

sporadic late‐onset AD pathophysiology and refer to this as a “mito-

chondrial cascade hypothesis” (Swerdlow et al., 2000; Swerdlow,

Burns, & Khan, 2014; Swerdlow & Khan, 2004, 2009).
2 | EVIDENCE FOR MITOCHONDRIAL
DYSFUNCTION IN AD

Some of the first clues hinting at mitochondria dysfunction in AD devel-

oped from observations of regional hypometabolism in AD subjects on

brain imaging. Altered brain glucose metabolism in AD subjects is

detectable in living subjects using fluorodeoxyglucose PET (FDG‐

PET). Low glucose consumption (FDG uptake on imaging) is thought

to be due to reduced glycolysis, synaptic dysfunction, and neuron loss

(Foster et al., 1983; Friedland et al., 1983; Fukuyama et al., 1994;

Mosconi et al., 2010; Silverman et al., 2001; Veitch et al., 2018). AD

brains seem to compensate for the glucose hypometabolism by shifting

to amino acids and fatty acids as alternative energy sources (Toledo

et al., 2018). These observations have undoubtedly implicated alter-

ations in energy metabolic pathways in AD. Although the primary insult

in AD is still a subject of debate, the observed brain metabolic changes

are thought to reflect or include impaired mitochondrial function.

Increased oxidative stress and ROS damage in AD brains provide

other clues implicating mitochondria in AD pathogenesis, as
mitochondria are the major generators of ROS (Bonda et al., 2014;

Wang et al., 2014). ROS generated by a faulty ETC may result in dam-

age to DNA, lipids, and proteins. Anatomical regional susceptibility to

oxidative damage seems to correlate with brain regions most affected

in the disease, namely, the frontal, parietal, and temporal lobes (Wang,

Markesbery, & Lovell, 2006). That mtDNA exhibits higher levels of oxi-

dized nucleotide bases compared to nuclear DNA suggests differential

ROS‐induced damage (Wang et al., 2006). Finally, cell lines containing

mtDNA from AD subjects demonstrate increased ROS and free radical

production, compared with controls (Swerdlow et al., 1997).

Decreased regional blood flow and oxygen utilization in AD brains

provide perhaps more direct evidence implicating impaired mitochon-

drial respiration in disease (Frackowiak et al., 1981; Fukuyama et al.,

1994; Sims, Finegan, Blass, Bowen, & Neary, 1987). While, on the

one hand, AD brains exhibit reductions in numbers of intact mitochon-

dria (Hirai et al., 2001; Wang et al., 2009), impaired mitochondrial

function is attributed to loss or dysfunction of specific ETC enzymes.

These enzymes include (a) cytochrome c oxidase (COX; i.e., complex

IV; Maurer, Zierz, & Möller, 2000; Mutisya, Bowling, & Beal, 1994;

Parker et al., 1990), (b) pyruvate dehydrogenase complex (Gibson,

Starkov, Blass, Rata, & Beal, 2010), and (c) the Krebs cycle α‐

ketoglutarate dehydrogenase complex (Gibson et al., 2010).

One mechanism by which mitochondrial enzyme expression can be

compromised is through the depletion of the mtDNA that encodes

subunits of these enzymes. For example, studies using AD cybrid

models exhibit reduced COX activity. Because cybrids are generated

by fusing anuclear cells (platelets) derived from AD patients with cell

lines depleted of endogenous mtDNA, they directly implicate mtDNA

changes in the enzyme deficits observed (Swerdlow et al., 1997).

Work by others has shown that mtDNA from AD patients host more

lesions than control subjects (Krishnan, Ratnaike, De Gruyter, Jaros,

& Turnbull, 2012; Wang et al., 2006). These mtDNA lesions could

either represent maternally inherited mutations or mutagenesis

acquired in life, secondary to nucleotide damage accumulated during

aging (Wallace, 2005). Samples from asymptomatic adult children

whose mothers carry an AD diagnosis exhibit reduced COX activities,

hinting at a heritable component (Mosconi et al., 2010). Nevertheless,

aging‐related cellular mechanisms are also likely to be involved. Stud-

ies investigating a role for DNA repair enzyme activity in AD brains

have pointed to deficits in this process (Canugovi, Shamanna, Croteau,

& Bohr, 2014; Lovell, Xie, & Markesbery, 2000; Weissman et al.,

2007). From a mechanistic standpoint, there is evidence to link

impaired base excision repair capacity in AD brains with lower mtDNA

copy number (Soltys et al., 2019). Others speculate that oxidative

stress (and not DNA repair capacity) is the main cause of aging‐

dependent mtDNA damage (Wang et al., 2014).
3 | BRAIN METABOLIC/MITOCHONDRIAL
DYSFUNCTION DURING NORMAL AGING

Age is the strongest risk factor for developing AD. This underscores

the need to factor in aging‐related biological changes in the study of

http://clinicaltrias.gov
http://clinicaltrias.gov
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AD. Mitochondrial dysfunction may play a role in the increased sus-

ceptibility to AD that accompanies aging. The aging brain features

decreased energy utilization, including decreased glucose utilization

(Chételat et al., 2013; De Santi et al., 1995; Kalpouzos et al., 2009;

Marano et al., 2013; Willis et al., 2002) and decreased respiratory

capacity (Navarro & Boveris, 2007). On closer examination, mitochon-

drial ETC Complex I and IV functions decline with age (Navarro &

Boveris, 2007). In rodents, the OXYS rat model of accelerated aging

exhibits brain mitochondrial disruption. These alterations comprise

mitochondrial gene expression changes, age‐dependent ultrastructural

differences, and decreased activity of several ETC enzymes (Com-

plexes I, IV, and V; Stefanova et al., 2018). A key pathogenic finding

is that mitochondrial dysfunction precedes Aβ aggregation in the

OXYS rat model (Stefanova et al., 2018; Tyumentsev et al., 2018). A

more direct link between mitochondrial function and aging was dem-

onstrated in a series of experiments, whereby dampening mitochon-

drial ROS production prolonged lifespan in mice (Schriner et al., 2003).
4 | CLASSICAL AD TARGETS AND THEIR
LINK TO MITOCHONDRIAL DYSFUNCTION

For decades, Aβ has been the primary target for disease‐modifying AD

therapies, but to date, Aβ‐focused approaches have produced disap-

pointing results in clinical trials. Meanwhile, efforts to understand the

multifactorial processes driving AD pathology have shed light on inter-

actions between mitochondrial dysfunction and more “classical” trig-

gers of AD (i.e., Aβ, τ, or apolipoprotein E [APOE]). While there are

data to support a model whereby these protein species incite mito-

chondrial insult, there is also evidence to support a process through

which dysfunctional mitochondria may trigger abnormal processing of

amyloid and τ proteins. That APP, Aβ, and τ directly interact with mito-

chondria hints at possible mechanisms by which dysfunction of one

might affect the other. This review summarizes these data and argues

that irrespective of the primary pathogenic insult, targeting mitochon-

dria and cell bioenergetics for the treatment of AD is reasonable.

Amyloid‐based transgenic mouse models of AD display age‐related

mitochondrial impairments (Fu, Xiong, Lovell, & Lynn, 2009; Haupt-

mann et al., 2009). The most studied mechanism by which APP/Aβ

might affect mitochondrial function is by direct interaction and

inhibiting oxidative phosphorylation. In AD human brains, APP (full

length or C‐terminal fragment) and Aβ are associated with the mito-

chondrial membrane in brain regions affected in disease (Caspersen

et al., 2005; Devi, Prabhu, Galanti, Avadhani, & Anandatheerthavarada,

2006). Similar observations have been described in APP transgenic

mouse models, whereby APP appears trapped in the mitochondrial

membrane (Caspersen et al., 2005). This is thought to affect mitochon-

drial function via APP/Aβ accumulation in mitochondrial import chan-

nels, which in turn block entry and function of ETC enzymes and incite

abnormal accumulation of toxic hydrogen peroxide species (Caspersen

et al., 2005). APP overexpression in a human‐derived cortical cell line

or in mouse transgenic brains leads to reductions in ATP levels,

impaired COX activity, and disrupted mitochondrial transmembrane
potential (Anandatheerthavarada, Biswas, Robin, & Avadhani, 2003).

Specific mitochondrial‐binding partners for Aβ have been described

and are thought to influence its role in pathology. Enhanced interac-

tion between Aβ and the mitochondrial enzyme Aβ‐binding alcohol

dehydrogenase in the mitochondria exacerbates Aβ toxicity, free rad-

ical generation, and learning deficits (Lustbader et al., 2004). At the

outer mitochondrial membrane, Aβ interferes with the mitochondrial

permeability transition pore (mPTP), a critical step in apoptosis (Du

et al., 2008).

While these examples emphasize APP/Aβ‐triggered mitochondrial

insult, mitochondrial dysfunction itself may promote aberrant Aβ

production. Chemical inhibition of mitochondrial ETC function

increases proteolytic APP processing (Gabuzda, Busciglio, Chen,

Matsudaira, & Yankner, 1994). Moreover, AD‐derived cybrids (which

contain mtDNA from human AD subjects) display increased

intracellular and secreted Aβ, along with increased oxidative stress

and apoptotic markers (Khan et al., 2000). In efforts to better under-

stand how age‐related mtDNA mutations contribute to AD pathol-

ogy in vivo, some groups have employed genetic approaches to

augment mtDNA lesions during the lifespan of the mouse. The

results have unveiled a relationship between Aβ processing and

mtDNA defects.

To investigate a link between mtDNA damage and AD, one

group induced double strand breaks in mtDNA using a modified bac-

terial endonuclease PstI directed to the mitochondria of CaMK2α‐

positive neurons in mouse brains (Mito‐PstI). This approach results

in mtDNA deletions, reduced levels of mtDNA‐encoded COXI, and

reduced COX activity (Fukui & Moraes, 2009; Pinto, Pickrell, Fukui,

& Moraes, 2013). When crossed to APPswe;PSEN1(A246E) mice,

mitochondrial lesions provoked by Mito‐PstI yielded reductions in

Aβ plaques and Aβ42 levels. Unexpectedly, mitochondrial lesions in

APPswe;PSEN1(A246E);Mito‐PstI mice did not exacerbate oxidative

stress. The authors proposed a model in which Aβ production is nec-

essary to generate toxic ROS species. Whatever the case, the data

also suggest that mitochondria contribute to Aβ processing and its

abnormal aggregation. These observations are certainly confounded

by the fact that Mito‐PstI expression was suppressed until age

6 months, when Aβ processing changes had already begun (Pinto

et al., 2013). Whether the Mito‐PstI model mimicked the mitochon-

drial dysfunction profile seen in AD is unclear (Maurer et al., 2000;

Swerdlow, 2011).

An alternative approach to experimentally disrupt mtDNA was

achieved by inactivating native mtDNA repair mechanism in mice.

The inactivating mutation (D257A) of the mtDNA polymerase PolgA

accelerates the accumulation of mtDNA mutations with age, and this

results in premature aging and bioenergetic deficits linked to mito-

chondria (Trifunovic et al., 2004). In contrast to the above studies,

when PolgA D257A knockin mice were crossed to the APP (Ld)

mouse model, Aβ42 levels and Aβ plaque burden were exacerbated

(Lokesh, Kujoth, Prolla, Van Leuven, & Vassar, 2014). In this case,

increased Aβ protein burden was attributed to impaired clearance

mechanisms. Although oxidative stress in the brain was not exam-

ined in this study, others have shown that PolgA D257A mice exhibit
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increased markers of apoptosis systemically, without signs of oxida-

tive stress (Kujoth et al., 2005). Albeit with disparate directional

effects on Aβ, all these studies suggest that mtDNA lesions play

an important role in APP processing, and this may be due to

mtDNA‐encoded proteins, such as ETC enzymes, and possibly drive

effects independently of oxidative damage.

Pathological forms of τ are similarly associated with AD neuropa-

thology and mitochondrial dysfunction. Studies using platelet‐derived

mitochondria from patients point to enzymic mitochondrial dysfunc-

tion in tauopathies that include AD and progressive supranuclear

palsy (Swerdlow et al., 2000). Further, altered mitochondrial traffick-

ing in AD brains correlates with abnormal τ aggregation. Neurons

positive for neurofibrillary tangles (Alz50+) demonstrate more severe

mitochondrial distribution defects than neurons without τ tangles

(Kopeikina et al., 2011). This suggests either there is a threshold of

mitochondrial dysfunction that determines tangle formation or that

tangle formation exacerbates mitochondrial dysfunction. Data from

transgenic mice engineered to accumulate mutant human τ do not

support the first possibility but are at least consistent with the latter

possibility (Kopeikina et al., 2011). Transgenic mice expressing the

human τ MAPT(P301L) mutation exhibit oxidative stress, alterations

in antioxidant enzymes, and deficits in mitochondrial ETC enzymes

(Complexes I and V; David et al., 2005). Various τ species have been

shown to incite mitochondrial insult. For example, either phosphory-

lated τ or truncated τ forms disrupt mitochondrial membrane poten-

tial, cause oxidative stress, and hinder the calcium buffering capacity

of the cell (Pérez, Jara, & Quintanilla, 2018). Moreover, truncated τ

provokes mitochondrial dysfunction in vitro (Quintanilla, Matthews‐

Roberson, Dolan, & Johnson, 2009).

τ‐related mitochondrial dysfunction is likely to be caused by a toxic

gain‐of‐function mechanism rather than loss‐of‐function. Recent work

in mice shows that complete genetic ablation of endogenous τ (mapt

−/−) displays neuroprotective effects and improves mitochondrial

function. Indeed, mapt−/− mice exhibit reduced oxidative damage,

decreased mPTP formation, enhanced markers of mitochondrial bio-

genesis, enhanced ATP production, and improved cognition (Jara,

Aránguiz, Cerpa, Tapia‐Rojas, & Quintanilla, 2018). For a more com-

prehensive review on the relationship between τ and mitochondrial

deficits, please refer to Eckert, Schulz, Rhein, and Götz (2010) and

Eckert, Nisbet, Grimm, and Götz (2014).

The mouse models described above individually address either

APP‐ or τ‐related features of disease and consequently either APP‐

or τ‐related mitochondrial disturbances. The 3xTg AD mouse model

expresses three mutations linked to familial AD (APPswe, MAPT

P301L, and PSEN1 M146V) that simultaneously address Aβ amyloid

and τ pathological features. Some of the mitochondrial deficits

described above are reproduced in the 3xTg triple‐transgenic model.

Oxidative stress is marked, with more lipid peroxidation, elevated anti-

oxidant enzyme activities, and augmented hydrogen peroxide produc-

tion (Resende et al., 2008; Yao et al., 2009). The 3xTg mice also display

diminished mitochondrial enzyme activities (COX and PDH) and

decreased mitochondrial respiration (Yao et al., 2009). A remarkable

finding in 3xTg females is that mitochondrial dysfunction occurs even
at a young age and before detectable evidence of Aβ plaques or tangle

pathology. In fact, embryonically derived hippocampal neurons

displayed alterations in bioenergetic pathways, involving decreased

mitochondrial respiration and increased glycolysis (Yao et al., 2009).

That these mice were genetically modified to express three mutant

genes cannot preclude the influence of soluble or undetectable APP

or τ proteins on the bioenergetic changes described. Therefore, while

these data cannot argue that dysfunctional mitochondria drive AD

pathology, it suggests that mitochondrial dysfunction is a very early

step in AD pathophysiology.

A major limitation of the APP/Aβ‐ or τ‐induced mitochondrial tox-

icity studies is that they experimentally overexpress mutant protein,

unavoidably biasing them towards a model in which Aβ and/or τ is

the primary insult. The low‐capacity runner (LCR) rat offers a less

proteotoxic aging model, by comparison. The LCR and high‐capacity

runner rats were selected over generations for their divergent intrinsic

aerobic exercise capacity (VO2). LCR rats harbour genetic elements

acquired through artificial selection that determine aging‐related met-

abolic impairments and, in this way, provide a model of disease with

native, non‐transgenic, protein expression profiles. LCR rats display

cellular and systemic metabolic dysfunction, in which mitochondrial

impairments are considered early (if not primary) features of pathol-

ogy. Hippocampi of LCR rats demonstrate age‐related atrophy and

neurodegeneration, coupled to mitochondrial functional abnormalities

and alterations in proteins that assist in mitochondrial biogenesis and

oxidative phosphorylation (Choi et al., 2014). Presumably as a conse-

quence of bioenergetic impairments, aged LCR rat hippocampi exhibit

greater native phospho‐τ build up in the mitochondria when compared

to high‐capacity runner rats. LCR rats are likely to model a pathway in

which abnormal phospho‐τ accumulation is a consequence of mito-

chondrial dysfunction.

The APOE allele type is the main genetic risk factor for sporadic

AD. Individuals with APOE ε4 carrier status have a higher risk for

AD, while APOE ε2 carriers demonstrate decreased risk (Corder

et al., 1993; Corder et al., 1994). Although this link is incompletely

understood, one proposed mechanism is by APOE allele effects on

Aβ levels. There is clear evidence that APOE influences Aβ protein

burden, and there is promising preclinical evidence for APOE ε2 gene

therapy to promote Aβ clearance in the APP Tg2576 model (Hudry

et al., 2013). Whereas APOE ε4 exacerbates Aβ accumulation and

synaptic toxicity, APOE carrier status might also influence suscepti-

bility by its effects at the level of the mitochondria. Akin to a poten-

tial amyloid clearance mechanism, APOE ε4/3 carriers with more

severe cognitive status display a higher degree of brain mitochon-

drial APP accumulation, compared with APOE ε4 non‐carriers or

APOE ε4 carriers with less severe cognitive status (Devi et al.,

2006). Additionally, mitochondrial APP burden is more widespread

in APOE ε4/3 brains.

Beyond Aβ, evidence suggests that APOE status may determine

mitochondrial function. Brains from young, non‐demented APOE ε4

individuals exhibit lower brain mitochondrial COX activity than con-

trols (Perkins et al., 2016; Valla et al., 2010). In addition to alter-

ations in mitochondrial ETC enzymes, expression of proteins
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involved in ketone and glucose metabolism is also affected (Valla

et al., 2010). That APOE ε4 brains do not already harbour high levels

of toxic Aβ or τ species at a young age suggests that (a) observed

metabolic aberrations precede the predicted Aβ or τ dysregulation

and that (b) metabolic abnormalities play a critical, upstream role in

pathology. Impaired mitochondrial enzyme activities in APOE ε4 car-

riers are also evident after onset if cognitive impairment and clinical

AD diagnosis have been established. A small clinical study from our

group examined platelet mitochondrial enzyme activities in AD sub-

jects. Having age, sex, and AD diagnosis in common, APOE ε4 car-

riers demonstrated lower mitochondrial enzyme activities than ε4

non‐carriers (Wilkins et al., 2017). In vitro, APOE ε4 neurotoxic pro-

tein fragments interact with mitochondria, cause mitochondrial dys-

function, and hinder cell survival (Chang et al., 2005).
5 | IN SEARCH OF THERAPIES FOR AD

The standard of care for clinically diagnosed AD patients includes cho-

linesterase inhibitors (donepezil, rivastigmine, and galantamine) and

memantine (Birks, 2006; Birks, Chong, & Grimley Evans, 2015; Birks

& Harvey, 2018; Loy & Schneider, 2006; McShane, Areosa Sastre, &

Minakaran, 2006). The former blocks degradation of ACh, the neuro-

transmitter of the cholinergic neurons affected in AD. As disease pro-

gresses, the cholinergic neurons are lost in the basal forebrain, and

partly for that reason, the therapeutic potential is limited. Memantine

is an NMDA receptor blocker, and this mechanism is thought to atten-

uate excess glutamate neurotransmitter activity. Both pharmacologi-

cal approaches address cognitive/memory symptoms, but neither

halts disease progression. Non‐pharmacological tools for AD include

lifestyle modifications (i.e., diet and exercise), and these are being eval-

uated at the preclinical level and in clinical trials (Ströhle et al., 2015).

The amyloid cascade hypothesis has driven the development of AD

therapeutics over the past several decades and continues to guide the

development of disease‐modifying interventions (Cummings, Aisen,

et al., 2016; Cummings, Morstorf, & Lee, 2016). Some of the disap-

pointments in human trials targeting Aβ reflect an inability to reliably

alter the course of the disease, and in some cases, interventions appear

to have accelerated cognitive decline or produced toxic side effects.

Based on these clinical trial disappointments, and based on the obser-

vation that neurofibrillary tangle deposition more closely tracks with

the regional and symptomatic progression of disease, τ‐targeted thera-

pies have received increasing attention in recent years (Cummings, Lee,

Ritter, & Zhong, 2017, 2018).

As imaging tools and biomarkers help us to study the onset and

progression of AD, systematic and comprehensive efforts to apply

these tools offer new insights into disease processes. Indeed,

Alzheimer's Disease Neuroimaging Initiative analyses increasingly con-

sider AD as a multifactorial condition (Iturria‐Medina et al., 2017;

Veitch et al., 2018). Accordingly, investigators predict that combinato-

rial therapeutic approaches for AD are more likely to yield positive

results than Aβ‐directed therapies alone (Iturria‐Medina et al., 2017).

The fact that bioenergetic and mitochondrial dysfunction contribute
to AD justifies harnessing mitochondrial and bioenergetic medicine

approaches to treat AD.
6 | MITOCHONDRIAL AND BIOENERGETIC
MEDICINE

Cell energy metabolism involves mitochondrial and non‐mitochondrial

biochemical pathways that either depend or not on oxygen utilization.

In brief, mitochondrial bioenergetic pathways consist of (a) the Krebs

cycle, (b) fatty acid β‐oxidation (to generate reducing equivalents for

oxidative phosphorylation or to make ketone bodies that can serve

as direct energy sources), and (c) oxidative phosphorylation (oxygen‐

dependent ATP generation in the mitochondrial ETC). Glycolysis

anaerobically breaks down glucose molecules to make ATP. While gly-

colysis takes place in the cytosol, it generates products that in turn

feed mitochondrial carbon fluxes.

Mitochondrial medicine seeks to compensate for or correct

disease‐associated mitochondrial dysfunction (Luft, 1994). Examples

of mitochondrial medicine agents typically include vitamins, cofactors,

electron acceptors, and redox molecule precursors, some of which

have been tested in AD clinical trials but with limited success. Cellular

energy producing pathways extend beyond the mitochondrial com-

partments (Swerdlow, 2014). The term “bioenergetic medicine” was

proposed recently to describe the strategic restoration of energy

metabolism‐related fluxes in AD and other diseases which show

impairments of those fluxes. For an in‐depth review, please refer to

Swerdlow (2014). Interventions designed to improve bioenergetics in

the brain represent important therapeutic strategies to delay, prevent,

or treat age‐related neurodegenerative diseases, the most common of

which is AD (Swerdlow, 2009, 2014, 2016).
7 | TREATMENT STRATEGIES TARGETING
MITOCHONDRIA IN AD: TRADITIONAL
STRATEGIES

To date, treatment strategies targeting aspects of mitochondrial dys-

function have focused on forestalling mitochondrial processes linked

to terminal cell fates, namely, oxidative stress and apoptosis. Brains

from AD patients and AD mouse models exhibit oxidative stress

early on. (Nunomura et al., 2001; Praticò, Uryu, Leight, Trojanoswki,

& Lee, 2001; Rhein et al., 2009; Wang et al., 2006; Yao et al., 2009).

Therefore, it is reasonable to hypothesize that antioxidant treatment

should prove beneficial for AD. However, clinical trials testing anti-

oxidants in AD patients have not yielded clear‐cut benefits and

may have detrimental effects (Lloret et al., 2009; Miller et al.,

2005). In the case of vitamin E, promising clinical trials initially

demonstrated an attenuation in cognitive decline when compared

with the placebo group (Sano et al., 1997), but other studies later

argued that the findings might not generalize to larger groups (Lloret

et al., 2009).

It is worth recognizing that while antioxidant supplementation

has fallen short in clinical trials, preclinical studies continue to show
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http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4253
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=294
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=75
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=1369
https://pubchem.ncbi.nlm.nih.gov/compound/alpha-tocopherol#section=Top
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promise in their therapeutic potential, especially when targeted

directly to mitochondria and when therapy is started early. A com-

pelling story highlighting the role of mitochondrial oxidative stress

in AD‐related pathology comes from APP transgenic mice (Tg2576)

crossed to mice that overexpress catalase in the mitochondria (i.e.,

MCAT). The enzyme catalase is normally localized to the peroxisome,

where it catalyses the removal of hydrogen peroxide. The resulting

AD‐MCAT mice demonstrated extended lifespan and decreased AD

neuropathology markers (i.e., APP, oligomeric Aβ, Aβ42, and Aβ40)

compared to appropriate controls (Mao et al., 2012). These results

point specifically to mitochondrial oxidative stress as a contributing

factor that favours formation of toxic APP derivatives. Observations

such as these suggest targeting antioxidants specifically to the mito-

chondria might be a suitable approach for antioxidant‐based treat-

ment success in the context of aging and AD.

Mitoquinone mesylate (mitoQ) is a mitochondrial‐targeted antiox-

idant. MitoQ prevented Aβ‐induced cell death and oxidative stress in

mouse cortical neurons in vivo (McManus, Murphy, & Franklin,

2011). MitoQ treatment also favourably altered the development of

AD‐like pathology in vivo. Starting at 2 months of age, 3xTg female

mice were treated with mitoQ for 5 months, and, not surprisingly,

the treatment prevented oxidative stress damage. Beyond antioxidant

effects, mitoQ administration successfully reduced Aβ accumulation,

astrogliosis, synaptic loss, brain caspase activation, and improved cog-

nitive performance (McManus et al., 2011). These studies emphasize

the role of mitochondrial oxidative stress in driving a variety of disease

features. Additionally, these findings imply that early intervention

might be a key to therapeutic effectiveness. At present, mitoQ is being

tested in a small clinical trial (Table 1), albeit for its role in endothelial

NO production, and whether it benefits cerebrovascular blood flow in

AD subjects (NCT03514875).

Cell death is the ultimate irreversible fate for degenerating neu-

rons. Mitochondria play a critical role in programmed cell death, spe-

cifically in the formation of the mPTP. Recent efforts screened low

MW inhibitors of mPTP for their potential to attenuate Aβ‐induced

cell toxicity and mitochondrial dysfunction and identified compound

candidates (Elkamhawy et al., 2018).
8 | TREATMENT STRATEGIES TARGETING
MITOCHONDRIA: AD DRUG DEVELOPMENT
PIPELINE

The AD drug development pipeline continues to emphasize the amy-

loid cascade hypothesis, with Aβ as the main target. Recent reviews

have evaluated AD therapies and identified inflammatory mediators

and τ as emerging targets of interest (Cummings, Aisen, et al.,

2016; Cummings, Morstorf, et al., 2016). This section will focus on

current clinical trials with special attention to interventions targeting

mitochondria or related pathways in the context of AD. To this end,

we resorted to data available at the clinicaltrials.gov database

(accessed October 15–20, 2018), using a systematic search method

described below. We found 927 clinical trials that presumably affect
the mitochondria for any disease or condition, of which 670 are

interventional studies. Of these, 640 target adults 18 and older.

First, we were interested in identifying the clinical trials targeting

mitochondria in AD relative to neurological diseases. As an initial

approach, we conducted three separate searches for clinical trials for

either “brain diseases,” “dementia,” or “Alzheimer's disease” as the con-

dition or disease under investigation. For each of these, we further

selected for search results with “mitochondria” in the other terms

search bar. Because AD is an adult‐onset neurodegenerative disease,

and mitochondrial diseases afflict the paediatric population in distinct

clinical profiles, we narrowed down the results further to only include

“adult (18–64)” and “older adult (65+)” in the age eligibility criteria. We

allowed the results to include all possible status (recruiting, completed,

etc.), to include “all” sexes, to include all Phases (1–4), to include with

or without results, and to include all funder types.

We downloaded the tabulated information for each of the search

results and used the clinical trial numbers (NCT) to generate area‐

proportional Venn diagrams using BioVenn (Hulsen, de Vlieg, &

Alkema, 2008). There are 132 clinical trials for “brain diseases” that

involve mitochondria in adults (Figure 1a). Of these, 18 studies target

“dementia” specifically. Eleven of the 18 dementia trials target AD,

while five target Huntington's disease, one targets diabetes, and the

last targets a spectrum of rare neurological diseases. When we

narrowed down the studies to include only “interventional” study

types, we found most of the clinical trials are interventional, and 10

involve mitochondria (Figure 1b).

The clinical trials studying “AD and mitochondria” are tabulated in

Table 1. The trials span various phases, with Phase 1 (n = 2), Phase 2

(n = 3), and Phase 3 (n = 4). Of the agents being tested, five are con-

sidered antioxidant therapies (R+pramipexole, Sunphenon epigallo-

catechin gallate (EGCg), DL‐3‐n‐butylphthalide (NBP), mitoQ,

resveratrol), one is described as a mitochondrial enhancer molecule

(S‐equol), and one is an antihistimine/antiapoptotic agent (Dimebon).

Three of the clinical trials are ongoing. We examined the characteris-

tics of these trials with emphasis on the drug target and what results

were linked to these trials.

R+pramipexole is described as a free‐radical scavenger that accu-

mulates within brain mitochondria and has neuroprotective effects.

The Phase 2 clinical trial (NCT01388478) involved escalating the dose

of R+pramipexole as tolerated for 24 weeks total in mild‐to‐moderate

AD subjects and was completed in 2014. We found one report (PMID

26682692) with results related to this study (Bennett, Burns, Welch, &

Bothwell, 2016). The authors reported mild to moderate adverse

effects, with 4 out of 19 subjects withdrawing. There was 84.8–

93.3% mean compliance. CSF protein biomarkers linked to AD

(Aβ42, τ, and phospho‐τ) were examined and found no change

6 months after treatment when compared to baseline. FDG‐PET imag-

ing revealed increased glucose uptake in cerebellum. We found no AD

Phase 3 R+pramipexole studies.

The green tea extract Sunphenon EGCg was tested in Phase 2/3

clinical trial in 21 participants with early stage AD (MMSE 20–26, on

donepezil; NCT00951834). Preclinical efforts with Sunphenon EGCg

were promising for antioxidant, anti‐apoptotic, and anti‐Aβ

http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2979
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2448
https://pubchem.ncbi.nlm.nih.gov/compound/11388331
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2509
http://clinicaltrials.gov
https://pubchem.ncbi.nlm.nih.gov/compound/59868
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=7002
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=7002
https://pubchem.ncbi.nlm.nih.gov/compound/61361
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=8741
https://pubchem.ncbi.nlm.nih.gov/compound/91469
https://pubchem.ncbi.nlm.nih.gov/compound/197033
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accumulation effects and are reviewed in Cascella, Bimonte, Muzio,

Schiavone, and Cuomo (2017). Additionally, Sunphenon EGCg is

described as a modulator of cell survival and mitochondrial function.

The study is reported as being completed in 2015. We did not find

publications linked to this study.

NBP is a synthetic compound with antioxidant effects that also

attenuates mitochondrial dysfunction. It is being evaluated in an

observational clinical trial (NCT02711683) in 120 subjects with mild‐

to‐moderate AD already receiving donepezil (to be compared to

AD subjects on donepezil and not on NBP). NBP is approved in

China for treatment of ischaemic stroke and is hypothesized to

improve cognitive outcomes by its beneficial effects on the microcir-

culation. The data acquisition phase of the study is noted as com-

pleted in January 2018, but we found no related publications

reported at this time.

S‐equol is a non‐hormonal agonist at the oestrogen receptor β,

which potentiates mitochondrial function in rat hippocampal neurons

(Yao et al., 2013). A Phase 1 study on S‐equol (NCT02142777)

focused on safety and tolerability of the agent in 15 female subjects

with very mild or mild AD and was completed in 2016. Treatment

consisted of 2 weeks drug on, 2 weeks drug off, and finally, a 2‐

week drug washout period. We found two articles linked to this

study. The first (PMID28598847) reported mean compliance of

96.4% to S‐equol with no serious adverse events (Wilkins et al.,

2017). Platelet mitochondrial enzyme activities were evaluated. By

the COX biomarker, 11 of 15 subjects showed a positive drug

response pattern, as defined by comparing the slope of the measure-

ment change when going from no treatment to treatment to the

slope when going from treatment to no treatment. A trend pointed

to a more pronounced effect in APOE ε4 non‐carriers, although com-

parisons between the carrier and non‐carrier groups were not statis-

tically different. The second report linked to this study

(PMC5406545) analysed pretreatment samples alone to determine

APOE ε4 carrier status effects on mitochondrial enzyme activities.

The authors found that platelet‐derived mitochondrial COX and CS

activity were lower in APOE ε4 carriers than non‐carriers at baseline.

S‐equol is currently being evaluated in an active phase 2 clinical trial

(NCT03101085). This study consists of APOE ε4 non‐carrier male

and female AD subjects treated with S‐equol or placebo for 1 month.

The study will again ascertain effects on platelet mitochondrial

enzyme activity (COX and CS) and additionally examine changes in

cognitive performance.
9 | AD DRUG DEVELOPMENT PIPELINE:
BIOENERGETICS BEYOND MITOCHONDRIA

As discussed above, energy metabolism pathways extend beyond

the mitochondria. We therefore widened the scope of our search

to better assess the number of AD studies that indirectly target

mitochondria or other energy metabolism pathways. When searching

for “bioenergetic medicine” alone, we found 20 clinical trials, but

none focused on AD (not shown). Thus, we broadened the search

http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=621
http://clinicaltrias.gov
http://clinicaltrias.gov


FIGURE 1 Clinical trials with the search
term “Mitochondria” for neurological
conditions classified as “brain diseases,”
“dementia,” or “Alzheimer's disease” (AD). (a)
Includes all results; (b) includes only the
interventional trials
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using either “metabolism” or “energy metabolism” in other terms.

There are 235 clinical trials studying metabolism and AD (Figure 2

a). Surprisingly, of the 11 AD studies involving “mitochondria,” only

two overlap with “metabolism” studies, and none overlap with

“energy metabolism.” All but one of the “energy metabolism” trials

are also categorized as “metabolism” trials. Energy metabolism stud-

ies in AD include physical exercise (n = 3), the metabolic intermedi-

ate oxaloacetate (OAA; n = 1), and a transcranial electromagnetic

device (n = 1) as therapeutic interventions. Table 2 lists some char-

acteristics of these trials. The metabolic intermediate OAA listed in

this table is being tested by our group in a Phase 1b trial

(NCT02593318) and will acquire data on several parameters, includ-

ing safety, cognitive measures, brain glucose metabolic rate by FDG‐

PET, changes in brain neurochemicals by magnetic resonance spec-

troscopy, and drug plasma levels.

To include lifestyle modification interventions that may biologically

influence bioenergetics, we found 118 studies on AD and exercise

(103 categorized as interventional) and 88 on AD and diet (77 catego-

rized as interventional; Figure 2b). Nineteen AD studies overlap

between “diet” and “exercise.” Only two AD “mitochondria” studies

overlap with “diet” (mitoQ or resveratrol with glucose and malate).

Because oxidative stress is thought to be at least in part provoked

by mitochondrial dysfunction, we searched for “antioxidant” treat-

ments for AD. Using the search definitions “Alzheimer's disease” and

“antioxidant” yielded 35 clinical trials; four of these (Sunphenon EGCg,

mitoQ, resveratrol with glucose and malate, and R+pramipexole) are
FIGURE 2 Clinical trials involving metabolism pathways or lifestyle modification interventions for Alzheimer's disease (AD). (a) AD “Metabolism”
is the major focus in clinical trials targeting cell energy pathways and does not meaningfully overlap with AD “Mitochondria” trials. (b) Lifestyle
interventions that may affect biological energy pathways in AD include diet and exercise; only two AD “mitochondria” trials overlap with AD “diet”
trials. (c) Most clinical trials testing antioxidants for AD are registered in a category distinct from interventions involving the mitochondria or other
metabolism pathways
also categorized as AD “mitochondria” studies (Figure 2c). The trials

testing resveratrol with glucose and malate or R+pramipexole are the

two in common for all three search terms (AD & Metabolism, AD &

Mitochondria, and AD & Antioxidant).

Finally, we asked how mitochondria studies for AD compared to

clinical trials focused on amyloid, τ, or APOE. We searched for

“Alzheimer's disease” in disease or condition and either “amyloid,”

“tau,” or “APOE” in other terms. Consistent with Cummings et al.

(2018), we found the majority of AD clinical trials focus on amyloid

(436 trials), τ second (204 trials), and APOE third (81 trials;

Figure 3a). Twenty studies include all three search terms. For unclear

reasons, narrowing the search term to “interventional” studies aug-

mented the search results of clinical trials involving AD and amyloid

(n = 363), AD and τ (n = 243), or AD and APOE (n = 123).

AD studies on mitochondria scarcely overlap with those involving

amyloid (n = 2), τ (n = 1), or APOE (n = 0; not shown; Figure 3b).

This is surprising considering evidence suggests an interplay

between mitochondrial dysfunction and amyloid, τ, and APOE. One

trial (NCT02062099) overlaps with “amyloid,” “tau,” and “mitochon-

dria” search terms for AD. This is a pilot study using radioligands

in PET imaging to correlate neuroinflammation ([18F]‐DPA‐714)

and amyloid load ([18F]‐AV‐45) in subjects with memory complaint,

mild cognitive impairment, or AD. The link to mitochondria is that

the radioligand [18F]‐DPA‐714 binds receptors in the outer mito-

chondrial membrane that are up‐regulated with neuroinflammation.

Because this is a diagnostic study evaluating radioligands as bio-

http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5236
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4536
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2480
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markers of disease (not testing therapeutic agents), we did not

include it in Table 1. We did not find published results from this

study. Finally, NCT00951834 is linked to both “amyloid” and “mito-

chondria” in AD studies. This study was discussed above and tests

the green tea extract Sunphenon EGCg in AD participants and is

listed in Table 1.
10 | TREATMENT STRATEGIES TARGETING
MITOCHONDRIA: NOVEL APPROACHES IN
PRECLINICAL STUDIES

As discussed above, mitochondria‐based treatment strategies have

largely centred on oxidative stress and apoptosis pathways. There is

evidence that enhancing mitochondrial function itself may ameliorate

AD pathology (Mattson & Arumugam, 2018). Novel approaches seek

to bolster mitochondrial function using intermediates of cell bioener-

getic pathways for their therapeutic potential as they seem to show

benefits in AD models (Murray et al., 2016).

Nicotinamide riboside (NR), an NAD+ precursor, extends lifespan

in mice (Zhang et al., 2016). A 3xTg model with polymerase b

haploinsufficiency (3xTg;polb+/−) was designed to render 3xTg mice

unable to repair DNA defects (Hou et al., 2018). When both 3xTg

and 3xTg;polb+/− mice were treated with NR for several months, the

results pointed to favourable reductions in DNA damage, neuroinflam-

mation, and apoptosis of hippocampal neurons. NR supplementation

was biologically meaningful in hampering adverse AD features. AD‐

related neuropathology indicated a preference for biochemical

improvement in phospho‐τ protein burden, as there was no reversal

in Aβ accumulation or Aβ‐related neuropathology. This is consistent

with previous reports (Green et al., 2008). NR treatment failed to mod-

ulate Aβ production or viability in a cell line overexpressing mutant

APPswe (Hou et al., 2018). Mechanistically, these findings seem to

uncouple Aβ and mitochondrial dysfunction or at least suggest that

targeting cell bioenergetics by enhancing NAD+/NADH preferentially

improves aspects of τ pathology. However, NR treatment does seem

to lower Aβ production in the Tg2576 model in vivo (which

overexpresses the APPswe mutation alone). The discrepancy in Aβ

biology might be attributable to the existing protein burden at treat-

ment onset. The 3xTg and 3xTg;polb+/− mice received NR after

16 months of age, while the Tg2576 mice initiated treatment much

earlier at 7 months of age. The notion of overdue treatment onset is

supported by the observation that if NR administration is delayed in

much older 3xTg mice (20 months), it no longer lowers phospho‐τ spe-

cies (Green et al., 2008). Regardless of the differences on Aβ effects,

NR administration in these studies invariably improved memory/

cognitive function tests in vivo and improved synaptic function in

brain slices. Together, these findings suggest that enhancing cell bio-

energetics can improve brain function and may alter AD‐related pro-

tein biology but also underscore the importance of timing of

treatment in relation to the onset of Aβ or τ pathologies. We did not

find any ongoing AD clinical trials using “nicotinamide riboside” and

“Alzheimer's Disease” as clinicaltrials.gov search terms.

https://pubchem.ncbi.nlm.nih.gov/compound/439924
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=summary&ligandId=2451
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4487
http://clinicaltrials.gov
http://clinicaltrias.gov


FIGURE 3 Amyloid is the major focus in
clinical trials for Alzheimer's disease (AD). (a)
Relationship between clinical trials for AD
with search terms “amyloid,” “tau,” or “APOE.”
(b) Trials investigating mitochondria in AD
relative to trials investigating amyloid or tau
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OAA is an intermediate in several biochemical reactions and meta-

bolic pathways, including the Krebs cycle and gluconeogenesis. In AD

models, Aβ‐mediated inhibition of synaptic activity in the hippocam-

pus is alleviated by OAA treatment (Zhang, Mably, Walsh, & Rowan,

2017). Moreover, OAA administration in pre‐symptomatic amyotro-

phic lateral sclerosis transgenic (SOD1 G93A mutant) mice preserved

strength (Nishimune et al., 2017). Our group observed that i.p. OAA

administration for 2 weeks in young wild type mice was sufficient to

boost markers of mitochondrial biogenesis and promote expression

of mtDNA‐encoded genes. Further, OAA treatment achieved broader

beneficial effects in the brain, including insulin pathway activation,

neurogenesis, and reduced neuroinflammatory markers (Wilkins

et al., 2014). When tested on SH‐SY5Y neuroblastoma cells, OAA

enhanced glycolysis and cell respiration, and this correlated with an

increased NAD+/NADH ratio (Wilkins et al., 2016). As mentioned

above, OAA is being tested in a Phase 1b clinical trial in AD subjects

(NCT02593318; Table 2).

Both aging and AD are associated with decreased brain glucose

utilization, while ketone utilization is maintained (Cunnane et al.,

2016; Mattson & Arumugam, 2018). Efforts to exploit ketones as an

energy fuel source are being investigated. Ketone bodies are gener-

ated from fatty acid oxidation during fasting or extended periods of

exercise and may be utilized in the brain by conversion to acetyl‐

CoA to make ATP in the mitochondria (Mattson, Moehl, Ghena,

Schmaedick, & Cheng, 2018). A recent pilot study in AD participants

showed cognitive improvement in those subjects that were compliant

with a ketogenic diet (Taylor, Sullivan, Mahnken, Burns, & Swerdlow,

2018). Administration of a ketone ester that elevated levels of the

ketone body β‐hydroxybutyrate (BHB) led to improvement in behav-

ioural deficits in 3xTg‐AD transgenic mice (Kashiwaya et al., 2013). It

appears that BHB has the ability to induce brain derived neurotrophic

factor (BDNF) expression in mouse brain, and this is linked to mito-

chondrial biogenesis and metabolic benefits (Marosi et al., 2017;

Sleiman et al., 2016). An earlier clinical trial testing a caprylic triglycer-

ide, which undergoes hepatic metabolism to BHB, showed cognitive

benefits 45 days after initiating treatment (Henderson et al., 2009).

We found 5 studies for “ketone diet and AD,” 1 study for “ketone

ester and AD,” and 18 studies for “ketone and AD.”

The search for drugs that can alter energy metabolism in AD brains

also includes the “repurposing” of drugs designed for diabetes. A

recent report advocates that antidiabetic medications may help by
reversing dysregulated transcriptional changes in AD (Katsel et al.,

2018). The authors identified transcriptional changes in the insulin

receptor pathway and microvasculature‐related genes in AD brains.

These gene changes were reversed in the brains of AD patients who

had received antidiabetic medications in life. The conclusions are lim-

ited by the patient groups analysed. The AD group on antidiabetic

medication also carried a diabetes diagnosis, while the no‐treatment

AD group did not have diabetes. Likewise, the study did not include

a group with AD and diabetes but without antidiabetic treatment (as

these would be harder to encounter). As such, the potentially

favourable transcriptional effects by antidiabetic medication could be

attributed to the effects of diabetes itself on the brain. Still, the report

contributes by sharing insight into a subset of gene expression path-

ways that are altered in AD brains and indicates that metabolic

changes (by medications to treat diabetes and/or diabetes itself) mod-

ulate the brain in potentially beneficial ways. A previous report by the

same group hinted at this possibility with the findings that brains of

diabetic patients who had been on both insulin and oral antidiabetic

agents exhibited lower amyloid plaque burden compared to the other

groups examined (including non‐diabetics, diabetics on insulin, or dia-

betics on oral agent monotherapy; Beeri et al., 2008).

Oral antidiabetic agents have yielded promising results when

tested in disease models. The gluconeogenesis inhibitor molecule

metformin extends lifespan in mice, lowers hyperphosphorylated τ in

a diabetes mouse model, and reverses AD features in APP/PS1 mice

(Chen et al., 2019; Martin‐Montalvo et al., 2013; Ou et al., 2018).

Glucagon‐like peptide 1 (GLP1) receptor agonists act as an insulin sen-

sitizing hormone and show neuroprotective effects (Li et al., 2009; Li

et al., 2010). The thiazolidinediones (rosiglitazone and pioglitazone)

work by activating PPARs and thereby enhance glucose utilization. Pre-

clinical studies have demonstrated encouraging effects with

rosiglitazone treatment. Rodent data show rosiglitazone induces mito-

chondrial biogenesis, improves memory, lowers Aβ burden, and lowers

phospho‐τ (O'Reilly & Lynch, 2012; Pedersen et al., 2006; Strum et al.,

2007; Yoon et al., 2010). In a Phase 2 human study, AD subjects (APOE

ε4 non‐carriers) exhibited cognitive improvement on rosiglitazone

(Risner et al., 2006), but benefits were not observed in a subsequent

Phase 3 trial (Gold et al., 2010; Harrington et al., 2011).

Additional approaches to protect mitochondrial function in AD

include the glial‐derived octadecaneuropeptide, which blocks chemi-

cally induced oxidative stress, apoptosis, and mitochondrial

http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=1713
https://pubchem.ncbi.nlm.nih.gov/compound/441
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1800
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1800
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5012
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4779
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5194
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=249
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=1056
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2694
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=595
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dysfunction. This effect benefits both neurons and astrocytes in cul-

ture (Kaddour et al., 2018).
11 | CONCLUSIONS

Regardless of whether it is accepted as an inciting insult or a conse-

quence of Aβ or τ pathologies, mitochondrial dysfunction in AD is a

well‐accepted finding. Such dysfunction includes mtDNA lesions and

reduced ETC enzyme function in the brains of AD subjects and AD

mouse models alike. AD‐related neuropathological markers (APP, Aβ,

and τ) and genetic risk factors (APOE) have been shown to interact

with and alter mitochondrial function. There is also evidence to sup-

port the notion that abnormal mitochondrial function itself may trigger

neurodegeneration and aberrant APP or τ processing.

We used the clinicaltrials.gov database as a resource to identify

research efforts that have advanced into clinical trials. We found that

therapies targeting conventional AD neuropathology (amyloid, τ, and

APOE) continue to predominate, while studies involving energy

metabolism pathways (mitochondria, metabolism, energy metabolism,

antioxidants, exercise, and diet) lag behind by comparison. Metabo-

lism, exercise, and dietary interventions are emphasized in the latter

category. Antioxidant and antiapoptotic agents continue to represent

the main pharmacological agents for addressing mitochondrial‐related

dysfunction in AD models. Metabolic intermediates, such as NR, OAA,

and ketones, seem to address a wide array of biological changes and,

in some preclinical studies, have produced modifying outcomes.

As more advanced research tools allow us to better understand the

pathological changes of AD, it becomes increasingly apparent that AD

should be recognized as a multifactorial disease. Combining interven-

tions that target several different processes may, therefore, make

sense. With that in mind, this review emphasizes the rationale for test-

ing bioenergetic approaches in AD.
11.1 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org, the

common portal for data from the IUPHAR/BPS Guide to PHARMA-

COLOGY (Harding et al., 2018), and are permanently archived in the

Concise Guide to PHARMACOLOGY 2017/18 (Alexander, Fabbro

et al., 2017a; Alexander, Cidlowski et al., 2017; Alexander, Peters

et al., 2017; Alexander, Fabbro et al., 2017b; Alexander, Christopoulos

et al., 2017).
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