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Abstract

Alzheimer's disease (AD) and Parkinson’s disease (PD) are, respectively, the most
prevalent and fastest growing neurodegenerative diseases worldwide. The former is pri-
marily characterized by memory loss and the latter by the motor symptoms of tremor
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and bradykinesia. Both AD and PD are progressive diseases that share several
key underlying mitochondrial, inflammatory, and other metabolic pathologies. This
review will detail how these pathologies intersect with ketone body metabolism and
signaling, and how ketone bodies, particularly p-p-hydroxybutyrate (BHB), may serve
as a potential adjunctive nutritional therapy for two of the world’s most devastating

conditions.
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1. Mitochondrial dysfunction
1.1 Definition

“Mitochondrial dysfunction” is a blanket term used to describe all manner
of maladaptive mitochondrial phenotypes, including impairment in elec-
tron transport chain components, fission and fusion dynamics, intracellular
trafficking, mitophagy, and so on. However, the concept can be simpli-
fied by defining mitochondrial dysfunction in terms of its two ultimate
consequences:

(1) Underproduction of ATP.

(2) Overproduction of reactive oxygen species (ROS).

For the purposes of this review, we will define mitochondrial dysfunction by
these two consequences. In this section, we first present data that suggest
mitochondrial dysfunction is a common, and perhaps causal, factor in the
pathogenesis of AD and PD, before moving into a mechanistic discussion
about how the ketone body, p-p-hydroxybutyrate (BHB), may correct or
compensate for mitochondrial dysfunction.

1.2 Mitochondrial dysfunction in the pathogenesis of
Alzheimer’s disease and Parkinson’s disease

Studies on cognitively normal individuals with a maternal family history of
AD, carriers of the AD-risk allele, ApoE4, and animal models suggest that
one of the earliest recognizable features of AD is a decrease in cerebral glu-
cose metabolism (cGM) (Blass et al., 2000; Cunnane et al., 2011; Mosconi
et al., 2008; Reiman et al., 1996). Although the exact cascade of patho-
logical events remains to be determined, and may vary among individuals,
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evidence suggests that a decrease in ¢cGM may coincide with, or even
precede, the preclinical deposition of amyloid B (Af) (Andersen et al.,
2017; Vlassenko et al., 2010). The AD-associated deficiency in ¢cGM is
attributable to impaired mitochondrial oxidative phosphorylation and is
consistent with the observation that electron transport chain complex
IV is less active than normal, both in diagnosed AD patients and in indi-
viduals at high risk for developing AD (Maurer et al., 2000; Mosconi
et al., 2007).

Mitochondrial dysfunction can contribute to the classical pathological
hallmark of AD, AP plaques, by promoting the amyloidogenic processing
of amyloid precursor protein (APP) (Wilkins and Swerdlow, 2017).
Several lines of evidence support the hypothesis that mitochondrial dys-
function precedes AP pathology, including that complex IV inhibition
induces the amyloidogenic pathway and that cell lines created by trans-
ferring mitochondrial DNA from AD patients into healthy cells exhibited
a decrease in complex IV activity and ATP production with an increase in
ROS (Cardoso et al., 2004; Gabuzda et al., 1994). However, since Af}
oligomers (and also tau oligomers) can reciprocally induce mitochondrial
dystunction (by mechanisms that include directly impairing respiratory
chain protein function, increasing mitochondrial membrane perme-
abilization, inducing mitochondrial fission, disrupting mitophagy, and
impairing axonal transport (Hu et al., 2017)), whether the amyloid and
tau pathologies, or mitochondrial dysfunction, occur first to initiate a
vicious cycle remains an open question (Fig. 1).

Swerdlow and Khan (2004) have proposed that, while dysfunctional amy-
loid processing may be the primary insult in the 5% of cases caused by
deterministic genetic mutations, in the remaining 95% of sporadic AD cases,
mitochondrial dysfunction represents the primary insult (Swerdlow and
Khan, 2004). While it is important to note that very low levels of intracel-
lular AP, even in the absence of extracellular AP deposition, can impair
mitochondrial function (Du et al., 2010), Swerdlow’s “mitochondrial cas-
cade hypothesis” has gained traction in the field. Perhaps the most
human-relevant line of evidence supporting the hypothesis regards the
maternal heritability of AD. Recall, complex IV is underactive in AD
(Maurer et al., 2000) and that mitochondria and mitochondrial DNA, which
codes for electron transport chain components, including all three catalytic
components of complex IV (Kadenbach and Huttemann, 2015), are
inherited by the embryo from the mother’s egg. In this context, it is inter-
esting that maternal inheritance impacts a person’s risk of having a decreased
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Fig. 1 Neurodegenerative pathology, mitochondrial dysfunction, and pHB: The amyloid (Ap) and tau pathologies of Alzheimer’s disease and
the a-synuclein pathology of Parkinson'’s disease are in positive feedback with mitochondrial dysfunction. Mitochondrial dysfunction is char-
acterized by (i) the underproduction of ATP and (ii) overproduction of reactive oxygen species (ROS). pHB can improve mitochondrial function
through three mechanisms: (1) BHB catabolism decreases the NAD/NADH ratio and increases the Q/QH, ratio to increase the redox span of
the electron transport chain and, thereby, increase the generation of ATP. In addition, the rate limiting step of pHB catabolism generates
succinate, an oxidative fuel for complex Il that bypasses the complex | blockade present in Parkinson’s disease to further increase ATP pro-
duction in this condition. (2) By increasing the Q/QH, ratio and levels of NADPH, BHB catabolism decreases the generation of ROS by reverse
electron transport (dashed arrow) and bolsters antioxidant defenses. (3) pHB is also a signaling molecule that binds to its own G-protein
coupled hydroxycarboxylic acid receptor 2 (HCAR2) and inhibits histone deacetylases (HDACs), both widely expressed throughout the brain,
to regulate a wide variety of critical enzymes, transcription factors, and cofactors and, thereby, improve mitochondrial function.
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¢GM and developing AD far more than paternal inheritance (Cunnane et al.,
2011; Mosconi et al., 2007, 2010). Strikingly, cognitively normal adults who
have mothers with AD exhibit a 50% decrease in complex IV activity com-
pared to adults who have fathers with AD (Mosconi et al., 2011). Such data
are consistent with the notion that, at least in some cases, mitochondrial dys-
function may affect a person’s chances of developing neurodegenerative dis-
ease as early as conception.

The PD brain is similarly characterized by a decrease in ATP levels
(Hu et al., 2000) and a corresponding decrease in electron transport chain
protein function; although, in PD, complex I activity is impaired (Shapira
et al., 1990). In fact, animal models of PD often rely on toxins that inhibit
complex I to induce mitochondrial dysfunction and parkinsonism (MPTP
and rotenone). Furthermore, not only are the environmental risk factors
of PD associated with mitochondrial dysfunction, but all the major known
risk genes for PD affect mitochondrial function, including SNCA, LRRK?2,
I’PS35, GBA, CHCHD?2, PINK1, Parkin, D]-1, PLA2G6, ATP13A2, and
FBXO7 (Helley et al., 2017; Park et al., 2018).

Of particular interest is the protein product of SNCA, a-synuclein. As
is the case for AP and tau in AD, a-synuclein in PD may induce, and be
induced, by mitochondrial dysfunction (Rocha et al., 2018) (Fig. 1).
Evidence suggests that this positive feedback loop may involve complex
I inhibition and mitochondrial dysfunction contributing to a decrease in
autophagy, the ATP-dependent cellular recycling process known to pro-
mote o-synuclein disposal (Thomas et al., 2018; Xilouri et al., 2016).
o-Synuclein, which itself contains a mitochondrial targeting sequence,
can, in turn, impair mitochondrial protein import, alter mitochondrial
morphology, induce oxidative stress, and even further inhibit complex
I in order to establish a vicious cycle that culminates progressive neu-
rodegeneration (Devi et al., 2008; Rocha et al., 2018).

1.3 p-p-hydroxybutyrate may correct or compensate for
mitochondrial dysfunction in Alzheimer’s disease and
Parkinson’s disease

The first study investigating whether PHB can protect cell models of AD and

PD was performed in by Kashiwaya et al. (2000). In this study, the investi-

gators treated hippocampal neurons with neurotoxic AP and dopaminergic

neurons with 1-methyl-4-phenylpyridinium (MPP") to model AD and PD,
respectively. As expected, these treatments decreased neuron viability.
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However, when the cells were pretreated with a clinically achievable and
safe concentration of BHB (4mM), they were resistant to Ap and MPP™ -
induced cell death (Kashiwaya et al., 2000). In this seminal publication,
the authors postulated that the protective effects of PHB were due to
improved mitochondrial function, a prediction that has been supported
by other studies that have shown exogenously administered BHB can boost
ATP production and/or prevent Ap- or MPP " -induced superoxide gener-
ation in neurons in vitro (Maalouf et al., 2011; Marosi et al., 2016; Tieu
et al., 2003).

In vivo studies have also begun to explore the potential benefits of exog-
enous BHB on mitochondrial function in animal models of AD and PD.
In one such study, a ketone monoester, an orally ingestible compound that
is metabolized directly into PHB, was fed to 3xTgAD mice starting at
8 months of age for a duration of 8§ months. When the brains of the
16-month old mice were examined, the ketone monoester supplemented
mice exhibited an increase in the Gibb’s free energy (AG) of ATP hydro-
lysis and a decrease in lipid and protein oxidation in their hippocampi rel-
ative to controls (Pawlosky et al., 2017). The same research group also
showed that the ketone diet decreased hippocampal AP and p-tau load
and improved anxiety and context-dependent memory in AD mice
(Kashiwaya et al., 2013). Complementary results have been obtained from
a mouse model of PD in which subcutaneously administered exogenous
BHB appeared to help circumvent the PD-associated complex I blockade
(by increasing electron entry at complex II of the electron transport chain),
increase ATP production, and improve symptoms of parkinsonism (Tieu
et al., 2003).

These exciting preliminary findings beg the question, how might fHB
improve mitochondrial function in AD and PD? Based on existing litera-
ture, the mechanisms by which BHB, either exogenously administered or
endogenously produced, may increase mitochondrial ATP production
and decrease mitochondrial ROS in the brain can be divided into three cat-
egories, each of which is elaborated upon in the following three paragraphs:
(1) eftects on redox ratios and electron transport chain function, (2) effects
on ROS production, nicotinamide adenine dinucleotide phosphate
(NADPH), and antioxidant status, and (3) effects on cell signaling and gene
expression.

The effects on redox ratios and electron transport chain function
refers, first and foremost, to the positive effect of pHB catabolism on the
redox span between the mitochondrial nicotinamide adenine dinucleotide
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(NAD"/NADH) and coenzyme Q (Q/QHb) couples. In oxidative metab-
olism, mitochondrial NADH passes its electron pair through complex I
to ubiquinone (Q) to generate NAD" and ubiquinol (QH,). Since the
NAD/NADH couple has a more negative redox potential (i.e., holds
electrons in a higher energy state) than the Q/QH, couple, this process
of passing electrons from NADH to Q liberates potential energy that is
used to pump protons from the matrix into the intermembrane space.
Interestingly, PHB catabolism decreases the matrix NAD"/NADH ratio
while increasing the Q/QH, ratio (at least in PHB-perfused rat hearts),
increasing the difference in redox potentials between these two couples
(Sato et al., 1995). The effect of increasing the “redox span” between elec-
tron carriers is analogous to increasing the height span from which a bowling
ball is dropped to the ground. In both cases, more energy is available to do
work. In the case of the bowling ball height span, more kinetic energy is
available to break your toes. In the case of the NAD"/NADH-Q/QH,
redox span, more electrons can be pumped across the inner mitochondrial
membrane to fuel ATP production by chemiosmosis. Moreover, fHB
catabolism may be able to increase ATP production in the PD brain by cir-
cumventing the PD-associated blockade of complex I (Benecke etal., 1993;
Devi et al., 2008; Mann et al., 1992). This mechanism makes biochemical
sense because the rate limiting step of fHB catabolism generates succinate,
an oxidative fuel that feeds into complex II, and, thereby, should bypass the
complex I blockade. This more PD-specific mechanism is supported by
in vivo data showing that BHB protected PD mice from neurodegeneration,
but not when flux through complex II was blocked (Tieu et al., 2003).
In summary, by increasing the redox span between NAD'/NADH and
Q/QH,, and by increasing flux through complex I in PD, fHB catabolism
may increase the production of ATP, alleviating one of the two ultimate
consequences of mitochondrial dysfunction (Fig. 1).

The other consequence of mitochondrial dysfunction, oxidative stress,
may be addressed by the effects of BHB on ROS production, NADPH, and
antioxidant status. As mentioned in the previous paragraph, BHB catabo-
lism increases the Q/QH, ratio. In addition to increasing the redox span
within the electron transport chain to increase proton pumping and ATP
production, a higher Q/QH; ratio also carries the benefit of a decrease
in “reverse electron transport,” the process by which most ROS are gen-
erated by mitochondria. In reverse electron transport, QH,, rather than
passing electrons forward to complex III, passes electrons backward at
complex I to oxygen to generate superoxide radicals. Thus, by increasing
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the Q/QH, ratio, BHB catabolism decreases the generation of ROS.
Complimentarily, fHB catabolism can also bolster antioxidant defenses
by decreasing the NADP"/NADPH ratio (Norwitz et al., 2019; Veech
etal., 2019). Unlike NADH, which functions to support oxidative metab-
olism, NADPH is used for the reductive biosynthesis of antioxidants.
In fact, NADPH is required to support all known intracellular antioxidant
species, including glutathione, thioredoxins, and vitamins C and E (Veech
et al., 2019). The multiple mechanisms by which BHB catabolism can
increase NADPH levels and antioxidant defenses in neurodegenerative
diseases has been reviewed elsewhere (Norwitz et al., 2019) (Fig. 1).

The final mechanism by which PHB could alleviate mitochondrial
dysfunction in AD and PD is the most expansive. D-B-hydroxybutyrate is
not only a nutritional macromolecule, but also a signaling molecule. It
has several G-protein coupled receptors, including hydroxycarboxylic acid
receptor 2 (HCAR?2), and inhibits class I/1I histone deacetylases (HDACs)
to alter gene expression (Lang et al., 2019; Newman and Verdin, 2014a,
2014b; Veech etal., 2017). A detailed discussion of the multitudinous effects
of BHB signaling on cell metabolism is beyond the scope of this chapter, but
may include induction of the pro-longevity sirtuin proteins and Forkhead
box O 3A (FOXO3A) transcription factor, the neurotropic factor brain-
derived neurotrophic factor (BDNF), the antioxidant enzyme manganese
superoxide dismutase (MnSOD), the master regulator of mitochondrial
biogenesis PPAR G coactivator 1 alpha (PGC1-a), and several autophagy
proteins, as well as inhibition of the anti-longevity mechanistic target
of rapamycin (mTOR) and proinflammatory transcription factor nuclear
factor kappa-light-chain-enhancer of activated B cells (NFkB) (Norwitz
et al., 2019). Either directly or indirectly, any or all of such cell signaling
effects could improve mitochondrial quality, increase mitochondrial ATP
production, and decrease oxidative stress (Fig. 1).

2. Inflammation
2.1 Central role in neurodegenerative conditions

It is generally accepted that neuroinflammation contributes to neuro-
degenerative diseases. This neuroinflaimmation is mediated, in large part,
by hyperactive microglia (Gabandé-Rodriguez et al., 2019) and astrocytes
(Li et al., 2019), which together contribute to chronic low-grade release
of cytokines, such as the interleukins, IL-1f and IL-6, and tumor necrosis
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factor o (TNF-a), pathological levels of phagocytosis, disease-specific toxin
production, and neurological damage in general (Alam et al., 2016; Bachiller
et al., 2018; Krasemann et al., 2017).

2.2 Microglia activation

Microglia activation leads to the release of inflammatory factors, such as nit-
ric oxide (NO) and prostaglandins (Bachiller et al., 2018). These responses
are highly controlled and are accompanied by a metabolic shift that remains
poorly understood. In neurodegenerative diseases, the increased inflam-
matory signaling caused by neuronal damage cause dysregulation of micro-
glia homeostasis, which in turn release proinflammatory cytokines. As the
observant reader has, or will, notice, such vicious cycles are characteristic
of neurodegenerative diseases (Hopkins and Rothwell, 1995).

In AD, the accumulation of AP activates microglia via cluster of differ-
entiation 36 (CD36) and the Toll-like receptor (TLR) heterodimer TLR2-
TLRG6. In turn, microglial activation and secretion of NO may contribute to
the formation of senile AP plaques (Stewart et al., 2010), establishing a pos-
itive feedback loop. Moreover, the contribution of hyperreactive microglia
to the formation of tau tangles may be a missing link in the amyloid cascade
model of AD in which AP pathology leads to downstream tau pathology
(Bachiller et al., 2018).

In PD, higher expression of human leukocyte antigen-DR isotype
(HLA-DR), a major histocompatibility complex (MHC) class II receptor,
has been found in the post-mortem substantia nigra (Imamura et al.,
2003; McGeer et al., 1988). This, together with the fact that a-synuclein
activates TLRs (Béraud et al., 2011; Theodore et al., 2008), is consistent
with a critical role for inflammation in the death of dopaminergic neurons
(Schroder et al., 2018).

2.3 Astrocyte activation

Astrocytes have a broad set of functions, including regulating blood-brain
barrier permeability and maintaining synaptic integrity. Importantly, astro-
cytes have a metabolic role that includes quenching inflammatory factors
(Phillips et al., 2014).

Activated astrocytes are divided into two subgroups: Al astrocytes are,
to generalize, neurotoxic (Liddelow et al., 2017), whereas A2 astrocytes
are neuroprotective (Christopherson et al., 2005; Giordano et al., 2009;
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Lietal, 2019). Although an imbalance in the equilibrium toward the harm-
ful A1 fate is presumed in cases of neurodegenerative disease, it is important
to treat this matter with nuance and give credit to activated astrocytes as
more than the “bad guys.” For example, transplantation of astrocytes helps
to clear AP plaques (Pihlaja et al., 2011). However, astrocytes can also pro-
duce neurotoxic AP oligomers (Rossi and Volterra, 2009). Furthermore,
AP might disrupt astrocyte metabolism, possibly contributing to an
increase in the (neurotoxic) Al over the (neuroprotective) A2 fate, induc-
ing yet another positive feedback loop (Vincent et al., 2010). In PD, the
situation is similar: early accumulation of a-synuclein in astrocytes causes
an increase in microglia hyperactivation (Halliday and Stevens, 2011),
blood-brain barrier permeability, and energy imbalances (Li et al.,
2019), all of which are associated with disease progression.

2.4 p-p-hydroxybutyrate dampens neuroinflammation via
histone deacetylase and NLRP3 inflammasome inhibition

Ketogenic diets have proven to be successful in the treatment of multiple neu-
rodegenerative diseases (Vanitallie et al., 2005; Whodarek, 2019), although
it is not entirely clear whether the benefits are derived from the ketones
themselves or other aspects of the diet. Still, by acting as potent signaling mol-
ecules to alter intracellular signaling cascades and gene expression, there is a
high probability that at least some of the benefits derive from PHB itself
(Gano et al., 2014; Maalouf et al., 2009).

Among other signaling functions, fHB inhibits HDACs (Pinto et al.,
2018), and it is possible that, in this way, BHB calms microglia and astrocyte
hyperactivation. For example, PHB suppresses HDAC-induced oxidative
stress (Shimazu et al,, 2013) and induces microglia to adopt the anti-
inflammatory M2 morphology (Huang et al., 2018).

Additionally, one of the key regulators of inflammation is the NOD-,
LRR- and pyrin domain-containing protein 3 (NLRP3) inflammasome
(Shao et al., 2018). Interestingly, while PHB has been shown to inhibit
the NLRP3 inflammasome, this effect seems to be independent of
HDAC inhibition and other better-known PHB signaling mechanisms;
rather, BHB inhibits the inflammasome by altering potassium flux (Youm
et al., 2015) (Fig. 2).

Evidently, there is much more clinical and basic science work to be done

to elucidate the putative cell-signaling-dependent anti-inflammatory effects
of fHB.
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Fig. 2 Anti-inflammatory role of HB in neurodegenerative diseases: (A) Neurodegeneration induces the A1 proinflammatory astrocyte (pur-
ple cell) response and triggers microglia-mediated (orange cell) phagocytosis. Transcription and release of proinflammatory factors increase
the HDAC- and NLRP3-mediated inflammatory responses in glia, promoting neuronal (pink cell) death by neurotoxic cross-talk between

proinflammatory microglia and astrocytes. (B) pHB may decrease inflammation signaling, in part, by inhibiting HDACs and impairing
NLRP3 inflammasome formation.
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3. Glucose and insulin
3.1 Lack of energy substrates in neurodegeneration

For its size, the brain is our most energetically demanding organ (Pontzer
et al.,, 2016); however, it is metabolically inflexible. Under non-ketotic
conditions, human brains, which cannot metabolize fat as fuel, are de-
pendent on glucose (Balasse, 1979). Correspondingly, deficiencies in
the brain’s ability to metabolize glucose are thought to contribute to
neurodegeneration.

Even in the preclinical stages, patients with AD (Willette et al., 2015) and
PD (Hu et al., 2001) exhibit impaired ¢cGM, but not impaired cerebral
uptake of ketones (Cunnane et al., 2016). As it is believed that our species
developed its superior capacity for ketogenesis specifically to fuel the brain in
times of glucose scarcity, in our perspective, there are no apparent compel-
ling reasons that ketones would not prove as beneficial in the context
of pathological metabolic scarcity as they evidently were in supporting
our species’ evolutionary exposure to glucose dietary scarcity.

3.2 Insulin resistance: A hallmark of Alzheimer’s disease

Insulin is a crucial regulator of many neuronal processes (Arnold et al., 2018).
Both the presynaptic axon terminal and postsynaptic density are highly
enriched with insulin receptors. In these compartments, insulin modulates
catecholamine release and uptake, the trafficking of ion-gated channels,
and the expression and localization of neurotransmitter receptors, such as
GABA and NMDA receptors (Chiu et al., 2008) (Fig. 31).

Interestingly, brain insulin resistance can occur without systemic insulin
resistance and, because insulin reaches the cerebrospinal fluid (CSF) via the
capillary endothelial cells of the blood-brain barrier and its transport and
elimination are regulated separately (Banks et al., 2012), brain cells can be
exposed to different insulin levels than those of peripheral tissues.

While it is true that insulin resistance increases with age (Yaffe et al.,
2012), it is worth observing that inducing localized insulin resistance mimics
many of the biochemical and clinical features of AD (Lannert and Hoyer,
1998) and that selective insulin transport through the blood-brain barrier
is upregulated in many conditions that are prone to neurodegeneration,
including obesity, diabetes, hypertriglyceridemia, and chronic inflammation
(Heni et al., 2014).
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Fig. 3 Insulin in the brain: (i) Insulin receptors (IR) are enriched at synapses, where they
regulate neurotransmitter release and the localization of receptors. (ii) Insulin resistance
decreases glucose transporters in the membrane, (iii) leads to the inhibition of down-
stream proteins, like AKT, (iv) and induces neurotoxic anti-WNT GSK3f activity.
(v) Hyperinsulinemia prevents Ap degradation by insulin degrading enzyme (IDE), esta-
blishing a positive feedback loop. (vi) Furthermore, GSK3p activity, which is antagonistic
to neuroprotective WNT signaling, also inhibits insulin signaling. The figure is meant to
be representative, not comprehensive, regarding the mechanisms by which insulin
resistance can contribute to the degeneration of neurons. Figure adapted, with permis-
sion, from Norwitz, N. G., et al. (2019). Multi-loop model of Alzheimer disease: An integrated
perspective on the Wnt/GSK3p, a-synuclein, and type 3 diabetes hypothesis, Frontiers in
Aging Neuroscience, 11, 184. doi: 10.3389/fnagi.2019.00184.

At a cellular level, insulin resistance can result from a decrease in glucose
transporters in the membrane (Niccoli et al., 2016; Nishida et al., 2017;
Willette et al., 2015) and inhibition of insulin signaling proteins, such as pro-
tein kinase B (AKT), or their regulatory partners, such as the canonical
WNT-f-catenin-glycogen synthase kinase 3f (GSK3p) pathway (Su et al.,
2019; Tanokashira et al., 2019) (Fig. 3ii-iv). Correspondingly, direct
pharmacological AKT activation rescues AD-like memory impairment
and aberrant synaptic plasticity (Y1 et al., 2018).

Insulin resistance and associated hyperglycemia, enhance other patho-
logical hallmarks in many neurodegenerative diseases, including AD. The
glycation of AP oligomers increase their pathogenicity (Li et al., 2013).
In addition, insulin degrading enzyme (IDE) functions to degrade both
insulin and AP. Therefore, hyperinsulinemia prevents AP degradation
and, reciprocally, AP can further exacerbate insulin resistance by
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preventing insulin degradation (Fig. 3v) (Farris et al., 2003; O’Neill, 2013;
Pérez et al., 2000; Zhao et al., 2017). What’s more, such vicious cycles
can compound: For example, insulin-AKT pathway dysfunction can
contribute to an increase in GSK3p activity, which is antagonistic to neu-
roprotective WINT signaling (Fig. 3iv) (Lee etal., 2009; Magrané etal., 2005),
whereas GSK3f can contribute to insulin resistance by phosphorylating and
inhibiting insulin receptor substrate 1 (IRS1) (Lee and Kim, 2007) (Fig. 3vi).
Thus, insulin resistance can exacerbate AD via a complex network of path-
ological positive feedback interactions (Norwitz et al., 2019).

In PD, insulin resistance impairs nigrostriatal dopamine function (Morris
et al., 2011), a-synuclein negatively regulates insulin signaling (Gao et al.,
2015), and insulin receptors in the substantia nigra are significantly decreased
(Takahashi et al., 1996).

4. Ketotherapeutics

Because brain cells can oxidize ketone bodies and ketones regulate fuel
metabolism (Edmond et al., 1987), interventions that induce ketosis offer
an exciting opportunity to prevent, slow, halt, or reverse the progression
of neurodegenerative diseases (Norwitz et al., 2019). Additionally, most
ketogenic interventions are safe (Cicero et al., 2015; Murray et al., 2016;
Soto-Mota et al., 2019), well tolerated, and improve other exacerbating
comorbidities, such as type II diabetes (Hallberg et al., 2018; Lennerz
et al., 2018) and inflammation (Sherrier and Li, 2019).

4.1 Endogenous nutritional ketosis

In monitored patients, fasting has proven to be safe (Stewart and Laura
Fleming, 1973), a statement also supported by the fact that, for centuries,
billions of people have fasted safely for religious reasons. The hormonal pro-
file of the fasting state is perhaps the largest difference between endogenous
and exogenous ketosis: endogenous ketosis is marked by a low-insulin,
high-cortisol and glucagon environment that heavily promotes lipolysis
(Gomez-Arbelaez et al., 2016).

High-fat low-carbohydrate ketogenic diets also result in a low-insulin,
high-cortisol and glucagon environment, but differ from fasting in that
ketones are derived partly from dietary fat, as well as from body fat.
Foods high in medium chain triglycerides are particularly ketogenic
compared with other fat sources (Kesl et al., 2016).
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4.2 Exogenous nutritional ketosis

Many ketone salts are commercially available, their main limitation being
that unhealthy intake of salt is required to achieve therapeutic levels of
BHB. In addition, most salts provide a racemixture, rather than the pure
bio-relevant b-BHB isoform (Stubbs et al., 2017).

By contrast ketone esters, specifically the best-studied BHB monoester,
induces deep ketosis (levels observed after several days of fasting or following
a strict ketogenic diet; >3.0 mM) because it yields only b-BHB and does not
carry the restriction of the accompanying salt bolus. Furthermore, ketone
esters allow for the accurate titration of blood ketone levels within
30min (Clarke etal., 2012). It is important to note that ketone salts and esters
have different metabolic (Stubbs et al., 2017) and tolerability profiles (Stubbs
et al., 2019).

To date, there is anecdotal support for the use of ketone esters in
human AD (Newport et al., 2015) and clinical studies are in progress for their
use in PD. For example, our group, Norwitz et al., is currently investigating
whether this form of exogenous ketone can increase cerebral energy produc-
tion (as measured by magnetic resonance spectroscopy) improve physical per-
formance, and improve broad-spectrum symptomology and quality of life
in persons with PD (ISRCTN10531043, completed; ISRCTN16599164,
completed; ISRCTN64294760, temporarily suspended because of SARS-
CoV-2 pandemic).

4.3 Endogenous vs exogenous nutritional ketosis

Endogenous and exogenous ketosis each comes with its own potential
benefits and drawbacks. Endogenous ketosis, by requiring a more compre-
hensive metabolic shift, has the advantage of activating a larger array of met-
abolic pathways. Furthermore, fasting and ketogenic diets may help the
body adapt to better utilize ketones as a fuel and signaling molecule, as
opposed to exogenous ketogenic strategies in which the body can choose
to continue to metabolize glucose. Finally, whereas it is well established that
fasting is safe in the long-term, and the same can also probably be said of
well-formulated ketogenic diets, little is known about the long-term impact
of the high-glucose, high-insulin, high-ketone condition that results from
addition of a ketone supplement to a typical carbohydrate-rich Western diet.
The latter is not a metabolic state to which our species evolved and it is pos-
sible that long-term exposure to simultaneously high glucose and ketones
could have unforeseen consequences.
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On the other hand, endogenous ketosis does not permit the specific
targeting of ketone levels, whereas exogenous ketosis does. In particular,
ketone esters permit the induction of deep ketosis (>3.0mM), which
may have particular therapeutic benefits by activating particular genetic
and/or metabolic pathways. Furthermore, given the current state of
food culture, social climate, and nutritional guidelines/common knowl-
edge, fasting and ketogenic diets can come with compliance difficulties
for many patients. This will, hopefully, change as culture and nutrition
science evolve, but, at this time, imposes a serious practical limitation on
endogenous ketosis interventions. Exogenous ketone supplements, by con-
trast, are easy to consume on a long-term basis. Finally, it is worth noting
that ketone supplements can be stacked on top of fasting or ketogenic diets
to induce deeper “therapeutic ketosis” (~3.0 mM) without incurring the
risk of long-term exposure to high glucose and ketones.

4.4 Ketogenic interventions in patients with mild cognitive
impairment

Recently, there have been several ketotherapeutic interventions conduc-
ted in patients with mild cognitive impairment (MCI), a precursor to
Alzheimer’s disease. For example, in a randomized crossover pilot study
of a Mediterranean-style ketogenic diet for MCI, a 6-week ketogenic diet
improved Alzheimer’s biomarkers, including CSF levels of Af and tau, as
compared to a 6-week American Heart Association diet control (Neth
et al., 2019). Furthermore, medium chain triglycerides, which induce mild
ketosis (Kesl et al., 2016) have demonstrated clinical efficacy in several trials.
In a 6-month study of 52 MCI patients, medium chain triglyceride con-
sumption at 2 Tbsp/day improved episodic memory, executive function,
and processing speed compared to baseline and compared to a placebo con-
trol (Fortier et al., 2019). A recent meta-analysis confirmed that medium
chain triglyceride interventions in Alzheimer’s patients tend to improve
functional cognitive measures, in part, by inducing ketosis (Avgerinos
et al., 2019). The general efficacy of these early studies may be due to the
fact that, while neurodegenerating brains appear to lose their ability to
metabolize glucose, ketones remain a viable fuel and cerebral ketone uptake
tends to parallel blood ketone levels (Croteau et al., 2018). Therefore, it will
be important for future studies implementing other interventions to inves-
tigate whether deeper levels of ketosis, such as those induced by ketone
esters, are even more effective.
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4.5 Ketogenic interventions, mitochondria, and SIRT3

Since this review placed particular emphasis on mitochondrial dysfunction
as the basis for neurodegenerative disease, it is important to remark on the
recent evidence implicating activation of mitochondrial sirtuin 3 (SIRT3), a
protein whose activity is reduced in AD patients in association with AP
pathology (Cheng et al., 2019), as one mechanism by which ketogenic inter-
ventions may protect against AD. In AD mice, intermittent fasting to induce
ketosis increased SIRT3 activity and protected against hyperexcitability
and hippocampal synaptic dysfunction (Liu et al., 2019). While one could
reasonably postulate that mechanisms related to intermittent fasting, other
than ketosis, are responsible for the increase in SIRT3 activity, recent evi-
dence suggests the neuroprotective effect is, indeed, due to BHB itself. In
particular, supplementation with a ketone ester increased SIR T3 expression
in a SIRT3 haploinsufficient mouse model of AD, preventing GABA neu-
ron degeneration and protecting against excitotoxicity (Cheng et al., 2019).
Therefore, the SIRT3 promoting anti-excitotoxicity effects ketones is
one mechanism by which both endogenous and exogenous ketogenic inter-
ventions may prove therapeutic in neurodegenerative disease patients.

4.6 Intermittent fasting, metabolic switching, brain network
stability, and disease prevention

It would be inappropriate to extrapolate from current clinical data that
particular ketogenic interventions, while helping improve symptomology
and disease markers in individuals already afflicted with neurodegenerative
disease, would also help to prevent disease onset in individuals at risk for AD
and PD. Given the growing popularity of ketogenic diets for brain health,
even among individuals as young as their twenties, it is worth noting that no
long-term trials on ketogenic interventions for complete neurocognitive
disease prevention have yet been performed and, therefore, worth consid-
ering that promoting “metabolic flexibility” (in brains that still retain the
ability to adequately utilize glucose) may be ideal for disease prevention.
For example, intermittent fasting strategies (applied in metabolically healthy
individuals) that induce ketosis but also permit the body to switch on glucose
metabolism in a cyclic manner can both activate ketosis-associated cellular
repair and defense pathways, while also optimally promoting healthy ana-
bolic processes, such as the growth of synapses, during periods of carbohy-
drate feeding (de Cabo et al., 2019; Mattson et al., 2018). In the literature,
this is commonly referred to as activating the “metabolic switch.” While
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there is no data yet comparing the safety or efficacy of chronic ketosis vs
“metabolic switching” for neurodegenerative disease progression, it is log-
ical to assume that the latter may come with certain to-be-discovered advan-
tages for the simple reason that our species evolved to intermittent fast, rather
than to chronically eat ketogenic diets or consume ketone supplements
(Mattson et al., 2018).

Again, no long-term preventative studies for ketogenic interventions in
neurodegenerative diseases have been conducted. However, it’s worth
mentioning that a new fMRI-based whole-brain-scale biomarker of brain
aging termed “network stability” (defined as the brain’s ability to commu-
nicate among regions) has recently been developed. A collaboration
between Stony Brook and Oxford Universities showed that both ketogenic
diets and exogenous ketones (ketone monoester) improve network stability
in young healthy individuals. By contrast, standard Western diets and glu-
cose decrease network stability (Mujica-Parodi et al., 2020). These data are
consistent with the hypothesis that ketogenic interventions could prevent
neurodegenerative disease and cognitive decline, as has been demonstrated
in mice (Roberts et al., 2017). Whether neuroketotherapeutics actually do
prevent, rather than treat, neurodegenerative disease currently remains in
the realm of informed speculation.

5. Summary and relevance statement

Most neurodegenerative diseases, including AD and PD, are
associated with the key pathologies of mitochondrial dysfunction, neu-
roinflammation, and glucose hypometabolism and/or insulin resistance.
Currently, there are no effective therapies for slowing the progression of
either AD or PD. By addressing these core pathologies (and likely others),
endogenously or exogenously induced ketosis might prove to be a novel and
useful adjunctive therapeutic for these neurodegenerative conditions.
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