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Abstract: Dysfunctional mitochondrial quality control (MQC) is implicated in the pathogenesis of
Parkinson’s disease (PD). The improper selection of mitochondria for mitophagy increases reactive
oxygen species (ROS) levels and lowers ATP levels. The downstream effects include oxidative
damage, failure to maintain proteostasis and ion gradients, and decreased NAD+ and NADPH
levels, resulting in insufficient energy metabolism and neurotransmitter synthesis. A ketosis-based
metabolic therapy that increases the levels of (R)-3-hydroxybutyrate (BHB) may reverse the dysfunc-
tional MQC by partially replacing glucose as an energy source, by stimulating mitophagy, and by
decreasing inflammation. Fasting can potentially raise cytoplasmic NADPH levels by increasing
the mitochondrial export and cytoplasmic metabolism of ketone body-derived citrate that increases
flux through isocitrate dehydrogenase 1 (IDH1). NADPH is an essential cofactor for nitric oxide
synthase, and the nitric oxide synthesized can diffuse into the mitochondrial matrix and react with
electron transport chain-synthesized superoxide to form peroxynitrite. Excessive superoxide and
peroxynitrite production can cause the opening of the mitochondrial permeability transition pore
(mPTP) to depolarize the mitochondria and activate PINK1-dependent mitophagy. Both fasting
and exercise increase ketogenesis and increase the cellular NAD+/NADH ratio, both of which are
beneficial for neuronal metabolism. In addition, both fasting and exercise engage the adaptive cellular
stress response signaling pathways that protect neurons against the oxidative and proteotoxic stress
implicated in PD. Here, we discuss how intermittent fasting from the evening meal through to the
next-day lunch together with morning exercise, when circadian NAD+/NADH is most oxidized,
circadian NADP+/NADPH is most reduced, and circadian mitophagy gene expression is high, may
slow the progression of PD.

Keywords: Parkinson’s disease; mitochondrial quality control; NADPH; DJ-1; PINK1; Parkin;
IDH1; metabolic therapy; fasting; exercise; NAD; mitophagy; mitochondrial biogenesis; circadian;
nicotinamide adenine dinucleotide; nicotinamide adenine dinucleotide phosphate; coffee

1. A Strong Rationale for Targeting MQC in PD

Decreased MQC in PD may occur through a genetic predisposition, environmental
toxins, infectious disease, or physical injury, and increases with aging. A population of
damaged low-quality mitochondria generates increased amounts of ROS and produces
a localized deficit of ATP, possibly resulting in the increased aggregation and decreased
proteolysis of aggregation-prone proteins, such as α-synuclein [1]. This dysfunctional
proteostasis may be exacerbated by increased levels of ROS, produced by the dysfunctional
mitochondria, and by increased amounts of reactive nitrogen species (RNS) that exceed
the amount required for healthy cellular signaling. This leads to cytoplasmic NAD+ and
NADPH depletion and cellular oxidative damage. The increased ROS production further
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leads to oxidation and the loss of cardiolipin and plasmalogen phospholipids, deficits
in neurotransmitter production, and compromised cellular signaling pathways. There-
fore, MQC is a target for PD treatment that is upstream of dopamine and α-synuclein
involvement. Bolstering the mitochondrial energy metabolism and resilience is therefore
predicted to halt or slow the cascade of downstream events that follow to prevent the onset,
slow the progression, and relieve the symptoms of PD, including those not addressed by
dopamine-directed therapies.

Genes causally associated with PD include PINK1, Parkin, DJ-1, LRRK2, and SNCA.
From the genetic linkage analysis and follow-up studies characterizing the function of the
identified gene products, it has been shown that mitophagy is a common mechanism that
is dysfunctional in these genetic forms of PD [1]. LRRK2 is associated with the interruption
of mitophagy by several proposed mechanisms [2]. Although a decreased mitochondrial
membrane potential has been implicated in the initiation of mitophagy at the individual
organelle level [3], the exact mechanism through which a mitochondrion loses its membrane
potential marking it for degradation remains incompletely known. We hypothesize that
part of the mechanism that selects a specific mitochondrion for degradation uses the release
of superoxide (O2

•−) from the electron transport chain (ETC) into the matrix space of
organelles as a sentinel. We have named this the superoxide sentinel hypothesis of MQC
and will later describe the detailed mechanism and its implications for PD.

Braak studied PD brains and found that α-synuclein deposition was not initially ob-
served in the substantia nigra pars compacta, where dopaminergic neurons are present [4].
PD symptoms that are not caused by the loss of dopamine or that are not treated by
dopaminergic therapies include prodromal symptoms, fatigue, depression, freezing, ex-
ecutive dysfunction, and cognitive set switching. Consistent with this fact, noradrenergic
neuronal dysfunction has recently been associated with several nonmotor PD deficits in
a novel PD mouse model [5]. Targeting dopaminergic neurons with L-DOPA therapy
therefore cannot reverse these other symptoms. Restoring dopamine levels does not lead
to a slowing of PD progression, as evidenced by the lack of effects of L-DOPA, dopamine
receptor agonists, or the inhibitors of the catabolism of dopamine or L-DOPA on delaying
the progression of PD. Therefore, further studies exploring the deficits that occur upstream
of dopaminergic dysfunction, such as the mechanisms behind the decreased MQC that
occur in PD cells are required and could lead to a significant advance in our understanding
of PD pathogenesis.

2. Interventional Strategies to Correct Dysfunctional MQC and Downstream Processes

The rationale for the fasting and exercise therapy proposed in Section 4 below to treat
PD is based on the clinical experience of the primary author, who has used the therapy to
decrease his PD symptoms. Instead of focusing on PD interventional therapies that directly
target MQC, as has been elaborated in the past [6], it is proposed that therapies that restore
the cytoplasmic [NAD+]/[NADH] and [NADP+]/[NADPH] ratios will be more beneficial
and target events upstream of MQC to directly improve cellular bioenergetics, metabolism,
and antioxidant defense, and stimulate signaling pathways leading to the improvement
of MQC. For example, increasing the NAD+/NADH ratio has been shown to activate
AMPK [7], which stimulates mitophagy [8]. As another example, increased NADPH has
been shown to inhibit histone deacetylase 3 (HDAC3) [9], and HDAC3 inhibition has
been shown to increase autophagy [10] and elevate Nrf2 transcriptional activity and the
antioxidant response [11]. In contrast to its effect on HDAC3, NADPH stimulates HDAC1
and HDAC2 activity [12]. Increased mitochondrial NADPH levels in PD neural cells may
also directly lead to increased ETC complex I activity, as complex I becomes destabilized
without NADPH binding to its 39 kD NDUFA9 subunit [13,14].

2.1. NADPH Is Required for Proper MQC

Neuroinflammation is induced in the PD brain and proinflammatory cytokines are
secreted by astrocytes and microglia leading to the expression of inducible nitric oxide
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synthase (iNOS) in these cell types [15]. iNOS synthesizes nitric oxide (•NO), which reacts
with O2

•− to form peroxynitrite (ONOO−). It is hypothesized that low-quality damaged
mitochondria that need to be degraded through mitophagy synthesize excess O2

•−, which
performs a sentinel function. ONOO− is toxic and can be further metabolized into other
forms of ROS/RNS that the mitochondrion is not well-equipped to detoxify. NADPH
provides electrons to many of the mitochondrial antioxidants that detoxify ROS/RNS,
including glutathione and thioredoxin, that further donate electrons to peroxiredoxins,
glutaredoxins, vitamin C, vitamin E, and R-lipoic acid (Figure 1A).
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Figure 1. Cellular antioxidants that use NADPH for reduction compared to those that use a dismu-
tase mechanism. (A) NADPH provides electrons to the antioxidant system to detoxify ROS/RNS.
Abbreviations: oxidized glutathione disulfide (GSSG), hydrogen peroxide (H2O2), dehydroascorbate
(oxidized form of vitamin C), peroxynitrite (ONOO−), hydroxyl radical (HO•), oxidized urate radical
(urate*), oxidized vitamin E radical (vit E*), alkyl peroxide (ROOH), alkyl free radical (R•), lipid
peroxide radical (LOO•) glutathione reductase (GSR), glutathione peroxidase (GPX), dehydroascor-
bate reductase (GSTO). (B) The dismutase mechanism of SOD and catalase uses two reactants (either
two O2

•− or two H2O2 molecules) and leads to the reduction of one and the oxidation of the other.
Abbreviation: superoxide dismutase (SOD).

When ROS/RNS levels begin to increase in the mitochondrial matrix, NADPH levels
begin to decline due to its oxidation for the reduction of cellular antioxidants. This de-
cline stimulates inner membrane nicotinamide nucleotide transhydrogenase (NNT) to use
NADP+ and reducing equivalents from NADH to synthesize and restore NADPH levels.
This reaction is coupled with the transport of a proton down its concentration gradient into
the matrix space simultaneously decreasing the mitochondrial membrane potential. When
ROS/RNS levels increase greatly NADPH becomes oxidized beyond a certain threshold
leading to the oxidation of the entire NADPH antioxidant system including glutathione
and thioredoxin, which results in the oxidation of cysteine residues in the matrix space and
inner membrane proteins. This has been shown to cause mPTP opening, fully depolarizing
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the inner mitochondrial membrane to initiate a signaling cascade activating PINK1 protein
kinase and Parkin ubiquitin ligase leading to mitophagy of the organelle. The role of the
mPTP as an initiating event in mitophagy was first proposed roughly 25 years ago [16,17].
The antioxidant enzymes superoxide dismutase (SOD) and catalase both use a dismutase
mechanism to detoxify ROS that is independent of NADPH (Figure 1B). Catalase is present
in peroxisomes and not normally found in mitochondria in mammalian tissues, although
exceptions exist [18,19].

2.2. Mechanisms of Mitochondrial Protein Turnover

Studies determining the lifespan of proteins in mitochondria of rodent brain found
that the average protein lifespan was roughly three to four weeks [20,21], and this was
slightly longer than in other postmitotic tissues where mitochondrial proteins have an
average lifespan of nine days to two weeks [20,22,23]. However, many mitochondrial inner
membrane proteins associated with cristae, especially the proteins of ETC complex III and
the ATP synthase (complex V), have lifespans longer than four months. These are called
long-lived proteins (LLPs) [24,25]. The presence of these LLPs supports the theory that
most mitophagy events do not occur randomly regardless of the mitochondrial membrane
potential. The data support a model where mitochondria undergo fusion and fission, and
it is the fissioned mitochondria with a decreased membrane potential that are specifically
selected for mitophagy [26]. There were few LLPs in the outer mitochondrial membrane
suggesting that the outer membrane proteins are turned over by the proteasome or other
cytoplasmic or intermembrane space proteases at a faster rate than entire organelles. Due to
decreased rates of protein degradation with aging, proteins in aged brains had on average a
20% longer half-life than those from young brains, but some mitochondrial proteins linked
to neurodegeneration showed a shorter half-life in aged brains [27]. The relatively short
lifespan of cellular proteins contrasts with the long lifespan of dopaminergic and most
other neurons, which are as old as the organism.

To maintain mitochondrial mass due to the ongoing mitophagy of organelles, there is
an ongoing synthesis of mitochondrial proteins, DNA, and phospholipids. This process
of mitochondrial biogenesis is largely triggered by the PGC-1 family of transcriptional
co-activators including PGC-1α, PGC-1ß, and PPRC1 (PRC), and several transcription fac-
tors including NRF1 (nuclear respiratory factor 1), NRF2 (dimer of GABPA and GABPB1),
ESRRA (ERR-α), ESRRG (ERR-È), and NFE2L2 (Nrf2). Mitophagy in a dopaminergic
neuron is complicated by the fact that the neurons have arbors of axons and dendrites
that, when added together total roughly 4.1 m. Mitochondria are transported from the cell
bodies down the axons to synaptic terminals to supply ATP locally at the synapses. Most
mitophagy occurs in cell bodies, although some occurs in axons. Therefore, dysfunctional
mitochondria at synapses are most frequently transported back to the cell body for degra-
dation. It is estimated that there are two million mitochondria in a single dopaminergic
neuron [28]. Therefore, the key to MQC in neurons is not only the ability to select the
dysfunctional mitochondria for degradation, but also the ability to transport the dysfunc-
tional mitochondria to the mitophagy machinery where the degradation takes place. Both
processes are often dysfunctional in PD [29].

The regulation of MQC can be complex and for this reason the mechanisms through
which individual organelles are selected for mitophagy are not that well characterized,
although there is strong evidence that decreased mitochondrial membrane potential plays
a role. There are several different proteolytic systems present in mitochondria including
proteases inside the mitochondrial matrix (LONP1, CLPP/CLPX, PITRM1, XPNPEP3,
and MIPEP), in the inner membrane (AFG3L2, SPG7, IMMP1L, IMMP2L, OMA1, PARL,
YME1L1, and PMPCA/PMPCB), in the intermembrane space (HTRA2 and LACTB), and
in the outer membrane (USP30) [30] that degrade proteins independently of mitophagy.
Mitochondrial membranes that contain soluble proteins can also bud off from the mito-
chondria, and these are called mitochondrial-derived vesicles (MDVs). PINK1 and Parkin
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may be involved in the formation of MDVs. The cell may also possess a non-selective form
of autophagy that slowly degrades the mitochondria indiscriminately [31].

2.3. DJ-1 Is Regulated by Cytoplasmic NADPH and Glutathione and Controls Nrf2 Activation
in Astrocytes

There is a rare human DJ-1 mutant variant linked with recessive PD. There is evidence
that preventing the decline of the cytoplasmic NADPH levels in PD will preserve the
function of DJ-1, a cytoplasmic redox-sensitive chaperone protein sensor of H2O2 levels
and an activator of Nrf2. DJ-1 protein is present at higher levels in human astrocytes
than neurons [32]. But unexpectedly, DJ-1 mRNA is found at higher levels in neurons
than astrocytes. This suggests complex post-transcriptional regulation of DJ-1 levels and
that DJ-1 could be degraded in response to high levels of neuronal H2O2. Nrf2 is a
master transcriptional regulator that binds to antioxidant response elements (AREs) in the
promoters of genes to induce transcription. In the brain, like DJ-1, Nrf2 is present at much
higher levels in astrocytes than neurons. Complexly, DJ-1 is activated by H2O2 oxidation
of cysteine 106 sulfhydryl, but too much oxidation converts this cysteine sulfhydryl into
a sulfonic acid, permanently deactivating the protein and marking it for ubiquitination
and proteasome degradation. NADPH and glutathione are critical in preserving the active
sulfenic acid and sulfinic acid forms of DJ-1 and preventing them from being further
oxidized to the inactive sulfonic acid form (Figure 2).
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•− released into the mitochondrial matrix space is converted into

O2 and H2O2 by SOD2. Mitochondrial H2O2 can be transported into the cytoplasm where moderate
levels activate DJ-1, but high levels lead to DJ-1 inactivation and degradation.

In the active form DJ-1 releases Nrf2 from its inhibitor Keap1 to induce Nrf2 nuclear
translocation to stimulate gene expression. DJ-1 is localized both to the cytoplasm and
to mitochondria and can prevent alpha-synuclein fibrillization and mitochondrial fission
induced by oxidative stress [33]. Due to their mitochondrial localization, DJ-1, PINK1, and
Parkin are often described as functioning together to stimulate mitophagy. Nrf2 can bind to
the promoters and induce the expression of four NADPH synthesizing enzymes, including
IDH1, ME1, and the two NADPH-generating pentose phosphate pathway (PPP) enzymes,
glucose-6-phosphate dehydrogenase (G6PD) and 6-phosphogluconate dehydrogenase
(PGD) [34], as well as brain-derived neurotrophic factor (BDNF) [35]. Loss of DJ-1 decreased
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the mRNA stability, protein levels, and activity of activating transcription factor 4 (ATF4)
in neurons. DJ-1 can also induce the nuclear translocation of NF-κB, which induces the
expression of iNOS (Figure 3) [36] and the mitochondrial uncoupling proteins UCP4 and
UCP5 [37,38]. Increased iNOS levels lead to increased levels of cytoplasmic •NO, which
can diffuse into mitochondria. If the mitochondrion is damaged and mitochondrial ETC is
inefficient, there will be high levels of the matrix space O2

•− that binds to the •NO, forming
high levels of damaging ONOO−.
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Figure 3. DJ-1 activates Nrf2 and NF-κB. Active forms of DJ-1 where a cysteine is oxidized to a sulfenic
acid (not shown) or sulfinic acid activate Nrf2 and NF-κB. Abbreviations: Glucose-6-phosphate
dehydrogenase (G6PD), 6-phosphogluconate dehydrogenase (PGD), brain-derived neurotrophic
factor (BDNF), inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2), vascular endothelial
growth factor (VEGF).

2.4. Fasting Increases the Hepatic Levels of ATF4 to Increase NADPH, FGF21, and Parkin

ATF4 is a transcriptional regulator involved in many signaling pathways that lead to
either protective or degenerative outcomes depending upon the specific condition. ATF4
can induce the expression of genes that increase the levels of ROS to activate Nrf2, a
binding partner for ATF4 [39]. Nrf2 activation prevents the ATF4-mediated induction of
the proapoptotic gene CHOP [40]. Low-level or transient activation of ATF4 appears to
be cytoprotective [41], while chronic high-level ATF4 activation can lead to cell death [42].
ATF4 can be activated by several mechanisms including the integrated stress response
(ISR) [43], mitochondrial dysfunction [44], and insulin receptor signaling/mTORC1 kinase
activation [45]. ATF4 is canonically activated by the selective translation of its mRNA [46].
There are at least four sets of ATF4 target genes that mediate cytoprotection. These are
(1) NADPH-synthesizing enzymes, including PPP enzymes [47,48] and enzymes involved
in serine catabolism and one-carbon metabolism [49]; (2) the cystine transporter SLC7A11
(also called xCT) that leads to increased glutathione synthesis [45]; (3) fibroblast growth
factor 21 (FGF21), an anti-aging hormone [50,51] and mitokine [52] released predominately
from the liver during fasting and exercise [53], which stimulates energy metabolism [54];
and (4) Parkin, which stimulates mitophagy [55]. Mouse hepatic ATF4 levels are positively
correlated with lifespan in five long-lived genetic strains or dietary conditions, including
calorie restriction (CR) [56]. Therefore, ATF4 may also mediate some of the beneficial
effects of fasting on MQC in the brain, although increased neuronal ATF4 levels can
also induce neurotoxicity. ATF4 expression fluctuates in a circadian manner [57], and
ATF4 controls the expression of many of the core circadian clock genes [58]. Therefore,
the fluctuating circadian expression of ATF4 may be a key to its cytoprotective effects.
More studies are required to determine whether fasting increases cytoprotective ATF4



Cells 2022, 11, 2416 7 of 38

transcriptional activity in neurons, astrocytes, or microglia, or whether fasting and ATF4-
dependent neuroprotection is primarily a result of the hepatic release of blood–brain barrier
(BBB)-permeable FGF21.

2.5. Fasting Activates Glutamate Dehydrogenase to Increase the Levels of the Anti-Aging
Metabolite αkg

In hepatocytes and pancreatic beta-cells, fasting or CR has been shown to decrease
the levels of mitochondrial sirtuin SIRT4 [59,60]. SIRT4 ADP-ribosylates and inhibits
mitochondrial glutamate dehydrogenase, an enzyme which deaminates glutamate into
αkg and ammonia. Therefore, under well-fed conditions when glutamate dehydrogenase
activity is low, glutamate and glutamine levels increase leading to the activation of mTORC1.
Under fasting conditions when glutamate dehydrogenase activity is high, αkg levels
rise [60]. This regulation might be partly responsible for the diurnal fluctuations in skeletal
muscle αkg levels [61]. Supplementing with αkg has been shown to increase the lifespan of
C. elegans [62], Drosophila [63], and mice [64], while plasma αkg levels decline substantially
with aging in mammals [65]. Brain αkg and citrate levels declined in aged rats. This decline
as well as the decreased cerebral blood flow that occurred with aging were prevented by
CR [66].

The protective anti-aging effects of αkg appear to be due to several mechanisms in-
cluding (1) the stimulation of prolyl hydroxylase 2 (PHD2) activity to inhibit phospho-AKT
activity of the insulin receptor/AKT/mTOR signaling pathway [67], (2) the activation of
AMPK [63], (3) the decrease in proinflammatory senescence-associated secretory pheno-
type (SASP) of senescent cells [64], (4) the stimulation of KDM2-7 histone demethylases to
decrease histone H3K9me3 and H3K27me3 [68], and (5) the stimulation of TET1-3 hydroxy-
lases involved in DNA demethylation. The stimulation of histone and DNA demethylation
prevents heterochromatin formation and maintains cytoprotective gene expression. Sup-
plementation with αkg was shown to protect mouse motor function and ETC complex I
activity and decrease alpha-synuclein accumulation following MPTP treatment in a mouse
model of PD [69]. Exercise also increased plasma levels of αkg [70]. Unlike the deficiency
of PGD of the oxidative PPP, which led to increased αkg levels in T cells, regulatory T cell
(Treg) dysfunction, fetal inflammatory disorder, and an improved anti-tumor response [71],
the deficiency of transketolase of the non-oxidative PPP led to decreased αkg levels in
T cells, partly by stimulating the reductive carboxylation of αkg to isocitrate [72]. The
reduced αkg levels led to DNA hypermethylation associated with Treg dysfunction and
lethal autoimmunity.

2.6. Fasting Decreases the Cytoplasmic [NADP+]/[NADPH] Ratio in Liver, but Its Effects on
Neural Cell [NADP+]/[NADPH] Ratios Are Not Yet Known

Flux through enzymes that synthesize cytoplasmic NADPH changes between the
well-fed and fasted/ketotic states. In the well-fed state when blood and tissue glucose
levels are high, the PPP is primarily used in most tissues for the synthesis of NADPH.
However, after 24 h of fasting when glycogen levels are depleted human blood glucose
levels start to decline. On average, blood glucose levels rose by roughly 8% following a
meal and returned to baseline three to four hours after the mealtime [73]. Blood glucose
levels in human adults were shown to have declined by 6% following a 24 h fast [74] and by
25% following a 72 h fast and remained stable at that level for weeks of starvation [75]. In
comparison, adult human blood BHB levels rose to approximately 0.4 mM within 16–24 h
of fasting, to 1 mM after 48 h of fasting, and to 2 mM after 72 h of fasting [76]. Due to
the fasting-induced decline in blood and cellular glucose levels and cellular PPP flux, the
PPP, together with IDH1 and ME1 (and serine catabolism in the liver), are likely used for
cytoplasmic NADPH synthesis in the fasted state.

Any fasting and BHB-induced boost in cytoplasmic NADPH synthesis in neural cells
may be limited by the moderately low activity of IDH1 in most neural cell types [77] and
by the lack of expression of ME1 in neurons as shown by studies of bovine brain [78].
As a minor source of cytoplasmic NADPH in most tissues, reducing equivalents from
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mitochondrial NADPH, such as those generated by NNT activity or serine and glycine
catabolism, can be shuttled to the cytoplasm via the reductive decarboxylation of αkg to
isocitrate catalyzed by the Krebs cycle enzyme isocitrate dehydrogenase 2 (IDH2). The
IDH2-catalyzed reductive carboxylation reaction concurrently oxidizes NADPH. Next,
mitochondrial isocitrate is exported to the cytoplasm, followed by the cytoplasmic IDH1-
catalyzed reduction of NADP+ to NADPH linked to the oxidation of isocitrate to αkg. The
decreased level of serine found in the PD subject plasma [79] may be a result of its increased
catabolism fueling NADPH synthesis for antioxidant defense as well as its decreased
synthesis caused by lowered levels of DJ-1 and ATF4 as mentioned earlier.

Due to NADPH-mediated feedback inhibition of G6PD [80], the rate-limiting enzyme
of the PPP, G6PD activity and PPP flux only occur at a fraction of their maximal activity
under normal conditions in vivo. This strong product inhibition of G6PD functions to
buffer and stabilize cytoplasmic NADPH levels. Surprisingly, hepatocytes have little to no
PPP activity and generate most cytoplasmic NADPH through serine catabolism [81]. In
the liver in the fasted state fatty acids are imported into hepatocyte and transported to the
mitochondrial matrix for beta-oxidation and ketone body synthesis. As part of the citric acid
cycle some of the fatty acid-derived mitochondrial acetyl-CoA condenses with oxaloacetate
to form citrate. Some citrate is exported to the cytoplasm where it is metabolized into
downstream intermediates such as isocitrate and malate, which are metabolized by IDH1
and ME1, respectively, for the synthesis of NADPH. This metabolism is likely responsible
for the lower hepatic cytoplasmic [NADP+]/[NADPH] ratio in the fasted state compared
to the well-fed state. For example, a 48 h fast in rats led to an 84% decrease in the hepatic
cytoplasmic [NADP+]/[NADPH] ratio [82]. However, after five days of fasting, the hepatic
NADPH levels returned to baseline and markers of oxidative stress increased [83]. Thus,
longer-term fasting may not yield the same potent metabolic benefits as 48 h fasting.

Ketone ester consumption led to a 62% decrease in the cytoplasmic [NADP+]/[NADPH]
ratio in the cerebral cortex, but no change occurred in the hippocampus of APP/PS1
AD model mice [84]. The reduced coenzyme ratio in the cortex following ketone ester
consumption suggests that glucose levels do not need to decline for BHB metabolism to
positively affect cytoplasmic nucleotide coenzyme ratios, and that fasting for less than 24 h
in humans may impart beneficial metabolic effects through BHB-mediated alterations in
nucleotide coenzyme ratios. However, it is not yet known whether fasting can decrease the
cytoplasmic [NADP+]/[NADPH] ratio in tissues other than liver that contain an active PPP.

Fasting increases mitochondrial NADPH synthesis due to increased mitochondrial SIRT3
expression, which leads to the deacetylation and activation of the NADPH-synthesizing
enzyme IDH2 [85]. The activity of mitochondrial NAD+ kinase NADK2 is also inhibited by
lysine acetylation. NADK2 is deacetylated by SIRT3 [86] likely contributing to a fasting-
induced increase in the mitochondrial matrix NADPH levels. However, at the date of the
publication of this review, direct evidence for the SIRT3-mediated stimulation of NADK2
activity in vivo in response to fasting or CR was still lacking.

2.7. Fasting May Improve PD Symptoms by Decreasing the Number of Senescent Astrocytes and
Microglia without Affecting Substantia Nigra Mitochondrial DNA Deletion Levels

There is now substantial evidence suggesting that the accumulation of senescent cells
plays a role in aging and aging-related disorders. Studies with mice demonstrated the accu-
mulation of senescent astrocytes and microglia following the injection of alpha-synuclein
pre-formed fibrils into the brain. MPP+ was also shown to stimulate cellular senescence [87].
Excitingly, paraquat-induced PD symptoms in mice were mitigated by killing senescent
cells [88]. Cellular senescence in vitro is typically characterized by increased mitochondrial
fusion and decreased mitophagy leading to increased mitochondrial mass and increased
ROS levels [89].

One mechanism through which cellular senescence may be induced is by the release
of mitochondrial DNA (mtDNA) into the cytoplasm by the opening of the mPTP activating
the cyclic GMP-AMP synthase (cGAS) and stimulator of the interferon genes (STING)
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pathway [90]. The mPTP has a pore diameter of roughly 3 nm. Thus, linear double-strand
mtDNA with a diameter of 2.3 nm appears to be threaded through the pore and released into
the cytoplasm. Mitochondrial FEN1 nuclease has been shown to be activated by oxidative
stress and to hydrolyze oxidized mtDNA into 500–650 base pair fragments released through
the mPTP into the intermembrane space [91]. Mitochondrial outer membrane VDAC
pores can also transport solutes such as double-strand DNA with a diameter less than
3 nm between the intermembrane space and the cytoplasm [92]. Although there are
currently little data to support this mechanism, mitochondrial depolarization activating
calcium-independent phospholipase A2-γ (PNPLA8) [93] may lead to the hydrolysis of
mitochondrial inner membrane phospholipids to release larger mtDNA fragments. Current
data suggest that PNPLA8 activated by mitochondrial depolarization hydrolyzes outer
membrane phospholipids for the release of cytochrome c into the cytoplasm. MtDNA
fragments of sizes up to 1000 base pairs [94,95] have been shown to be released and
trigger inflammation by activating the NLRP3 inflammasome, which can contribute to
cellular senescence. Supplementation with nicotinamide riboside, an NAD+ precursor, was
recently demonstrated to increase mitophagy, decreasing NLRP3 inflammasome activation
and cGAS-STING activity to decrease neuroinflammation and cellular senescence in an
APP/PS1 mouse model of AD [96].

The substantia nigra in both aged PD subjects and healthy aged controls is charac-
terized by high amounts of mtDNA deletions leading to mitochondrial ETC dysfunc-
tion [97,98]. Subjects without PD, however, compensate for these mtDNA deletions
by increasing mitochondrial biogenesis [99], perhaps through a PINK1–Parkin–PGC-1α-
dependent pathway. This topic was recently reviewed [100]. Homozygous POLGD257A/D257A

mtDNA mutator mice have been shown to have increased levels of mtDNA deletions and
increased amounts of senescent cells possessing a unique senescence-associated secretory
phenotype where proinflammatory cytokines are not secreted [101]. Increased levels of
apoptosis likely contribute to the premature aging phenotype of this mouse strain [102].
Studies using control and heterozygous and homozygous mtDNA mutator mice have
shown a strong correlation between the presence of mtDNA deletions and the premature
aging phenotype. However, mtDNA deletor mice transgenic for a mutant form of the mito-
chondrial TWNK helicase do not show a premature aging phenotype [103]. Heterozygous
mtDNA mutator mice have moderately high levels of mtDNA point mutations, but do not
contain many mtDNA deletions or exhibit the premature aging phenotype [104].

CR did not reduce the mtDNA deletion load or extend the short lifespan of homozy-
gous mtDNA mutator mice [105]. CR also did not reduce mtDNA deletion load in aged
rhesus macaque skeletal muscle [106], but it did delay sarcopenia [107]. This suggests
that CR inhibited muscle fiber death downstream of mtDNA deletions not by selectively
increasing mitophagy of organelles containing mtDNA deletions, but likely by increasing
mitochondrial biogenesis to compensate for the mitochondrial ETC dysfunction caused by
the mtDNA deletions [108].

The decreased mitophagy rate in PD dopaminergic neurons may be mechanistically
linked with the decreased mitochondrial biogenesis rate to maintain stable levels of mtDNA,
as Parkin-deficient iPSC-derived neurons that show deceased mitophagy also showed de-
creased PGC-1α levels with decreased mitochondrial biogenesis. It is not yet known
whether the accumulation of mtDNA deletions leads to increased release of mtDNA into
the cytoplasm resulting in cellular senescence in the substantia nigra that stimulates PD
onset and progression. Data from mice suggest a two-hit model where mtDNA mutator
mice also require Parkin knockout that decreases mitophagy and mitochondrial biogenesis
to release mtDNA into the cytoplasm to induce the cGAS-STING pathway and the proin-
flammatory senescence phenotype. Studies quantifying cellular senescence in subjects with
mtDNA deletion syndromes such as Kearns–Sayre syndrome (KSS), Pearson syndrome,
or progressive external ophthalmoplegia (PEO) may help to clarify this relationship in
humans. Aged mice contain a 10-fold lower level of mtDNA deletions in the substantia
nigra than that present in aged humans. In the mouse substantia nigra, similar to that
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of healthy humans, mitochondrial protective pathways such as mitochondrial biogenesis
appear to be activated in response to increased levels of mtDNA deletions in an attempt
to compensate for the ETC dysfunction [109], possibly explaining why 12–14-month-old
homozygous mtDNA mutator mice that contained high levels of mtDNA deletions did
not show a loss of dopamine or dopaminergic neurons although striatal levels of tyrosine
hydroxylase, the rate-limiting enzyme of catecholamine synthesis, were decreased and
motor function was moderately impaired [110].

2.8. A Requirement for Fasting in Dietary Restriction-Induced Longevity

Recent studies using mice have shown that dietary restriction did not extend longevity
when the mice were fed many small meals without an extended period of fasting [111], and
that 13 h daily fasting extended the mouse lifespan even when the mice were not calorie
restricted [112]. Insulin signaling leads to the phosphorylation and exclusion from the
nucleus of the pro-longevity transcription factor FOXO3A. When insulin levels decline
during fasting, FOXO3A is not phosphorylated, leading to its translocation into the nucleus
to mediate the changes in gene expression required for the lifespan extension that occurs
due to dietary restriction/intermittent fasting [113]. Therefore, it appears likely that BHB
mediates some of its neuroprotective and disease-modifying effects through stimulating
FOXO3A-dependent transcription. Consistent with this hypothesis, the FOXO3A homolog
DAF-16 is required for BHB-mediated lifespan extension in C. elegans [114].

2.9. Evidence That Combining Fasting and Exercise Is Neuroprotective

For an extensive discussion of how fasting and exercise improve neural function,
the following review article is highly recommended [115]. The authors provide evidence
that intermittent metabolic switching (IMS) between glucose and ketone body metabolism
maintains brain function at a high level. Exercise, which stimulates glucose consumption
and glycogen breakdown, facilitates the switch from glucose to ketone body metabolism.
Although exercise by itself has been shown to have little effect on the improvement of the
gait in PD patients [116,117], exercise has been shown to improve aspects of memory and
decrease depression and anxiety in both humans and animal models [118]. Treadmill exer-
cise also improved the motor symptoms of MPTP-treated mice [119]. Importantly, studies
of mice that combined dietary restriction with voluntary wheel running demonstrated
greater increases in hippocampal dendritic spine density than either therapy alone [120].
In addition, neurogenesis in the dentate gyrus was stimulated by both fasting [121] and
exercise [122]. At the molecular level both fasting [123] and exercise [124] stimulated the
activity of neuronal CREB and NF-κB transcription factors leading to the increased expres-
sion of brain-derived neurotrophic factor (BDNF) to protect neurons [125]. BHB by itself
can also increase BDNF production by neurons [126,127], but only when glucose levels are
low [128].

Like fasting, exercise decreases neuroinflammation [129], which may be partly due
to BHB binding the HCAR2 receptor and the NLRP3 inflammasome blocking proinflam-
matory signaling [130]. However, BHB administration was unable to block the NLRP3
inflammasome activated by alpha-synuclein in microglia. Encouragingly, a two-year trial
of cognitive training, diet, and exercise led to improved cognition in AD patients [131].
This suggests that it may also be possible to use combined diet and exercise therapy to slow
the progression of PD. Studies on the effects of a ketogenic diet by itself, without exercise
therapy, on PD subject symptoms have recently been reviewed [132]. Unlike the results
from mouse models of PD where the ketogenic diet has shown moderate protective effects,
the clinical results from PD subjects showed that the diet did not affect motor symptoms
and only showed slight improvements in the non-motor symptoms [133].

2.10. Exercise and Its Effects on PD Brain and Muscles

Exercise is categorized into aerobic (endurance) training or anaerobic (resistance)
training. The intensity and volume or duration of the workout determines whether enough
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O2 is transported to the skeletal muscles for aerobic metabolism to occur. Aerobic and
anaerobic training are both important for the release of myokines to improve systemic
homeostasis and decrease inflammation. Aerobic exercise was shown to increase the levels
of the myokines VEGF-A, SPARC, sestrin, SDF-1, irisin, IL-6, IL-15, BAIBA, and apelin,
while anaerobic exercise increased the levels of VEGF-A, irisin, IL-6, IL-15, IGF-1, decorin,
and BMP-7. Both types of exercise decreased the myostatin secretion. With aging, the
secretion of VEGF-A, SPARC, sestrin, SDF-1, irisin, IL-15, IGF-1, decorin, BMP-7, BAIBA,
and apelin decreased, while that of IL-6 and myostatin increased [134]. Therefore, exercise
therapies can now be tailored to specific aging-related diseases, such as PD. Examples of
different types of exercise that have been shown to be beneficial for PD include resistance
training, dance, yoga, and virtual reality training [135].

Different types of exercise can have different molecular effects on neural and skeletal
muscle gene expression. Aerobic endurance exercise has historically been shown to have
the ability to increase nuclear and mitochondrial gene expression, thus increasing skeletal
muscle metabolic efficiency. Maintaining efficient mitochondrial coupling, the amount of
ATP synthesized per O2 reduced to H2O by oxidative phosphorylation, relies on sustained
rates of mitophagy and mitochondrial biogenesis. These processes are impaired in several
tissues of PD subjects, leading to complex I and complex IV deficits in the substantia nigra
and skeletal muscles [136–138]. However, one study did not find mitochondrial complex I
dysfunction in PD subject skeletal muscles, platelets, or brain regions outside the substantia
nigra [139]. Different muscle fiber types also rely on oxidative phosphorylation to different
extents. Fatigue and impaired exercise capacity in PD subjects are likely attributable to
mitochondrial dysfunction. Aerobic endurance exercise increases mitochondrial biogenesis
in the brain and skeletal muscles by increasing the expression and activities of PGC-1α, its
binding partner NRF1, and their transcriptional target mitochondrial transcription factor
A (TFAM). The increased mitochondrial biogenesis and turnover increase mitochondrial
and myofiber quality [140]. Aerobic endurance exercise also increased the ratio of mi-
tochondrial fusion to fission in skeletal muscles favoring a more tubular mitochondrial
network associated with enhanced ETC activity. Aerobic training improves peak O2 uptake
(VO2peak) and increases skeletal muscle nuclear and mitochondrial gene expression to
increase mitochondrial enzyme activities, such as that of the TCA cycle enzyme citrate
synthase, used as a marker of mitochondrial mass and that of mitochondrial ETC complexes
III, IV, and V [140].

The transcription of autophagy- and mitophagy-related genes is controlled by tran-
scription factor EB (TFEB), a master regulator of lysosomal biogenesis. Endurance training
increased TFEB expression and transcriptional activity in a PGC-1α-dependent manner.
Thus, following exercise TFEB increases autophagic and mitophagic flux to turnover mito-
chondria and other cellular components that were damaged by the increased ROS produced
during the exercise event [141]. In the hypoxic ischemic encephalopathy rat model, en-
durance training preserved hippocampal and cerebral cortical mitochondrial membrane
integrity to lower cytoplasmic and nuclear levels of the mitochondrial apoptosis-inducing
proteins AIF and cytochrome c, as well as cleaved caspase-3. The antiapoptotic impact of
exercise training improved motor function, learning, and memory suggesting that exercise
training stabilizes mitochondrial function to protect against cell death in neurodegenerative
disease [142].

More recently, moderate repetition resistance training has also been shown to improve
oxidative capacity, and this was shown under specific conditions to be more effective than
aerobic endurance training in improving mitochondrial coupling efficiency and inducing
qualitative changes in motor performance. Resistance training increased skeletal muscle
complex I-mediated respiratory activity and the levels of many subunits of oxidative
phosphorylation complexes I-V, as well as the levels of mitochondrial fusion proteins [143]
and nicotinamide phosphoribosyl transferase (NAMPT), the rate-limiting step in NAD+

salvage synthesis [144]. Resistance training also improved the coupling efficiency in
skeletal muscle mitochondria and increased the ratio of oxidative capacity to mitochondrial
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mass [145]. Resistance training, when performed after endurance training, amplified the
induction of PGC-1α and PPAR-β/δ and led to an increased amount of mitochondrial
biogenesis [145].

High-intensity interval training has also recently been demonstrated to result in
endurance-like adaptations in cellular efficiency. Matched-work continuous and intermit-
tent exercise both led to acute and chronically improved insulin sensitivity and reduced
glycogen utilization and lactate production [146]. High-intensity interval training, with
the increased recruitment of type-II fibers, led to increased AMPK activity and PGC-1α
expression in response to increased exercise intensity and cellular energy demand [147].
Further evaluation of low-volume, high-intensity interval training indicated improved
mitochondrial protein content and enzyme activities. The increased mitochondrial protein
content (~25%) was consistent with that reported previously following endurance training
or higher intensities of high-intensity interval training [148]. The increased aerobic capacity
matched the increased COX I (MT-CO1) and COX IV (COX4I1) complex IV subunit lev-
els. There were also increased levels of pyruvate dehydrogenase kinase 2 (PDK2). PDK2
phosphorylates and inhibits the pyruvate dehydrogenase complex (PDC) resulting in a
decreased reliance on glycolysis and increased reliance on fatty acid beta-oxidation [148].

A global gene expression analysis was performed on autopsied human hippocampus
to determine the genes where the expression was altered by neurodegeneration and re-
stored in aged and disease-matched subjects who were known to have engaged in moderate
physical activity prior to death. Genes associated with synaptic functions were repressed
in the PD subjects and these were increased with physical activity. Specific genes that fol-
lowed this expression pattern include synaptophysin, synaptotagmin-1, vesicle-associated
membrane proteins, syntaxin, and complexin-I. The transcription factor Nrf1 (NFE2L1),
which is involved in the expression of proteasomal genes, was also identified as following
this pattern. Genes involved in transcriptional repression and negative growth regulation
were increased in PD subjects and decreased with exercise [149].

In PD subjects, autonomic dysfunction, fatigue, and loss of exercise capacity can
sometimes precede the progression of motor dysfunction by more than a decade [150,151].
In these subjects the appropriate autonomic adjustments may not accompany exercise,
which can lead to inadequate hemodynamic responses, a failure to meet the metabolic
demands of skeletal muscle, and exercise intolerance [152]. High-intensity interval training
modulates the autonomic nervous system and heart rate by decreasing the activity of
the parasympathetic system and increasing the activity of the sympathetic system [153].
High-intensity interval training also increases neural adaptation leading to decreased
sympathetic and increased parasympathetic stimulation at rest. After just two weeks of
training there were increased beneficial responses in cardiac autonomic control [153] that
would likely benefit PD patients.

Many PD subjects have difficulty engaging in any type of physical exercise due to their
dysfunctional gait. Metabolically beneficial high-intensity interval training, characterized
by short intermittent bursts of vigorous exercise interspersed with periods of recovery
provides a strong option for improving MQC in PD. According to one study, supervised
high-intensity interval training appears to be feasible and acceptable for subjects with early-
to mid-stage PD. Consistent with this finding, PD subjects were able to exercise at over 85%
of their maximal heart rate across the 12-week intervention. Significant improvements in
cardiorespiratory fitness were observed [154]. Low-volume, high-intensity interval training
may even provide more benefits for PD patients.

2.11. Greater Metabolic Changes Induced by Exercise When the Exercise Occurs Early in the
Active Period of the 24 h Circadian Cycle

A study using mice showed that exercise had different effects on metabolite levels
of eight different tissues depending on whether the exercise occurred early in the active
phase of the 24 h circadian cycle or 12 h later, early in the resting phase of the cycle [155]. A
much more dramatic effect occurred when exercise was carried out early during the active
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phase of the circadian cycle following the fasted resting period that partially depleted
liver glycogen levels. The levels of 197 metabolites were altered when exercise occurred
during the active phase, compared to just 52 metabolite levels that were altered when
exercise occurred during the resting phase. Plasma glucose and muscle glycogen levels
decreased more and BHB levels increased more when exercise occurred early during the
active phase, while levels of the stress hormone corticosterone and muscle lactate increased
less. Hypothalamic serotonin and dopamine increased when exercise occurred during the
active phase. Muscle and serum amino acids increased more during exercise in the active
phase, which indicates the protein breakdown required for energy generation. Lipolysis of
white adipose tissue was stimulated by exercise in the active phase, while lipolysis in the
liver was stimulated by exercise during the resting phase.

Several protective compounds or “exerkines” were increased more during exercise
early in the active phase, including serum AMP and beta-aminoisobutyric acid (BAIBA);
muscle αkg, kynurenine, and GABA; liver BAIBA, kynurenine, and kynurenate; and hy-
pothalamic BAIBA [155]. There was also increased muscle GSSG/GSH that occurred when
exercise was carried out in the active phase. The more oxidized cellular environment fol-
lowing exercise in the active phase likely allows for more mitohormesis and ROS-induced
Nrf2 activation several hours later, increasing NADPH levels and correcting the deficit.
The most striking finding was the much greater global increase in 2-hydroxybutyrate
(α-hydroxybutyrate) levels following active-phase exercise. In the same way that the pyru-
vate/lactate ratio is a marker of the cytoplasmic [NAD+]/[NADH] ratio due to the high ac-
tivity of lactate dehydrogenase in most tissues [156], the 2-ketobutyrate/2-hydroxybutyrate
ratio is also a global redox marker of the cytoplasmic [NAD+]/[NADH] ratio [157] due
to 2-ketobutyrate and 2-hydroxybutyrate also serving as substrates for lactate dehydroge-
nase [158]. The more reduced [NAD+]/[NADH] ratio directly following exercise early in
the active phase is likely an important signal to induce cytoprotective gene expression and
metabolic changes leading to the restoration of the normal redox state.

The increased 2-hydroxybutyrate levels following active-phase exercise were shown
to be due to increased flux through the transsulfuration pathway, where methionine is
metabolized into 2-ketobutyrate, which can then be metabolized into 2-hydroxybutyrate.
The transsulfuration pathway increases the generation of the cytoprotective gas hydrogen
sulfide and generates increased levels of cysteine, the rate-limiting substrate required for
glutathione synthesis [159]. When the cellular [NAD+]/[NADH] is in the normal oxidized
state, the 2-ketobutyrate is transported into the mitochondrial matrix to form propionyl-
CoA, which is largely metabolized into succinyl-CoA that enters the citric acid cycle.
Conversely, when the cellular [NAD+]/[NADH] is reduced, cytoplasmic 2-ketobutyrate
is instead reduced to 2-hydroxybutyrate. Increased transsulfuration pathway flux also
occurs during anti-aging fasting or CR [160]. Increased transsulfuration pathway-mediated
cysteine synthesis preserves cytoplasmic NADPH levels since following uptake from
the bloodstream cellular cystine must be oxidized to cysteine using NADPH-derived
reducing equivalents.

A study was performed where all experimental groups of mice were fed a calorie-
restricted diet and had free access to a running wheel. One group with 24 h access to
the food showed 11% extended longevity when compared to the control ad libitum-fed
mice [161]. Time-restricted feeding was also employed by administering the same calorie-
restricted diet only during a 12 h night-time (active period) or daytime (inactive period)
timeframe. Administering the calorie-restricted diet only for the 12 h night-time (active)
period extended the mean lifespan by 34%. Administering the calorie-restricted diet only
during the 12 h daytime (inactive) period timeframe extended the lifespan by 19%. There
were no differences in the weight of the mice among the three calorie-restricted groups.
The study showed that fasting during the inactive portion of the 24 h cycle provided the
most potent anti-inflammatory and anti-aging effects and provides a strong rationale for
humans to fast at night and exercise during the day for optimal health benefits.
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Rats fed a normal diet limited to ten hours in the daytime inactive period showed
disrupted circadian rhythms in the rate of mitochondrial respiration in skeletal muscle. This
mimics the metabolic dysfunction observed in human subjects with type-2 diabetes and in
night-shift workers, who have a greatly increased risk of type-2 diabetes [61]. Therefore,
fasting during the active period of the circadian cycle may result in an increased risk of
metabolic disease if exercise is not performed or if calories are not restricted during the
inactive feeding period.

2.12. Entrainment of the Circadian-Regulated Production of NAD+ in the Morning

Because NAD+ levels decline with aging in most tissues and this leads to decreased
metabolic function, there is much clinical interest in the use of NAD+ precursors as com-
pounds to increase cellular NAD+ levels to rejuvenate aged and diseased tissues [162].
Decreased cellular NAD+ levels also blunt beneficial signaling through sirtuin NAD+-
dependent protein deacetylases [163]. In mice, the decreased NAD+ levels that occur with
aging are largely due to increased levels and activity of the CD38 enzyme, which is most
highly expressed in macrophages and hydrolyzes NAD+ as well as its direct precursor
nicotinamide mononucleotide (NMN) both intracellularly and extracellularly [164]. The
activity of NAMPT also declines slightly with aging [165]. Using NAD+ precursor supple-
mentation to restore NAD+ levels has shown health benefits in several mouse models of
disease that show substantially decreased NAD+ levels [166].

Cytoplasmic NAD+ is converted into NADP+ solely by the tetrameric NAD+ kinase
(NADK) enzyme, which uses ATP to phosphorylate NAD+ [167], while mitochondrial
NAD+ is phosphorylated solely by the dimeric NADK2 enzyme [168], which uses either
ATP or polyphosphate as the phosphate donor [169]. NAD+ is transported into the mito-
chondrial matrix by the mitochondrial carrier family members SLC25A51 and SLC25A52
to gain access to mitochondrial NADK2. The cytoplasmic and mitochondrial [NADPH] to
[NADP+] ratios are maintained at close to 100 to 1 [170]. Thus, small increases in NADP+

lead to large increases in NADPH. In support of this relationship NADK overexpres-
sion in cultured cells substantially increased NADPH levels with little effect on NADP+

levels [171].
Since oral intake of NAD+ precursors leads to their extensive metabolism by gut

microbiota and first-pass hepatic metabolism [172], strategies to increase NAD+ levels in
peripheral tissues are an active area of research [173]. Older methods aimed at replenishing
cellular NAD+ levels include the oral consumption of vitamin B3 in the form of nicotinic
acid or nicotinamide. The amino acid tryptophan can also be converted to NAD+, which
occurs most readily in the liver. The liver releases nicotinamide as a major NAD+ precursor
for most other tissues in the body [174]. The oral consumption of the more recently
available NAD+ precursors, nicotinamide riboside and nicotinamide mononucleotide, has
been successful in the treatment of many mouse models of disease, although, in many cases,
this did not greatly increase the NAD+ levels in the peripheral tissues of young healthy
mice [174]. A recent clinical trial has shown that nicotinamide riboside consumption
can increase NAD+ levels in PD patient brains, which was correlated with a functional
improvement in PD symptoms [175].

An alternative or complementary strategy to the oral supplementation of NAD+ precur-
sors to raise the cellular NAD+ levels is to use fasting, exercise, and the body’s own natural
circadian rhythms. During the early morning (4:00 AM) in humans, the heterodimeric
transcription factor composed of the proteins BMAL1 (ARNTL) and CLOCK is most active
in order to transcribe the NAMPT gene in skeletal muscle [176]. Therefore, during the early-
to mid-morning the levels of NAD+ are likely at their highest point at least in skeletal mus-
cle. SIRT1 consumes NAD+ in deacetylation reactions and specifically removes an acetyl
group from a lysine residue in the BMAL1 transcription factor to activate the heterodimer
of BMAL1 and CLOCK for transcription. The period (PER1, PER2, and PER3) genes are
expressed in a circadian manner in the suprachiasmatic nucleus pacemaker. The PER
proteins bind to CRY (CRY1 and CRY2) proteins to form a heterodimeric transcriptional
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repressor that further binds to and prevents the transcriptional activity of CLOCK-BMAL1
to restore the night-time pattern of gene expression. PER2 lysine acetylation increases PER2
function, and the acetyl group is removed by SIRT1, which inhibits protein function. The
sum of these processes cause NAD+ levels to be entrained by the circadian transcription
factors. Therefore, the activity of the heterodimeric transcription factor CLOCK-BMAL1,
the transcription of the NAMPT gene, and NAD+ levels increase in unison [177]. In mice
NAD+ levels are altered by up to 40% during different times of the 24-h cycle [178,179].

In contrast to peak human skeletal muscle NAD+ levels that occur in the morning,
the circadian oscillations in human mitochondrial respiration peak at roughly 11:00 PM,
with the trough occurring at 1:00 PM [180]. The reason for why these different metabolic
oscillations are not in phase is not well understood. In studies of humans performing
roughly 14 h fasts, it was shown that fasting from dinner until breakfast led to more lipid
oxidation than fasting from bedtime until lunch [181]. These results may be due to increased
rates of fatty acid beta-oxidation during fasting and the circadian increase in ETC function
in the evening. These events lead to higher rates of fatty acid beta-oxidation during evening
fasts compared to those that occur during morning fasts, when diurnal ETC activity is not
at its peak.

Unlike humans, mice are nocturnal. NADK is also expressed in a highly circadian
fashion and is expressed most highly in the afternoon in the mouse liver, before the mice
become active in the evening [182]. Circadian NADK expression mirrors the circadian
expression of HMGCR, the rate-limiting enzyme of the cholesterol biosynthesis pathway,
presumably due to the large amount of NADPH oxidized by this pathway. If circadian
gene expression in human neurons follows that in skeletal muscle and liver, there should
be an increase in both NAD+ and NADPH levels in neurons in the morning.

2.13. Circadian Regulation of Mitophagy and Mitochondrial Dynamics May Play a Role in PD

There is much evidence indicating altered circadian physiology in PD patients [183]
and pre-clinical models of PD [184]. For example, 65% to 95% of PD patients exhibit
sleep impairments [185]. This may partly be due to the regulation of the circadian clock
by dopamine [186,187], which is deficient in PD subjects. Dopamine regulates the ex-
pression of PER2 [188], as well as the transcriptional activity of the CLOCK/BMAL1
heterodimer [189,190]. The tyrosine hydroxylase gene, as well as dopamine receptor genes,
are expressed in a circadian manner [191]. The decreased dopamine and melatonin levels
and increased cortisol levels in PD patients are associated with decreased BMAL1 expres-
sion [192,193]. Long term L-DOPA therapy [194] or increased neuroinflammation [195]
were shown to accelerate the circadian dysfunction in PD rat models. The circadian reg-
ulators BMAL1 [196] and REV-ERBα [197] have been shown to preserve motor function
and reduce neuroinflammation in mouse models of PD. The role of alterations in circa-
dian gene expression in neuroinflammation and the pathogenesis of PD has recently been
reviewed [183,198].

Not only does mitochondrial ETC complex activity follow circadian rhythms [199],
but mitophagy rates and mitochondrial dynamics also follow a diurnal pattern [200].
In the liver, BMAL1 induces the expression of PINK1, the mitochondrial fission protein
FIS1, and the mitophagy receptor BNIP3. The expression of the mitochondrial fission
protein DRP1 also fluctuates in a diurnal pattern [201]. The loss of the CLOCK protein
disrupts the expression of the autophagy proteins ATG7, RAB7a, TFEB, and SQSTM1 [202].
Conversely, Parkin mutations in PD patients also disrupt circadian gene expression in iPSC-
derived neurons [202]. HDAC3 negatively regulates the circadian clock and mitophagy by
activating Rev-erbα, a negative regulator of BMAL1 [181], and possibly by inhibiting PGC-
1α expression [203]. Consistent with these results, murine embryonic fibroblasts (MEFs)
from Rev-erbα transgenic mice exhibit increased mitochondrial mass and respiration due to
a 4-fold decrease in mitophagy [204]. Streptozotocin-induced diabetes in rats upregulated
HDAC3 to blunt circadian gene expression and mitophagy [204]. Fasting and ketone
ester-induced increases in BHB levels may therefore prevent the decreased mitophagy in
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PD cells by increasing NADPH levels to inhibit HDAC3 [9]. In tissues where BHB does not
increase NADPH levels, longer-term human fasting (>48 h) to induce millimolar levels of
BHB may also inhibit HDAC3 activity directly [205].

3. Dopaminergic Neurons Are Vulnerable to Dysfunctional MQC

The discovery that the PD-causing toxin MPTP was converted to MPP+ by the enzyme
monoamine oxidase-B (MAO-B) to cause dopaminergic neuron loss and PD symptoms
led to a quest to find the mechanism underlying neuronal toxicity. MPTP was found to be
taken up by astrocytes and serotonergic neurons that express MAO-B and then converted
into MPP+, which was released into the extracellular space. MPP+ was then found to be
taken up by dopamine transporters expressed in dopaminergic neurons [206]. From the
cytoplasm, MPP+ is concentrated 40-fold in the mitochondrial matrix [207], resulting in the
inhibition of ETC complex I. Therefore, the most efficient mitochondria with the highest
membrane potential are the ones that accumulate the most MPP+ resulting in the most ETC
inhibition [207].

Does the inhibition of complex I by MPP+, rotenone, or alpha-synuclein [208] depolar-
ize the mitochondrial inner membrane enough to stimulate mitophagy when complex II
is still active for electron transport? The answer may depend upon the cell type studied.
However, even if mitochondrial depolarization does not occur immediately, it likely eventu-
ally occurs because of the increased O2

•− generation that results from complex I inhibition,
leading to increased ONOO− and H2O2 formation, which open the mPTP to completely
depolarize the mitochondrion [209]. In either case, the data strongly suggest that interfering
with MQC leads to PD. Therefore, PD treatments should be directed towards increasing
mitochondrial resilience by improving the redox state.

MPP+ concentrated in the mitochondrial matrix undergoes redox cycling [210], a futile
oxidation-reduction cycle that generates O2

•− (Figure 4) [211]. The redox potential for
the conversion of MPP+ to MPP• radical is approximately −1.0 V. The mitochondrial or
cytoplasmic [NADP+]/[NADPH] has a redox potential of only−0.42 V [170], and therefore,
NADPH cannot reduce MPP+. Two-electron reduction pathways have a higher redox
potential of approximately −0.84 V. Thus, two-electron reducing agents present in the
mitochondrial matrix were sought, and two candidates, ALDH2 (aldehyde dehydroge-
nase H2) and DLD (dihydrolipoamide dehydrogenase), that could reduce MPP+ were
identified [210,212].
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form of the reducing agent. 5. Mitochondrial NADPH levels decrease and NNT activity restores
NADPH levels. 6. The formation of other ROS further depletes NADPH. Increased NNT activity and
mPTP opening depolarizes the inner mitochondrial membrane, leading to the translocation of PINK1
from the inner to the outer mitochondrial membrane. 7. Outer membrane PINK1 recruits Parkin
leading to mitophagy. The PD-causing herbicide paraquat undergoes redox cycling between the PQ2+

ion and the PQ•+ free radical to induce a similar sequence of events. Abbreviations: translocator
protein of 18 kDa (TSPO), voltage-dependent anion channel (VDAC), hexokinase (HK), adenine
nucleotide transporter (ANT), phosphate carrier protein (PIC), cyclophilin-D (Cyp-D), subcomplexes
of ATP synthase (F1), (F0), and creatine kinase (CK).

3.1. The Superoxide Sentinel Hypothesis of MQC

When mitochondria are old or damaged the ETC is less efficient and more O2
•− is

formed. This common feature of dysfunctional mitochondria makes O2
•− an ideal sentinel

for marking the mitochondria for mitophagy. It also suggests that dysfunctional MQC is
associated with a heavier load of other ROS/RNS, such as H2O2, which is synthesized
from O2

•− by mitochondrial SOD2. H2O2 could also potentially be used to identify
damaged mitochondria [213]. Although both O2

•− and H2O2 can stimulate autophagy,
SOD2 overexpression, which increases H2O2 levels, decreased autophagy, while SOD2
knockdown, which increases O2

•− levels, increased autophagy [31]. Other studies have
also shown that O2

•− is a much more potent stimulator of mitophagy than H2O2 [214,215].
This is consistent with a superoxide sentinel hypothesis that proposes that high matrix space
levels of O2

•− mark the organelle for mitophagy (Figure 5). O2
•− is negatively charged and

thus impermeable to phospholipid bilayers. Therefore, most of the O2
•− that is released

into the matrix space remains there until it is detoxified or causes damage. However, there
are inner mitochondrial membrane anion channels that function in mitochondrial volume
regulation that transport O2

•− out of the matrix space when they are open [216]. However,
due to the short half-life of O2

•−, little is likely exported to the cytoplasm. However, the
mitochondrial ETC also releases some O2

•− into the intermembrane space, where SOD1 is
present to detoxify most of it to H2O2.
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H2O2 is relatively polar and cannot readily diffuse through the mitochondrial inner
membrane. So, it is transported out of the mitochondrial matrix space through aquaporin
channels in the inner membrane [217,218]. The ability of H2O2 to be released into the
cytoplasm allows it also to serve as a signal of the mitochondrial function. Mitochon-
drial H2O2 is detoxified in the matrix space into water by the enzymes peroxideroxin 3
(PRDX3) and peroxiredoxin 5 (PRDX5) as well as by glutathione peroxidase using glu-
tathione (GSH). GSH is transported into the mitochondrial matrix by the SLC25A39 and
SLC25A40 carriers [219]. Mutations in SLC25A39 have been linked to late-onset PD [220].
Oxidized mitochondrial PRDX3 and PRDX5 are reduced by thioredoxin 2 (TXN2). Oxi-
dized glutathione disulfide (GSSG) and TXN2 are reduced back to their active forms by
glutathione reductase (GSR) and thioredoxin reductase 2 (TXNRD2), respectively, oxidizing
NADPH into NADP+. By mass action, this decrease in the matrix space NADPH activates
mitochondrial NNT to synthesize NADPH. Under normal conditions, in the absence of
redox cycling, proton transport by NNT only slightly depolarizes the inner mitochondrial
membrane. NNT is expressed at moderately low levels in neurons, most notably in neurons
that synthesize serotonin and neuronal nitric oxide synthase (nNOS). Its expression in
astrocytes and microglia is very low [221].

There are several mitochondrial targets through which •NO or ONOO− bind to and
additively disable mitochondrial function to increase flux through the NNT and thus to sig-
nificantly depolarize the inner mitochondrial membrane. •NO is a free radical that inhibits
mitochondrial ETC complex IV by competing for the binuclear binding site for O2 [222].
This complex IV inhibition results in the formation of O2

•− from complex III [223,224].
ONOO− binds and inhibits SOD2 to increase matrix space O2

•− levels [225]. Locally high
concentrations of CO2 synthesized by the PDC, isocitrate dehydrogenase, and the αkg
dehydrogenase complex react with ONOO− to form CO3

−• and NO2
•. ONOO− also

undergoes a proton-catalyzed homolysis reaction producing hydroxyl radical (•OH) and
NO2

• radical [226]. These mechanisms may lead to substantially increased mitochondrial
ROS levels and decreased NADPH levels, thus greatly increasing NNT activity to facilitate
mitochondrial depolarization. However, ONOO− has also been shown to bind to and
inhibit NNT, which suggests that the mPTP is a more likely candidate for mediating the
ROS-induced mitochondrial membrane depolarization to signal for mitophagy [227]. De-
creased mitochondrial matrix NADPH levels also facilitates the opening of the mPTP [228]
to depolarize the mitochondrion [229]. The genome of C57BL/6J mice contains a mutation
inactivating the NNT, but the nigrostriatal system is largely unaffected [230], likely due
to the compensatory synthesis of NADPH by other cellular enzymes [231]. No defects in
neural mitophagy have been ascribed to NNT deficiency either, even though mitochondrial
dynamics and turnover are well known to be affected by the cellular redox state [232].

Mitochondrial depolarization is known to activate PINK1 protein kinase by altering
its mitochondrial localization. Mutated PINK1 is one of the autosomal recessive genes
that, when mutated, causes PD. PINK1 interacts with Parkin to initiate mitophagy and
mitochondrial biogenesis (Figure 6). Mitochondrial biogenesis is stimulated by PINK1-
induced phosphorylation and Parkin-induced ubiquitination and proteasomal degradation
of Parkin-interacting substrate (PARIS). PARIS is a negative regulator of the PGC-1α
promoter. Therefore, PINK1 and Parkin-induced PARIS degradation functions to increase
the expression of PGC-1α leading to mitochondrial biogenesis. Parkin knockout also
decreased SIRT1 levels. Thus, increased SIRT1 levels may also play a role in PINK1–
Parkin-mediated mitochondrial biogenesis. Parkin is an autosomal recessive gene that
when mutated causes PD. There is also a PINK1- and Parkin-independent mitophagy
pathway [233]. Once a neuron possesses a MQC deficit, there are several downstream
events that perpetuate and exacerbate neuronal dysfunction. These events may be sufficient
to explain the continued physiological decline and progression of PD over many years.
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Figure 6. Mitochondrial biogenesis triggered by PINK1 and Parkin. PINK1 and Parkin stimulate mi-
tochondrial biogenesis by causing the phosphorylation, ubiquitination, and proteasomal degradation
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3.2. Neurons with Low-Quality Damaged Mitochondria Likely Show Decreased Proteolysis
of α-Synuclein

Postmitotic cells such as neurons cannot dilute cytoplasmic contents through cell divi-
sion, and so high concentrations of oxidized and aggregated proteins such as α-synuclein
can potentially accumulate. Therefore, postmitotic cells rely on efficient proteolytic sys-
tems to prevent protein accumulation. The α-synuclein protein can undergo several post-
translational modifications that favor aggregation and lead to toxicity [234]. The cell has
two major proteolytic systems for clearing damaged or aggregated cytoplasmic proteins
such as α-synuclein [234], and they both require sufficient ATP. In the ubiquitin-proteasome
system, ubiquitin is covalently attached to α-synuclein or another protein that exposes a
hydrophobic core on the surface of the protein. Both the post-translational modification
attaching ubiquitin to the protein to be degraded and the proteolysis by the proteasome
require ATP [235,236]. Autophagy is the other major proteolytic system used to degrade
α-synuclein and other cytoplasmic proteins and organelles. Autophagy results in complete
lysosomal proteolysis yielding individual amino acids. The various types of autophagy, in-
cluding macroautophagy, microautophagy, and chaperone-mediated autophagy, all require
ATP [237].

Given the diminished glycolysis [238] and mitochondrial ETC activity that occurs
in PD dopaminergic neurons and in other neurodegenerative disorders characterized by
dysfunctional MQC, one important question is whether glucose and fatty acids are still
capable of supplying the ATP required for the proteolytic processes that remove damaged
and misfolded proteins such as α-synuclein. If glucose and fatty acids are not sufficient,
can levels of the ketone body BHB be raised high enough to produce sufficient ATP by
oxidative phosphorylation? Unfortunately, all mitochondrial fuels are probably oxidized
more slowly in PD neurons that possess ETC dysfunction. This dysfunction results in a
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decreased mitochondrial matrix [NAD+]/[NADH] ratio that slows citric acid cycle activity
and inhibits other fuel-specific mitochondrial NAD+-dependent catabolic enzymes, such as
PDC, BHB dehydrogenase (BDH1), and 3-hydroxyacyl-CoA dehydrogenase.

The use of glucose as a fuel source for ATP synthesis faces some initial hurdles not
faced by ketone bodies. For example, the cellular uptake of glucose for glycolysis is
dependent on glucose transporter localization to the plasma membrane, which is reliant on
the release of insulin by pancreatic islets and the successful binding of insulin to plasma
membrane insulin receptors, as well as the activation of the AKT signaling pathway [239].
Cytoplasmic glucose metabolism also has an upfront cost of one ATP molecule when the
glucose molecule enters the cell and is phosphorylated by hexokinase. The glycolysis
end-product, pyruvate, is transported into the mitochondrial matrix and metabolized by
the highly regulated PDC, which is frequently phosphorylated and inhibited by one of
four pyruvate dehydrogenase kinase (PDK) isoforms in the brain of individuals affected
by neurodegenerative disorders. Although cytoplasmic pyruvate can then be reduced to
lactate, this entails a large loss of ATP synthesis when compared to the amount that would
have been generated by oxidative phosphorylation. Enhancing glycolysis has been shown
to improve PD symptoms in humans and in animal models of PD [240].

The use of fatty acids as an energy source for oxidative phosphorylation also faces
some initial hurdles. The BBB limits the transportation of some long-chain and very long-
chain fatty acids to the central nervous system, but not the short-chain, medium-chain, or
essential long-chain fatty acids [241]. Therefore, the neural cells must synthesize some of
their own fatty acids and this requires sufficiently high levels of NADPH. Extracellular
fatty acids are transported by apolipoprotein carriers that dock at the plasma membrane
of neural cells and release the fatty acids for cellular uptake. Neurons are known to
express low levels of mitochondrial fatty acid synthesis and beta-oxidation enzymes [242].
Thus, some fatty acids are synthesized in astrocytes and then delivered to neurons [243],
while neuronal oxidatively damaged fatty acids are transported in the reverse direction
to astrocytes for fatty acid oxidation [244]. Long-chain fatty acids have an upfront cost of
one ATP to enter the mitochondrial matrix through the malonyl-CoA-inhibited carnitine
palmitoyl transferase (CPT1) system.

Unlike glucose or fatty acids, the ketone body BHB is transported into neural cells
through monocarboxylate transporters, where there is no initial ATP requirement for
metabolism. Secondly, there is no highly regulated mitochondrial gatekeeper, such as PDC
or CPT1, for ketone body catabolism. Unlike glucose, which is stored as glycogen, and fatty
acids, which are stored as triacylglycerides, BHB is inefficiently stored in eukaryotic cells,
where only a very small amount of short-chain (<30 monomers) poly-β-hydroxybutyrate
polymers accumulate in mitochondrial membranes [245]. Thus, when BHB is taken up
by a cell, the vast majority is quickly transported into the mitochondrial matrix and used
as a fuel to synthesize ATP. In tissues that synthesize ketone bodies, such as the liver and
kidneys, the level of BHB increases with fasting, leading to its reaction with coenzyme
A to form beta-hydroxybutyryl-CoA, which is used as a substrate for protein lysine beta-
hydroxybutyrylation [246]. Protein lysine beta-hydroxybutyrylation also occurs during
fasting in the small intestine [247]. The enhanced ATP levels that occur when PD neural cells
oxidize ketone bodies could contribute to increased activity of the proteolytic machinery to
degrade α-synuclein and misfolded proteins. However, ketone bodies are only present in
sufficient quantities for oxidation during fasting, during a ketogenic diet, or following the
consumption of exogenous ketone bodies or their precursors.

3.3. Limited Clearance of ROS/RNS Leads to the Oxidation and Depletion of Cardiolipin
and Plasmalogens

Another outcome of poor MQC is the increased oxidation of polyunsaturated fatty
acids by ROS to form isoprostanes, malondialdehyde, or 4-hydroxynonenal (4-HNE), which
inhibit the function of proteins. For example, IDH1 is susceptible to covalent modification
and inhibition by 4-HNE [248]. 4-HNE is produced by •OH attacking polyunsaturated
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fatty acids. Limiting dietary omega-6 polyunsaturated fatty acids, such as those that are
present at high levels in vegetable oils (excluding olive oil), may be beneficial in decreasing
4-HNE synthesis. Consistent with this hypothesis, high levels of the omega-6 fatty acids
dihomo-gamma-linolenic acid (DGLA) [249] and arachidonic acid (AA) [250] have been
shown to cause ferroptosis. PD neural cells are characterized by lipidopathy, particularly
of sphingolipids. PD neurons and microglia are characterized by increased levels of fatty
acids and lipid droplets, while PD astrocytes show decreased levels of these lipids [251].

Poor MQC also leads to the oxidation and depletion of mitochondrial cardiolipin (a
diphosphatidylglyceride lipid with two phosphate groups and four acyl chains) and plas-
malogens (vinyl-ether phospholipids enriched with AA and docosahexaenoic acid (DHA)).
Cardiolipin constitutes roughly 20% of the inner mitochondrial membrane phospholipids
and is critical for the mitochondrial inner membrane to maintain a membrane potential, as
each cardiolipin molecule can bind a proton. When oxidatively damaged cardiolipin binds
cytochrome c it activates a latent peroxidase [252] and plasmalogenase [253] activity, which
can contribute to cell death. PLA2G6, group VIA calcium-independent phospholipase
A2-beta (iPLA2-β), is a gene that when mutated causes PD, and the gene product has
a partial mitochondrial localization. iPLA2-β [254], as well as the related mitochondrial
and peroxisomal-localized iPLA2-È [255], can hydrolyze fatty acids from cardiolipin. The
depletion of cardiolipin can cause a direct inhibition of mitophagy, as the redistribution of
cardiolipin from the inner mitochondrial membrane to the outer mitochondrial membrane
is an important step in mitochondrial fission and mitophagy. The Drp1 protein that is
recruited to the mitochondria to mediate mitochondrial fission [256] and the LC3/Atg8
protein involved in autophagosome formation [257] bind cardiolipin as important steps
in MQC. Cardiolipin is also required for the activity of the NLRP3 inflammasome [258].
So, cells may have evolved to decrease cardiolipin levels in times of oxidative stress to
reduce inflammation.

Plasmalogens are important structural components of membranes in the brain, where
they comprise 20% of the total phospholipids. They play an especially important role as a
constituent of the myelin sheath surrounding the axons, where ethanolamine plasmalogens
comprise 70% of the phospholipids. The ethanolamine plasmalogens are required for
neurotransmitters to be packaged into stable vesicles docked near the plasma membrane.
Plasmalogens support the fusion of the neurotransmitter vesicles with the presynaptic
plasma membrane, allowing evagination and release into the synapse. The highly unsatu-
rated fatty acids in cardiolipin make it susceptible to oxidation, while the ether bond in
the plasmalogens makes them susceptible to oxidation. Mitochondrial depletion of these
phospholipids is an early event in Alzheimer’s disease (AD) model mice [259]. In Barth
syndrome plasmalogen loss occurs because of decreased remodeling of fatty acids in cardi-
olipin due to tafazzin deficiency [260]. Thus, the stability of cardiolipin and plasmalogens
appears to be indirectly linked.

The plasmalogens present in foods are degraded in the acidic environment of the stom-
ach, and therefore, cells must synthesize plasmalogens from precursors. Plasmalogen levels
decline with aging and decline further in the brain when affected by neurodegenerative
disorders such as PD and AD [261–263]. Plasmalogen synthesis is initiated in peroxisomes
and then continues in the ER [264]. Peroxisomal fatty acid oxidation leads to high levels
of H2O2 generation [265]. Peroxisomal dysfunction, in part due to oxidative damage by
ROS/RNS, may be responsible for the decreased levels of plasmalogens that occur in aged
and diseased tissues [266]. Plasmalogen levels can be increased by taking plasmalogen
precursors as supplements [261]. While some studies demonstrate sufficient plasmalogen
precursor BBB permeability [262], others suggest that these supplements are not suffi-
ciently permeable through the BBB and that the consumption of other supplements such
as DHA [267], ethanolamine, or myoinositol [268], may be consumed instead to increase
brain plasmalogen levels. The aging-related oxidation and loss of plasmalogens [163] is
likely delayed by fasting or CR that increase ketone body levels that boost the activity of
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Nrf2, which increases antioxidant gene expression and NADPH levels to provide reducing
power to cellular antioxidants [82].

Lysosomal dysfunction plays a prominent role in PD, as roughly half of the inherited
cases of PD occur due to mutations in the genes involved in lysosomal storage disor-
ders. Heterozygous mutations in GBA, the gene encoding the enzyme glucocerebrosidase,
increases the risk of PD while homozygous mutations in GBA lead to Gaucher disease.
Lysosomal storage disorders are characterized by the lysosomal accumulation of the unique
glycerophospholid bis(monoacylglycerol) phosphate (BMP), also called lysobisphospha-
tidic acid (LBPA), which may deplete phosphatidylglycerol levels, decreasing the rate
of synthesis of mitochondrial cardiolipin, which is required for ETC function. Lysoso-
mal dysfunction also interferes with the normal subcellular distribution of ceramide and
cholesterol to mitochondria and other organelles, altering mitochondrial function [269] and
dynamics [270] and contributing to cellular dysfunction in PD.

3.4. NADPH May Decrease in PD Neurons and Glia Limiting the Synthesis of Serotonin,
Melatonin, Epinephrine, Norepinephrine, and •NO

The increase in the cellular [NADP+]/[NADPH] ratio in PD neural cells resulting
from dysfunctional MQC and increased O2

•− generation may decrease astrocyte NADPH-
dependent fatty acid synthesis, thus decreasing the quantity of neutral lipids [271] and may
also decrease the NADPH-dependent neuronal synthesis of many neurotransmitters. Due
to a decline in NADPH, the active coenzyme tetrahydrobiopterin (BH4) becomes oxidized to
the inactive form biopterin (BH2), and thus becomes unavailable in the quantities required
for efficient synthesis of dopamine [229], epinephrine, and norepinephrine (Figure 7), as
well as serotonin, melatonin, and •NO. Decreased mitochondrial NADPH can also limit
the synthesis of proline required for protein synthesis [272].
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by IDH1 to increase cytoplasmic NADPH levels, while carbohydrate consumption activates ATP-
citrate lyase metabolism of cytoplasmic citrate to increase fatty acid synthesis, which depletes
cytoplasmic NADPH.



Cells 2022, 11, 2416 23 of 38

3.5. Insulin Released after Feeding Increases Cytoplasmic NADPH Oxidation by Stimulating Fatty
Acid Synthesis

The decreased hepatic cytoplasmic [NADP+]/[NADPH] ratio that occurs during
fasting may require glucagon [273] and may not occur after carbohydrate consumption in
part due to insulin signaling. When insulin binds its receptor on the plasma membrane,
a signaling cascade is initiated activating protein kinase AKT that phosphorylates ATP-
citrate lyase (ACLY) serine 454 to activate the enzyme [274]. Thus, the citrate that is
exported from the mitochondrial matrix is diverted away from the citrate–αkg shuttle that
uses IDH1 for NADPH synthesis to boost cytoplasmic NADPH levels, and instead it is
routed to the citrate–malate or citrate–pyruvate shuttles that use ACLY for the synthesis
of acetyl-CoA and oxaloacetate. Acetyl-CoA is largely used for NADPH-depleting fatty
acid synthesis. The malate dehydrogenase 1 (MDH1) enzyme converts the generated
oxaloacetate into malate, which can either be transported back into the mitochondrial
matrix for the citrate–malate shuttle or converted to pyruvate by cytoplasmic ME1 with the
concurrent reduction of NADP+ to NADPH as part of the citrate–pyruvate shuttle. The
pyruvate is then transported back into the mitochondrial matrix.

During fatty acid synthesis, for an acetyl-CoA molecule to add two carbons to a
growing fatty acyl chain, two NADPH molecules must be oxidized. This leads to a net
decrease in the cytoplasmic NADPH levels when PPP activity and serine catabolism are not
considered. To make up for this deficit in most tissues, each glucose molecule metabolized
by the oxidative phase of the PPP reduces two NADP+ molecules to NADPH. Cytoplasmic
citrate is also an allosteric activator of acetyl-CoA carboxylase 1 (ACC1) [275], which further
stimulates ACLY activity by relieving the product inhibition by acetyl-CoA. To aid in the
conversion of glucose to fatty acids and prevent decreased levels of NADPH, AKT also
phosphorylates and activates NADK to increase NADP(H) levels [276]. NADK activity can
also be increased by binding to the PPP enzyme G6PD. Thus, increased expression of G6PD
increases NADK activity to further increase NADPH levels [277].

Fasting-induced ketosis yields low insulin and high glucagon levels stimulating the
hepatic synthesis and peripheral catabolism of BHB in mitochondria to increase the levels
of mitochondrial acetyl-CoA and citrate resulting in the release of citrate into the cytoplasm.
Therefore, in dopaminergic neurons in the absence of insulin signaling the increased
levels of cytoplasmic citrate are more readily metabolized by aconitase (ACO1) yielding
isocitrate than by ACLY. The isocitrate is then converted into α-ketoglutarate by IDH1
leading to a reduced cytoplasmic NADP+/NADPH couple as no acetyl-CoA is produced
for NADPH-depleting fatty acid synthesis. The increased level of cytoplasmic NADPH
can therefore be used to maintain BH4 in the reduced form, which is required for the
conversion of phenylalanine to tyrosine and for the conversion of tyrosine to L-DOPA, the
direct precursor of dopamine.

During times of fasting, when glucagon is high and insulin is low, glucagon binds
to its cellular receptor to activate AMP kinase (AMPK) and protein kinase A (PKA) in
many tissues including brain leading to the phosphorylation and inhibition of ACC1 [278].
This decreases malonyl-CoA production to decrease fatty acid synthesis and conserve
NADPH. In addition to glucagon, ghrelin is another hormone released during the fasted
state that mediates some of the neuroprotective effects of CR on dopaminergic neurons in
PD model mice [279]. Ghrelin activates AMPK to induce mitophagy. Consistent with this,
an AMPK agonist has been shown to improve motor functions in mice [280]. Intermittent
AMPK activation was shown to be neuroprotective, while sustained AMPK activation was
shown to impair neuronal plasticity, highlighting the important role of recovery in between
stress-inducing events [281].

Carbohydrate consumption, which stimulates PPP-mediated NADPH synthesis leads
to insulin release and increased energy production inhibiting AMPK activation and stim-
ulating ACLY activity and fatty acid synthesis. Excess protein consumption can have a
similar effect due to the stimulation of hepatic gluconeogenesis, which increases glucose
levels. The detrimental effects of a high-protein meal on PD symptoms may be partly due
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to the gluconeogenic conversion of amino acids into glucose, the conversion of glucose into
acetyl-CoA, and then the neuronal oxidation of NADPH by de novo fatty acid synthesis,
which decreases the NADPH and BH4 availability for dopamine synthesis.

When ketone ester was first synthesized and tested in experimental models and
humans, there was a naïve optimism that its exogenous consumption when taken together
with a meal would nearly completely mimic the beneficial effects of intermittent fasting or
CR in delaying aging and disease. Data obtained over many years have shown that although
ketone ester consumption together with food can slightly delay the symptoms in several
rodent disease models, its effects are much less dramatic than those of intermittent fasting
or CR. Unpublished case reports on the human consumption of ketone ester suggest that
ketone ester was able to improve the subject’s sense of well-being when it was consumed
in the morning after an overnight fast. Therefore, many of the beneficial effects of BHB may
depend on the fasted state, a time when insulin levels are low, and glucagon and ghrelin
levels are high. When ketone bodies are present in tissues together with hormones that
are normally present in the fasted state, a natural synergy likely occurs, and the benefits
of longer-term fasting may be obtained from shorter-term fasts. A popular ketone ester is
R-3-hydroxybutyl-(R)-3-hydroxybutyrate. It is hydrolyzed in the gut to BHB and (R)-1,3-
butanediol. Surprisingly, (R)-1,3-butanediol was shown to protect against aging-associated
vasculature dysfunction independently of its conversion to BHB in the liver [282].

3.6. Experiments Are Needed to Determine the (Free) Cytoplasmic [NADP+]/[NADPH] Ratio in
Neural Cells from Aged and PD Model Mice and How These Are Altered by Fasting

When measuring total levels of NADP+ and NADPH, it was surprisingly shown that
the mouse brain NADP+/NADPH ratio decreased with aging, mostly due to increases in
NADPH levels [283]. The brain NADH level also increased with aging. In liver and brown
adipose tissue NADPH levels declined with aging as would be expected for a condition
characterized by increased oxidative stress. However, aging-induced NADPH loss was
not observed in most tissues. Due to its known health benefits, fasting might be expected
to universally reduce the total NADP+/NADPH ratio to combat oxidative stress. But
in rat heart and skeletal muscle fasting led to an oxidation of this coenzyme couple. So
redox changes are tissue specific. Measurements of total pyridine nucleotide ratios are also
misleading and do not reflect the relevant (free) cytoplasmic [NADP+]/[NADPH] ratio, as
much more NADPH than NADP+ is bound to protein and unavailable for enzyme function.
Measurements of the pyruvate/malate ratio or αkg/isocitrate ratio have been commonly
used to estimate the (free) cytoplasmic [NADP+]/[NADPH] in liver [82]. Results from a
first attempt at using these metabolite ratios from whole brain to estimate cytoplasmic
[NADP+]/[NADPH] yielded a promising average value across neural cell types [284].

The NAD(P)H level has been shown to decrease from middle to old age in isolated
neurons [285–287]. However, it was not determined whether this decline was due to
decreased levels of NADH or NADPH, since the cellular levels of both are of the same
magnitude [36,288]. Since NADH and NADPH increased with aging in whole brain, but
the NAD(P)H level decreased with aging in isolated neurons, the increase in brain NADH
and NADPH with aging must be due to increased levels in glia. Increased NADPH levels
in aged astrocytes and microglia may contribute to increased ROS production by NADPH
oxidase enzymes found at high levels in these cell types. Since glial cells can have much
higher PPP activity than neurons, fasting-induced decreases in glucose levels and PPP
activity could potentially decrease NADPH levels in glial cells to decrease NADPH oxidase
activity and ROS levels to stabilize the redox state. Pathologically high NADPH levels in
astrocytes may also keep DJ-1 in the inactive sulfhydryl form to prevent Nrf2 activation as
mentioned earlier to feedback inhibit NADPH synthesis.

3.7. Dysfunctional MQC Leads to Loss of Circadian Entrainment of NAD+ Synthesis

Dysfunctional MQC in PD decreases oxidative phosphorylation and shifts more of the
burden of ATP synthesis to glycolysis. Increased glycolysis stimulates the rate of conversion
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of NAD+ to NADH by the GAPDH enzyme decreasing the cytoplasmic NAD+/NADH
ratio and SIRT1 activity if the combined NADH oxidizing activities of mitochondrial
ETC complex I and cytoplasmic lactate dehydrogenase do not increase in parallel. The
ETC complex I dysfunction in PD [289] decreases the mitochondrial NAD+/NADH ratio,
but this reduced mitochondrial NAD+/NADH ratio is not efficiently transferred to the
cytoplasm due to the irreversibility of the malate–aspartate shuttle due to the coupling
of the mitochondrial glutamate import (and aspartate export) to the proton-motive force
during SLC25A12 and SLC25A13 carrier function [290]. This irreversibility maintains
the roughly 100-fold higher [NAD+]/[NADH] ratio in the cytoplasm as compared to the
mitochondrial matrix. The [NAD+]/[NADH] ratio is roughly 700 in the cytoplasm and is
roughly 7 in the mitochondrial matrix [156].

As a result of brain aging, PD, and the accompanying dysfunctional MQC, there is a
decrease in the entrainment of nucleocytoplasmic NAD+ levels and SIRT1 activity with the
CLOCK-BMAL1 (ARNTL) heterodimer that controls circadian changes in gene expression.
This causes decreased expression of the NAMPT gene and decreased NAD+ levels. With
less nucleocytoplasmic NAD+ there is a decreased glycolytic rate, decreased NADK activity,
decreased NADP(H) levels, increased oxidative damage, and continued progression of PD.

4. A Five-Pronged Strategy to Improve MQC for the Treatment of PD

Based on the experiences of the primary author of this article, who has lived with PD
for the last 22 years and has been able to reverse his PD symptoms and maintain them at
a low level for the past 7 years, a strategy has been devised to delay or even reverse PD
progression, which is also hypothesized to improve neural MQC and increase neuronal
NADPH levels. This strategy involves (1) avoiding carbohydrates and acute protein
overfeeding both of which result in spikes in circulating insulin, and (2) short-term fasting
(time-restricted feeding) from dinner until breakfast, which induces ketosis but does not
employ a strict ketogenic diet. This may allow one to obtain mild ketosis of roughly 1 mM
blood levels of BHB in the morning. The dietary therapy includes (3) consuming sugar-free
coffee in the morning that includes coffee bean polyphenols, caffeine, and added fat in the
form of grass-fed butter, grass-fed cream, and coconut oil. Caffeine has been shown to
have benefits in PD models and its levels appear to decrease in humans as PD symptoms
progress [291]. The next portion of the therapeutic intervention is (4) consumption of
ketone ester in the morning, followed lastly by (5) fasted exercise directly following ketone
ester consumption, which increases ADP levels and the NAD+/NADH and AMP/ATP
ratios, which activate AMPK and autophagy. Increased ADP levels stimulate mitochondrial
ETC activity including complex I, which oxidizes NADH to NAD+, which in turn leads to
sirtuin activation increasing mitochondrial function and biogenesis.

As mentioned earlier, exercise has also been shown to stimulate mitochondrial biogen-
esis in the brain [292,293]. The exercise session typically consists of 25 to 30 min of cycling,
alternating high-intensity activity with recovery by adjusting the resistance. A period of
ten minutes of stationary cycling on two to three days per week is followed by resistance
training and stretching. The duration and intensity of the exercise should be modified
according to what is appropriate for the age and the degree of symptoms of the PD subject,
and could consist, for example, of walking, dancing, boxing, or physical therapy. Step 4
above, the ketone ester consumption, was added to a working protocol in the last couple of
years to boost the BHB levels. This further decreased the PD symptoms to enable increased
exercise intensity. However, some relief from symptoms was obtained in the absence of
ketone ester consumption.

During an overnight fast, ketone bodies, glucagon, ghrelin [294], and orexin/hypocre-
tin [295] increase, while insulin levels decline. These metabolic changes, together with
morning fat consumption and exercise, stimulates the liver to produce BHB without requir-
ing a ketogenic diet. Ketone bodies are known to possess many neuroprotective effects,
such as increasing cytoplasmic NAD+ levels [296], activating the Nrf2 transcriptional regu-
lator, and increasing antioxidant defense [297]. BHB also inhibits the NLRP3 inflammasome
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to decrease inflammation [298]. The combination of increased levels of cytoplasmic NAD+

and NADPH and increased cellular BHB (and possibly caffeine and coffee polyphenols)
may allow for a beneficial “perfect storm” effect to stimulate mitochondrial biogenesis and
turnover in both neurons and glia. The experience of the primary author suggests that the
intervention requires all the individual parts of the therapy to be applied in synchrony to
alleviate the severe PD symptoms. This intervention was designed to supplement and not
to replace dopamine-targeted medications.

5. Conclusions

MQC becomes dysfunctional in PD and is a primary driver of the onset of disease and
disease progression. When performed individually, fasting and exercise have been shown
to have only minimal effects in the treatment of PD. However, combining an overnight
and morning fast with morning exercise (and coffee consumption) may synergize with
circadian oscillations in NAD+, NADPH, and mitophagy rates and be a promising therapy
for PD. It is hypothesized that the increased levels of BHB, glucagon, ghrelin, and FGF21,
and the decreased levels of insulin play major roles in providing the neuroprotection in
this therapy. In addition to activating Nrf2 and possibly ATF4 to induce the expression
of NADPH-synthesizing enzymes, BHB also activates neuroprotective pathways, inhibits
proinflammatory mediators such as the NLRP3 inflammasome, and induces epigenetic
effects that likely contribute to its neuroprotective effects. Clinical trials will aid in the
determination of how efficacious this therapy is across the wide spectrum of sporadic and
familial PD cases.
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