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ABSTRACT OF THE DISSERTATION
Systems Biology of Bioenergetic Shifts in Alzheimer’s Disease and Aging
By
Yue Dong
Doctor of Philosophy in Biomedical Engineering
University of California, Irvine, 2019
Professor Gregory J. Brewer, Co-Chair

Professor Frithjof Kruggel, Co-Chair

Aging increases the risk of neurodegenerative diseases including Alzheimer’'s
disease (AD) and Parkinson’s Disease. AD is a progressive neurodegeneration with loss
of cognitive memory, leading to dementia. The goal of this work is to systematically trace
an upstream metabolic or energetic shift in aging and AD to identify targets to delay or
even reverse the course of aging and pathologies in AD. Based on the epigenetic
oxidative redox shift (EORS) theory of aging, we developed the hypothesis that age- and
AD-related oxidative shifts deplete NADH levels in hippocampal neurons, which further
trigger the downstream energetic and metabolic shifts sensed at NAD*/NADH redox
sensitive sites. Regulated by redox-sensitive transcription factors, metabolic shifts are
enforced epigenetically, which initiate a vicious cycle and exacerbate the course of aging
and AD. This work investigates upstream oxidative shifts in NADH redox states and
verifies causative links to systematic downstream metabolic and energetic networks. As

nicotinamide adenine dinucleotide (NAD and NADH) plays critical roles in metabolic

xii



oxidation-reduction reactions in energetic pathways as well as redox detoxification
systems, we further examined if these age-related oxidized free NADH redox states and
depletion of NADH are reversible and restored with external redox modification in primary
cultures by manipulating different redox potentials of Cysteine/Cystine (Cys/CySS).
NADH measurements were performed on live neurons of primary hippocampal cultures
of non-transgenic (NTg) and triple-transgenic AD mouse model (3xTg-AD) across the
age-span, by using the fluorescence lifetime imaging microscopy (FLIM) technique. This
FLIM technique is a non-invasive approach of the intrinsic fluorescence in NADH. After
transformation of pixels of FLIM images by Fast Fourier Transform (FFT), we were able
to distinguish different NADH lifetimes, analyze and quantify free and enzyme-bound
NADH in subcellular compartments in the phasor plot. We found a strong age effect that
diminished the free NADH levels in mitochondria, cytoplasm and nuclei with further
depletion with AD genetic load. With an imposed oxidized Cys/CySS state of 0 mV in
neuron culture, we found a lower capacity for maintaining free NADH in old age versus
young age neurons of both NTg and 3xTg-AD mouse neurons. Remarkably, under an
external imposed Cys/CySS reductive state, the mitochondrial free NADH levels were
rejuvenated to the levels of young age neurons in both NTg and 3xTg-AD mouse neurons.
Our findings suggest a potential reductive treatment to reverse the loss of free NADH in
old and AD neurons. To test our hypothesis of an age-related metabolic shift triggered by
oxidation in NADH redox states, we applied untargeted Ultrahigh Performance Liquid
Chromatography-Tandem Mass Spectroscopy (UPLC-MS/MS) to globally detect and
measure the metabolite levels from NTg and 3xTg-AD mouse hippocampal brains across

the age-span. We observed strong age-related global elevations up to 2-3-fold in energy

xiii



metabolism including glycolytic ATP-produced steps, fatty acid B-oxidation and branched
chain amino acid metabolism. The direction of metabolic changes with age pivoted at
NAD*/NADH redox sensitive dehydrogenases. We found for the first-time age-related
decreases in the upstream metabolites of dehydrogenases and increases in the
downstream metabolites of glycolysis and the TCA cycle. Our results support the
hypothesis and provide a potential reductive treatment to possibly counter AD and extend
healthy lifespan, by reversal of low free NADH levels in old and Alzheimer’s neurons via

a series of NADH-sensor mechanisms.
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CHAPTER 1

INTRODUCTION

Alzheimer’s disease (AD) is an age-related progressive complex neurodegenerative
disease affecting 5.8 million Americans in 2018 and this number is growing (Gaugler et
al., 2019). Aging increases the risk for neurodegenerative diseases. Questions remain on
whether AD is a consequence of aging brains by reaching above a threshold of metabolic
shift, pathological load or memory loss. Clinical trials indicate the mechanism of AD is still
unclear, which impedes the development of effective therapies for AD. Evidence abounds
of oxidized shifts or alteration in metabolomics in aging or AD. However, the causative
links between oxidative shifts and systematic metabolomics and energy production in
aging and AD brains has also not been well established. Further, how and if age-related
changes in systemic redox-state promotes the development of aging brain metabolic shift
and AD cognitive deficits remains unclear (Hajjar et al., 2018). In this dissertation, we
provide evidence that an age- and AD-related oxidative shift in NADH redox state is an
upstream event that triggers systematically downstream shifts in metabolic and energetic
networks, pivoting at NAD*/NADH redox sensitive sites. Further, benefiting from the
mature neuronal culture technology developed by Dr. Brewer, by imposed extracellular
reductive states of Cysteine/Cystine (Cys/CySS) in primary neuronal cultures, we
successfully rejuvenated and restored the intracellular oxidized NADH redox states in old
age neurons from both non-transgenic (NTg) and triple-transgenic (3xTg-AD) mouse

hippocampal neurons.



1.1 Aging and Alzheimer’s Disease (AD)

Aging is defined as a progressive loss in function and increase in morbidity and mortality
with time (Squier, 2001). Aging is characterized by features such as memory loss,
oxidative shifts and metabolic disturbances (Brewer, 1998; Hajjar et al., 2018; Dong and
Brewer, 2019 submitted). Aging increases the risk for neurodegenerative diseases,
including Alzheimer’s disease (AD). The projected number of people above 65 years of
age with AD will grow from 5.8 million to 13.8 million by 2050 (Gaugler et al., 2019). AD
is characterized by cognitive deficits or dementia with hypothesized mechanistic
associations with extracellular B-amyloid plaque accumulation, intracellular neurofibrillary
tangles (NFTs) (Hardy and Selkoe, 2002), metabolic disturbances (Bubber et al., 2005),
oxidative stress (Zhu et al., 2007), calcium dysregulation (Stutzmann et al., 2006) and
bioenergetic deficits (Parihar and Brewer, 2007). The Mini-Mental State Examination
(MMSE) score is widely used to evaluate the cognitive function among the elderly
including orientation, attention, memory, language and visual-spatial skills to rapidly
assess the degree of dementia or mild cognitive impairments (MCI). 32% of the subjects
with mild cognitive impairment (MCI) will transit to AD in 5 years (Ward et al., 2013). The
conventional cutoff score of MMSE less than 24 is considered as a sign of MCI, compared
to a 30 for unimpaired subjects. Yet an MMSE score of 26 or 27 may be a cutoff in
symptomatic populations with similar educational and socioeconomic background (Kukull

et al., 1994).



1.1.1 AD Biomarkers for Diagnosis

Identification of AD biomarkers offers information on brain changes for early diagnosis
before the dementia stage (Alzheimer's Association, 2018). Different categories of
biomarkers provide different aspects of information relative to the AD pathologies. The
largest genetic factor for AD is APOE &4 allele, which increases the risk 1.5-fold with one
copy of €4 and 12-fold with two copies of €4 (Shi and Holtzman, 2018). The €4 promotes
a 5-11 year earlier onset of AD (Davidson et al., 2018). Biomarkers in cerebrospinal fluid
(CSF) validated for AD and MCI include increased total tau (T-tau), elevated
phosphorylated tau (p-tau181, p-tau231), decreased B-amyloid peptide (Ap42, Ap40)
(Herukka et al., 2015) and oxidatively modified CSF protein (Di Domenico, 2016), which
are beginning to be evaluated for MCI. Proposed biomarkers for MCI in plasma include
B-Amyloid levels (Yaffe et al., 2011), inflammatory cytokines (Teunissen et al., 2003),
neurofilament (Mattsson et al., 2017), fatty acids and exosomes (Winston et al., 2016).
AB may be considered as an “upstream” AD biomarker whereas other biomarkers such
as increased CSF phospho-tau and decreased glucose utilization may be viewed as
biomarkers for “downstream” pathological changes (Sperling et al., 2011), since CSF Ap
presents consistently low even at earliest stages of cognitive impairments (Swerdlow,
2011). Ap protein in the CSF appears to reflect increased entrapment of cerebral Ap
deposition that fails to reach the CSF. The Alzheimer’s Disease Neuroimaging initiative
(ADNI) recently reports a 92.7% sensitivity and 85% specificity in immunoassay of CSF
AB42 in distinguishing controls and AD subjects (Weiner et al.,, 2017). Additionally,
combinations of CSF biomarkers improved the accuracy in prediction on early-stage AD,

such as increased ratios of p-tau181/ Ap42 (Harari et al., 2014), reduced ratio of Ap42/



AB40 in AD are more marked than Ap42 alone (Hampel et al., 2010). Blood-based
lipidomic biomarkers may be useful for preclinical AD detection among cognitively normal
older adults (Mapstone et al., 2014). Genetic biomarkers other than ApoE show low
penetrance (Lutz et al., 2016). Neuroimaging techniques (Shaw et al., 2009) are now
frequent adjuncts to diagnosis (Petersen et al.,, 2010). Imaging biomarkers such as
magnetic resonance imaging (MRI) are applied clinically to detect the conversion/
transition of mild cognitive impairment (MCI) to AD using the structural abnormality index
scores, which reflect the degree of volume loss in the parenchyma and ventricular
enlargement (Vemuri et al.,, 2009). Additionally, the use of [18F]-fluorodeoxyglucose
(FDG)-Positron emission tomography (PET) in clinical trials provides an approach to
study the cerebral glucose uptake and glucose utilization prior to the onset of dementia
(Reiman et al., 2004). As the FDG-PET mainly measures the synaptic activities, it
therefore serves as an early biomarker of AD (Foster et al., 2008). However again, less-
invasive evaluation of plasma or CSF biomarkers for diagnosis and prognosis after
treatment lack a clinically verifiable mechanism and largely ignore the complexity of
metabolic changes with age. Our working hypothesizes that the largest risk factor, age,
imposes an oxidative redox shift, which triggers downstream metabolic shifts. Here we
provide evidence for this mechanism and suggest how it could be used as a biomarker of
at-risk subjects as well as a blood-based mechanistic biomarker of druggable target

engagement and treatment efficacy.



1.1.2 AD Therapies

Effective pharmacological therapy for cognitive impairment involved in the prodromal AD
and mild AD dementia currently remains an unmet need. Only four drugs are approved
for the treatment of AD-associated dementia with limited utility, in which three of drugs
work on central nervous system (CNS) cholinergic pathways (Graham et al., 2017).
Memantine was approved to target the N-methyl-D-aspartate (NMDA) receptor and
glutaminergic pathways for AD treatment (Winblad and Poritis, 1999). Mounting phase 3
clinical trial failures after positive phase 2 indicated the need for new guidelines in clinical
drug development with validated biomarkers (Mangialasche et al., 2010). Clinical trials to
modify the course of the disease have targeted p-amyloid production and clearance,
largely by immunization or using secretase inhibitors to lower AB production (Godyn et
al., 2016). No anti-amyloid therapy has been effective partially because of the complexity
of y-secretase (Graham et al., 2017). Moreover, the long-term safety and efficacy of the

drugs for AD treatments are not clear (Graham et al., 2017).

1.1.3 AD Mouse Models

The well-defined pathologies in AD include extracellular plaques comprising the p-
amyloid peptide and intracellular neurofibrillary tangles (NFTs) aggregated by the
hyperphosphorylated tau (p-tau) protein. Overexpression of these proteins provides a
genetic basis to generate transgenic mouse models of AD (St George-Hyslop, 2000).
Transgenic AD mice that develop one or both of the brain AD pathologies provide a
preclinical model for studying the effects of lesion severity and cognitive deficits. They

also have enabled the search for therapeutic drugs to reduce pathology. Genetic causes



of early-onset AD involve mutations in the amyloid precursor protein (SAPP) gene (on
chromosome 21), the presenilin 1 (PS7) gene (on chromosome 14) and the presenilin 2
(PS2) gene (on chromosome 1) that code for proteins that process the large APP into Ap
(Brouwers et al., 2008). The ¢4 allele of apolipoprotein E (APOE) increases the risk for
late-onset AD (Cruts and vanBroeckhoven, 1998). In the transgenic mouse models,
promoters drive overexpression of Ap or/ and tau pathologies. Examples of commonly
used AD transgenic mouse models include PDAPP mice, Tg2576 mice and 3xTg-AD
mice (Elder et al., 2010). In PDAPP mice, a platelet derived growth factor (PDGF)
promoter drives a human APP transgene, which contains a familial Alzheimer’s disease
(FAD) associated mutation (V717F, with valine at residue 717 substituted by
phenylalanine) (Games et al., 1995). This results in an approximately 10-fold rise in
human APP protein compared to the endogenous mouse APP levels, which promote age-
dependent amyloid plaque deposition starting at 6 months with marked accumulated by
12 to 15 months (Elder et al., 2010; Reilly et al., 2003). PDAPP mice develop numerous
pathological hallmarks including thioflavin S-positive Ap deposits, neuritic plaques,
synaptic loss, astrocytosis and microgliosis (Games et al., 1995). With similar methods,
the Tg2576 AD mouse, uses a hamster prion protein promoter (PrP)), to drive
overexpression of a human APP transgene containing the Swedish FAD mutation
(K670N/M671L) (Hsiao et al., 1996). This Tg2576 mouse model expressed human APP
more than 5-fold higher than the levels of endogenous mouse APP and exhibited age-
related amyloid plaque deposition first seen at 11-13 months. In Tg2576 mice, spatial
memory was impaired in 9 to 10-month mice (Hsiao et al., 1996). Both PDAPP and

Tg2576 mice are characterized by elevated level of AB, amyloid plaques, dystrophic



neurites and gliosis as well as learning and memory impairments (Ashe, 2001; Elder et
al., 2010). The triple-transgenic mouse model (3xTg-AD) harbors PS1m146v, APPswe and
taupsoiL transgenes (Oddo et al., 2003). Human APPswe and taupsoiL are under control of
the mouse Thy1.2 regulatory promoter. Taupso1iL was co-injected onto a homozygous
PS1m146v knock-in background. 3xTg-AD mice display both parenchymal plaques at 6
month and tangle pathology by 12 months. Moreover, age-dependent synaptic
dysfunction and long-term potential (LTP) deficits were reported to occur before plaque
and tangle pathology (Odd et al., 2003). Compared to the age-matched non-transgenic
(NTg) mice, the 3xTg-AD mice showed increased levels of lipid peroxidation and
antioxidant enzymes (Resende et al., 2008). Mitochondrial dysfunction includes structural
abnormalities (Monteiro-Cardoso, 2015) and decrements in axonal motility (Manczak and
Reddy, 2012). Synaptic decrements were also found in the 3xTg-AD mouse model
(Baglietto-Vargas et al., 2015; 2018). In our studies, we used the 3xTg-AD mouse model
to investigate the age- and AD-related shifts in redox-energy metabolism and determine
if the oxidative and energetic shifts were reversible with external redox modifications,

which may potentially rescue the loss of synapses in AD.

1.1.4 How Age Contributes to AD

Though AD is not a normal part of aging and those who age remain resistant to dementia
(Robinson et al., 2018) advanced age is the greatest risk factor for AD. Yet little is known
about the mechanisms implicated. Different perspectives view AD as either an inevitable
consequence of brain aging by surpassing a threshold of pathology or largely ignore the

co-morbidities of brain aging. Aging and AD brains share some common phenomena



such as hippocampal atrophy, some degree of plaque and tangle pathology in individuals
above 85 years old and mitochondrial oxidative damage (Swerdlow, 2011). Possible
mechanisms include mitochondrial dysfunction (Hauptmann et al., 2009), inflammation
(Ravaglia et al., 2007), hypometabolism (Mosconi et al., 2008) and systemic oxidative
shift that could promote increased processing pathologies of tau and A, alter metabolism
to reduce energetic capacity (Mariani et al., 2005; Sultana and Butterfield, 2010; Hajjar et
al., 2018). Benefiting from the mature protocol for hippocampal neuronal isolation and
culture developed by Brewer and Torricelli (2007), we were able to study changes in
redox-energy states across the age-span in cultured adult neurons from NTg and 3xTg-
AD mouse hippocampal brains. Further, this neuronal culture technique facilitated on the
manipulation of the redox environment in culture medium to examine the reversibility of
age- and AD-related oxidative shifts. Studying redox-energy on NTg and 3xTg-AD
hippocampal mouse brains with either cultured neurons or tissue provides insights on if
and how age may contribute to the development of AD from the possible upstream

perspective of redox-bioenergetics.

1.2 Systems Biology of Bioenergetics and Metabolism in Aging and AD

The major energy source for neurons is glucose, which is oxidized for the energetic
production of ATP. Energy is generated through a series of biological reactions
dependent on oxidation by NAD™ of the reducing sugar inputs, from glycolysis through the
TCA cycle, coupled to the electron transport chain (ETC). Alternatively, glucose can be
directed to the PPP that produces NADPH and pentose sugars for biosynthesis. Among

these metabolic pathways, several sugar-phosphate intermediates are critically



dependent on NAD* and NADP* for the generation of NAD(P)H to power the pathway
and maintain the balance of reductive and oxidative power in vivo. These vital sugar-
phosphate intermediates comprise glucose 6-phosphate (g6p), dihydroxyacetone
phosphate (dhap) and glyceraldehyde 3-phosphate (gly3p) upstream of NAD+/NADH-
dependent glyceraldehyde phosphate dehydrogenase (GAPDH). Downstream of the
GAPDH redox-reaction in glycolysis are 1,3-bisphosphoglycerate, 3-phosphoglycerate
and phosphoenolpyruvate. Upstream of the a-ketoglutarate dehydrogenase (KGDHC)
rate-limiting step in the TCA cycle and other TCA cycle dehydrogenases are isocitrate
(IDH), succinate (SDH) and malate (MDH). Metabolites downstream of each
NAD+/NADH dependent dehydrogenase listed above are a-ketoglutarate, succinyl-CoA,
fumarate and oxaloacetate (oxa). Other upstream metabolites such as glutamine, fatty
acids and branched chain amino acids (BCAAs) also feed into the TCA cycle at the sites
of a-ketoglutarate, acetyl-CoA and succinyl-CoA. In the PPP, glucose-6-phophate is
upstream of the first NADP*/NADPH-dependent glucose-6-phosphate (G6P)
dehydrogenase and 6-phosphogluconate (6pg) and ribulose 5-phosphate (r5p) are
downstream (Magistretti and Allaman, 2013). We propose an age-dependent upstream-
downstream shift in metabolites, triggered by oxidative shifts and sensed at the
NAD*/NADH redox-sensitive sites in the metabolic networks, especially implicating the

energy-producing pathways, possibly related to AD pathologies.

1.2.1 Metabolic and Bioenergetic Disturbances in Aging
Ralser et al. (2007) demonstrated that carbohydrate flux is dynamically rerouted from

glycolysis to the PPP under oxidative stress in yeast cells through reduced activity in



glycolytic enzymes, including TPl (triose phosphate isomerase) and GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) and increased concentrations of PPP
metabolites under oxidative stress Kruger also provided solid evidence to affirm the roles
of PPP during the antioxidant response in yeast cells as a metabolic redox sensor (Krliger
et al., 2011). The brain depends largely on glucose for energy supply. Glucose uptake
and transporter expression declined significantly in female mouse brains at early stage of
aging in both NTg and 3xTg-AD genotypes (Ding et al., 2013). Studies on mitochondrial
metabolism in elderly human brains indicated 30% lower in glutamate-glutamine cycle
flux and reduced neuronal mitochondrial metabolism (Boumezbeur et al., 2010). In the
aged mouse samples, mitochondrial dysfunction in the brains drove a metabolic shift from
OXPHOS to glycolysis, leading to increased expression of lactate dehydrogenase genes
and increased brain lactate levels (Ross et al.,, 2010). Increasing number of “-omics”
studies screen the age-dependent alterations in perspectives of global metabolome (Jové
et al., 2014), genome (Lipinski et al., 2010) and proteome (Manavalan et al., 2013).
Another approach relies on the platform of computation to systematically model the
metabolome and bio-energy in the network. Computational modeling is commonly applied
to dynamically simulate the changes of metabolic fluxes with its advantages of
quantitation, dynamic and systematic mapping. Ralser's group modeled enzymatic
reactions of glycolysis and PPP by using the CellDesigner software to detect the changes

of metabolite concentrations under normal and reduced activities of TPl and GAPDH
(Ralser et al., 2007). In Ralser’s model, the sum of cellular NAD(P)+ and NAD(P)H (NAD

pool) was set to be constant and the ratio of NAD(P)H/NAD(P)+ drove the reactions,

rather than the absolute concentrations (Ralser et al., 2007). Cortassa’s group translated
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the metabolite profiles of glycolysis, PPP (NADPH-generating), glycogenolysis and

polyols (NADPH-consuming) into metabolic fluxes by using MATLAB (Cortassa, 2014),

in which the pool of NAD(P)H+NAD(P)+ was also considered as a constant. Berndt
integrated a kinetic metabolic-energetic network from glycolysis, PPP, TCA cycle, ECT
and OXPHOS in a computational model (Berndt et al., 2012; 2015, Fig. 1.1). Given that
in AD, KGDHC activity declines 25-75% (Mastrogiacomo et al., 1993), Berndt’'s modeling
stimulated depletions in mitochondrial NADH levels together with inhibitions of KGDHC
activity ranging from 0-70% in activity. At the inhibition of 60% KGDHC activity, ATP

production dropped 50% compared to the non-inhibition (Berndt et al., 2012).
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Figure 1.1 Schematic representation of central neuronal energy metabolism. This
computational metabolic system includes glycolysis, pentose phosphate pathway, TCA
cycle, respiratory chain (RC) and oxidative phosphorylation (OXPHOS) (Berndt et al., 2015).
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However, most metabolic modeling neglects how metabolic flux would be dynamically

changed under different NAD(P)H/NAD(P)+ ratios and oxidative states, even diurnally
(Eckel-Mahan et al., 2013; Aguilar-Arnal et al., 2016). Given that age-associated oxidative
shifts in hippocampal/cortical neurons include lower levels of NAD(P)H and GSH (Ghosh
et al., 2012) and depolarization in the mitochondrial membrane potential (Ay) (Sullivan
and Brown, 2005; Parihar et al., 2008), but these changes have not been associated with
a metabolic shift and not studied in an Alzheimer mouse model as a function of age. In
chapter 3, we experimentally altered the NADH levels across the age-span for proof of
concept that intracellular low free NADH levels can be externally boosted. Furthermore,
we systematically measured metabolite shifts in global metabolic pathways in NTg and
3xTg-AD mouse brains across the age-span. We especially investigated if and how age-
and AD-associated oxidative shifts in NADH redox states interfered with the metabolic

networks sensed at NAD*/NADH redox sites.

1.2.2 Metabolic and Bioenergetic Disturbances in AD

An age-associated sedentary low-energy state is implicated in AD morbidity and is
coincident with observations of metabolic shifts and decline in glucose uptake with aging
(Ding et al., 2013; Gage et al., 1984; Gumbiner et al., 1992). Deficiencies of GLUT1 and
GLUT3 in AD brains impaired brain glucose uptake and metabolism, which contribute to
neurodegeneration and hyperphosphorylation of tau in AD (Liu et al., 2008). The glucose
and insulin intolerance were found in 6-month-old APP/PS1 AD mouse brains,
accompanied by significant memory loss and impaired cognitive ability (Pedrés et al.,

2014). A study of 20 patients with early-onset dementia of Alzheimer type (DAT) revealed
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a 50% reduced metabolic rate of glucose in brain and significant elevation of lactate
production compared to non-demented subjects (Hoyer, 1998). Lactate is an alternative
energy supply for neurons during hypoglycemia (Aubert et al., 2005). Ding and colleagues
demonstrated the utilization of ketone bodies and lactate as alternative energy supplies
during early glucose insufficiencies (Ding et al., 2013). The decrease in enzyme activities
of dehydrogenases in the first half of the TCA cycle (KGDH, SDH) correlated with
cognitive deficit (r = -0.65), whereas the enzyme activities in the second half were
upregulated (r = +0.53) as a possible compensatory response in AD patients (Bubber et
al., 2005). Since these bioenergetic correlations with cognitive impairment are stronger
than those with beta-amyloid plaques (r=0.52) and as strong as those with synapse loss
(r=0.73; Terry et al., 1991), we are encouraged to evaluate the redox role of bioenergetic
changes with aging and AD. Yao group demonstrated that during AD, the metabolic
profile shifts from glucose-driven bioenergetics to a less efficient compensatory ketogenic
pathway, which contributes to white matter degeneration (Yao et al., 2011). The Fluoro-
2-deoxy-D-glucose positron emission tomography (FDG-PET) image revealed glucose
metabolic reductions in the parieto-temporal, frontal and posterior cingulate cortices in
AD brains (Mosconi, 2005). Typical FDG-PET findings indicate lower glucose metabolism
in brain regions of temporal association cortex, precuneus, and posterior cingulate.
Importantly, this FDG-PET is used as a biomarker for early diagnosis of AD, at MCI or
preclinical AD stage (Inui et al., 2017). Metabolic signatures relatively to AD progression
have mainly implicated hypoxia, oxidative stress and membrane lipid remodeling (Oresic
et al., 2011). Moreover, pathway analysis of metabolomic results suggested that only the

pentose phosphate pathway (PPP) shifted significantly behind the progression to AD
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(Oresi¢ et al., 2011). Alterations in ceramides and sphingomyelins promotes Ap
pathology, inflammation in AD and further neuronal apoptosis (Alessenko et al., 2004).
CSF choline, arginine, valine, proline, serine, histidine, creatine and carnitine were viewed
as potential biomarkers to evaluate AD progression (Wang et al.,, 2013). By high-
resolution mass spectrometry, the post-mortem human brain metabolome from AD and
age-matched controls revealed a 94-97% correct prediction of AD based on a predictive
model for AD progression and strikingly 100% diagnostic accuracy in a blind test of 60
samples (Ibanez et al., 2012). Among those AD-related global metabolic signatures,
answers to how many were caused directly from the AD pathologies separately from the
normal aging may possibly reveal the mechanism of underlying AD pathology and

dementia.

1.3 Age- and AD-Related Oxidative Shifts

1.3.1 Redox Couples with Aging

The balance between oxidant production and antioxidant defense is critical for normal cell
survival (Aon et al., 2010). Biological redox energy spans the scale from highly reduced
energy levels of NADPH, GSH and NADH around -400 mV to most oxidized oxygen at
800 mV (Brewer, 2010). The maintenance of intracellular redox states is mainly
dependent on reductive/ oxidative couples in vivo, such as glutathione/ oxidized
glutathione (GSH/GSSG), reduced/oxidized nicotinamide adenine dinucleotide
phosphate (NADPH/NADP*) and reduced/oxidized nicotinamide adenine dinucleotide
(NADH/NAD?) (Sohal and Orr, 2012). The extracellular redox state in plasma is largely

maintained by the reductive/ oxidative couple of cysteine/ cystine (Cys/CySS) (Jones and
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Go, 2010). Sufficient amounts of NADPH are necessary to keep the intracellular ratio of
GSH/GSSG at high levels and maintain cellular redox states (Seila et al., 2012). About
60% of NADPH in vivo is produced by the PPP in humans. Ghosh et al. (Ghosh et al.,
2014b) showed that NAD(P)H levels were upstream of GSH and an oxidative shift. The
steady-state thiol/disulphide redox potentials are highly compartmentalized in cells
(Hansen et al., 2006). Based on a limited number of studies in cell culture, the cytoplasmic
steady-state redox potential of Cys/CySS (En=-160 mV) is far more oxidized compared
to that of GSH/GSSG (En=-220 to -260 mV) and Trx-1 (En= -280 mV), indicating a function
of a sulphur switch in the extracellular Cys/CySS redox couple to an intracellular
GSH/GSSG (Jones et al., 2004). In Ghosh and Brewer’s previous studies, adding excess
extracellular Cys relative to CySS to the culture medium was able to improve the
intracellular reductive state (increase NADH) of aged neurons and this imposed reductive
shift could decrease the death of aged neurons in culture (Ghosh and Brewer, 2014a).
Early studies on steady-state redox potential in human plasma with age demonstrated
reductive/ oxidative couples of Cys/CySS and GSH/GSSG significantly shifted towards
more oxidized after middle age (Go and Jones, 2017). According to the redox theory of
aging, the oxidative stress encompasses two aspects: one with macromolecule damage
disruption of redox signaling and leading to age-related diseases; the other one termed
‘eustress’ within the controlled redox signaling, contributing to healthy longevity (Go and
Jones, 2017). Age-related oxidative shifts correlate to a series of downstream alterations,
dysfunctions and epigenetic changes, which would further cause alterations of receptor
expression, signaling molecules, transcription factors and enzyme functions (Brewer,

2010; Sohal et al., 2012). However, numerous animal studies and human trials with anti-
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oxidants have failed to improve animal lifespan or human morbidities, possibly because

the NADH redox state is upstream of ROS production (Ghosh et al., 2014b).

1.3.2 NADPH-Coupled Detoxification System

The reduced form of nicotinamide adenine dinucleotide phosphate (NADPH) provides
reducing equivalents for antioxidant defense (Bradshaw, 2019). NADPH is mainly
produced in the pentose phosphate pathway (PPP) or converted from NADH by
nicotinamide nucleotide transhydrogenase (NNT) located in the inner mitochondrial
membrane (Ronchi et al., 2016). Most descriptions of metabolism treat the generation of
NAD(P)H and NAD(P)* as necessary contributors to metabolism and maintenance of
redox states within physiological ranges. However, external events as common as
feeding and sleeping shift the levels of NAD(P)H and NAD(P)* (Aguilar-Arnal et al., 2016;
Jones, 2012) raising the possibility that these redox states control the metabolic pathways
as a pivot to redirect anabolic and catabolic pathways when an oxidative shift occurs
(Ralser et al., 2007; Kruger et al., 2011; Schubert, 2005). Another mechanism of redox
balance includes NADPH oxidase (NOX). NOX cytosolic subunit proteins were
remarkably increased in the progression of AD. Moreover, the NOX in frontal and
temporal cortex were found to be dramatically upregulated, implicating elevated NOX
levels in the progression of AD pathogenesis by more superoxide production (Ansari and
Scheff, 2011). Thus, suppression of phagocyte NADPH oxidase (PHOX) activity
diminished neuronal impairment in neurodegenerative disease models, providing a novel
therapeutic target (Gao et al., 2012). NADPH ameliorates neurodegeneration by inhibiting

p38 mitogen-activated protein kinases (p38MAPK) activation (Zhou et al., 2018), which
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implicated in a wide range of cellular stress and inflammatory responses. Though
physiological levels of ROS are critical to mediate cell signaling, pathological levels of
ROS result in irreversible oxidative damages and cell death pathways (Dai et al., 2014).
The ROS levels are determined by the balance between rate of ROS scavenging systems
and rate of ROS production by respiratory complexes and ROS emission (Cortassa et al.,
2014). The endogenous antioxidant system includes superoxide dismutase (SOD),
catalase, NADPH-linked redox system such as glutathione peroxidases, glutathione
reductase (GR) and thiol-disulphide oxidoreductase systems including thioredoxin (Trx)
and glutaredoxin (Grx) (Dai et al., 2014; Bradshaw, 2019). Other NADPH-dependent
enzymes such as malic enzyme (ME) and isocitrate dehydrogenase 1 and 2 (IDH1 and
2) are critical in role of converting NADP* into NADPH. Communication of NADPH
between mitochondria and cytoplasm is achieved by mitochondrial NADPH shuttles
(Lewis et al., 2014) and transhydrogenase (Ronchi et al., 2016). Age- and AD-related
declines in NADPH due to losses in the NAD pool and oxidative shifts in NADPH/ NADP*
ratios largely lessen the capacity for oxidant detoxification (Bradshaw, 2019). At an initial
stage, an oxidative shift can be counterbalanced by metabolic redirections for more
NAD(P)H production. However, as the deterioration beyond the ability of compensation,
the accumulating oxidative shifts and depletion of NAD(P)H may hinder the energetic
generation in mitochondria. These relationships have not been determined in brain

neurons to establish their importance to brain aging and AD.
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1.3.3 Mitochondrial Impairment

Age-related oxidative stress and depolarization of mitochondrial membrane potential (Ay)
with increased ROS levels correlated with mitochondrial impairment and toxicity in
hippocampal neurons (Parihar and Brewer, 2007). The mitochondrial dysfunction was
earlier than the development of AD pathologies in the mouse model (Yao et al., 2011;
Chou et al., 2011). Wiley et al. (2016). demonstrated that the senescence state (MiDAS)
from mitochondrial dysfunction can be rescued with pyruvate and depletion of SIRT3 and
SIRT5 induced senescence. The mitochondrial dysfunction is considered a common final
pathway in aging and AD brains (Mdller et al., 2010). The age- and AD-related energetic
deficits in turn hamper mitochondrial fission and promote the formation of mitochondria-
on-a-string (MOAS) (Zhang et al., 2016). Martins et al. (2017) also found decreased
mitochondrial number with age in the hippocampus along with abnormal mitochondrial
morphology with elongation, swelling and disorganized cristae. In the 3xTg-AD model,
mitochondrial motility decrements were due to increased dynamin-related protein 1 (Drp1)
levels that raises fission (Manczak and Reddy, 2012). The overproduction of A in AD is
associated with the increased expression of dynamin-related protein 1 (Drp 1), increased
number of fragmented mitochondria, loss of Ay and loss of ATP production (Onyango et
al.,, 2016; Wang et al.,, 2008). As mitochondrial DNA (mtDNA) encodes essential
components in OXPHOS, the age- and AD-related oxidative damage induces mutations
of mtDNA (Cui et al., 2012). Activities and expression of enzymes in the TCA cycle, ETC
and OXPHOS, such as complex IV (cytochrome oxidase; COX) and complex | (NADH:
ubiquinone oxidoreductase), declined in the aging and AD phenotypes (Aksenov et al.,

1999; Reddy, 2007). In the ETC, complex | and IV are partially encoded by mitochondrial
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DNA (mtDNA) while complex Il (succinate dehydrogenase) is entirely encoded by nuclear
genes. Accumulating evidence suggests age-related increases of mtDNA COX genes
and mtDNA content (Barrientos et al., 1997; Hirai et al., 2001) and mitochondrial mass
(Hirai et al., 2001). As mtDNA is particularly sensitive to oxidative damage, age- and AD-
related oxidative stress in turn promote the susceptibility of mtDNA mutation (Lin and
Beal, 2006). Numerous mitochondrial alterations resulted from mitochondrial
dysfunctions, however to trace the most upstream that triggers downstream changes
appear to be critical to uncover the mechanism of AD pathologies and more importantly

to develop an effective therapy for AD.

1.3.4 EORS Theory

Multiple theories have been propounded to explain aging, including Harman'’s free radical
theory (Harraan, 1955), the insulin resistance theory (Watson and Craft, 2003), and the
Epigenetic oxidative redox shift (EORS) theory (Brewer, 2010). The EORS theory of
aging, unifying the free radical theory and insulin resistance theory, proposes that
sedentary low-energy states with aging trigger an oxidative shift and mitochondrial
dysfunction. To satisfy the demand of resting energy, metabolic pathways reroute, which
are epigenetically enforced and regulated by redox-sensitive transcription factors, such
as up-regulation of glycolysis (Brewer, 2010); whereas the low mitochondrial capacitance
and insulin resistance would exacerbate the sedentary low energy state and aging,
forming a vicious cycle (Brewer, 2010). According to the EORS theory of aging, AD would
be initiated by an oxidative shift and followed by metabolic shifts, which are regulated by

redox-sensitive transcription factors. The metabolic shifts are proposed to be divided into
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two stages in response to an oxidative shift. At an early stage, mitochondrial impairment
and low energetic capacity leads to down-regulation of the tricarboxylic acid cycle (TCA
or citric acid cycle) and up-regulation of the glycolytic pathway for energy supply. As
oxidative shifts become more serious with aging, metabolic fluxes redirect from glycolysis
to the pentose phosphate pathway (PPP) to generate more NAD(P)H and to
counterbalance oxidative shifts at the following stage. Numerous reports associate
oxidative shifts and metabolic alterations with aging and in AD (Humphries et al., 2006;
Ross et al., 2010; Kuhla et al., 2011; Ghosh et al., 2012; Ding et al., 2013). However,
which pathways, enzymes and metabolites are more prominent and sensitive in response

to the oxidized shifts remain unclear, indicating opportunities for therapeutic interventions.

1.4 NADH Bridges Redox Systems, Metabolic and Energetic Networks

1.4.1 NADH Synthesis and Consumption

The reduced form of nicotinamide adenine dinucleotide (NADH) as the major intracellular
redox currency, is produced from several metabolic pathways including glycolysis, the
tricarboxylic acid (TCA) cycle and the reversed direction of mitochondrial
transhydrogenase (NNT). NADH generates the proton gradient to power ATP generation
in OXPHOS. Thus, NADH importantly bridges redox states, metabolic pathways and
energy generation. The NADH pool consists of two forms of free in solution and bound to
protein. Since enzymes can only use free NADH in biofunctions, distinguishing free from
bound NADH to facilitate studies of age- and AD-associated capacities in free NADH
regeneration and energetic states. Here, we employed two-photon lifetime imaging

fluorescence microscopy to resolve label-free signals from free and bound NADH in sub-
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regions of live neurons with age and AD-genotype (all in chapter 2). Moreover, during

energetic shortage, the reaction direction of NNT reversed to more free NADH production

at the cost of NADPH (Ronchi et al., 2016). As the NADH transfers its proton (H+ and
electron) during oxidative phosphorylation, the concentration of NADH limits the synthesis
of ATP by affecting the generation of the proton gradient (Cooper, 2000). The
consumption of NADH under oxidative stress or oxidative shifts, together with a decline
of other reductive compounds in redox couples, impair the generation of ATP and lead to

energetic deficits in neurons.

1.4.2 NAD Pool Size Maintained by the Balance of Biosynthesis and Consumption
The NAD pool is defined as the total of NADH and NAD* but levels are highly
compartmentalized (Xiao et al., 2018). NAD" levels are maintained via three biosynthetic
pathways: the Preiss-Handler, de novo biosynthesis and salvage pathways (Verdin,
2015). The precursors of NAD* including nicotinic acid, tryptophan, nicotinamide (NAM)
and nicotinamide riboside (NR) are available from food to feed into NAD* biosynthesis
pathways. The Preiss-Handler pathway and de novo biosynthesis pathway converge at
the point of nicotinic acid mononucleotide (NAMN). NAMN is finally transformed to NAD*.
In the salvage pathway, the precursor nicotinamide is replenished either from diet or from
degradation of NAD* by NAD-consuming enzymes, including Sirtuins (SIRTs), the
adenosine diphosphate (ADP)-ribose transferases (ARTs) and poly (ADP-ribose)
polymerase (PARPs), and the cyclic ADP-ribose (CADPR) synthases (CD38 and CD157)
(Canto et al., 2015; Bai and Canto, 2012). Nicotinamide is recycled into nicotinamide

mononucleotide (NMN) by nicotinamide phosphoribosyltransferase (NAMPT) to generate
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NAD* (Verdin, 2015). Here, we looked for an age- and AD-related shift in the balance
between the synthesis and consumption of NADH in neurons. Reaction kinetics control
the levels of NADH product at about 7-8-fold lower than NAD* in mitochondria limited by
the NADH levels (Williamson et al., 1967). Here we addressed the question of whether
these NADH levels are sensitive measures of metabolic shifts with age and AD-like
genotype, since a decline in free NADH levels would decrease capacity for ATP synthesis
via oxidative phosphorylation. Either the redox shift or the energy shortage with demand
could cause many downstream dysfunctions associated with aging and AD including
altered amyloid and tau processing, LTP (Walsh et al., 2002), calcium handling (LaFerla,
2002), mitochondrial function and motility (Gibson & Blass, 1976; Manczak and Reddy,
2012), DNA repair (Imam et al., 2006) and autophagy (Nixon, 2013). With aging, the
activity of NAD-biosynthesis decreases while the activities of NAD*-consuming enzymes
increase such as CD38 (Camacho-Pereira et al., 2016), which together contribute to the
age-associated decline in the NAD pool size. In liver and muscle of aged mice, age-
related DNA damage activated PARP activity (global PARylation) along with other DNA
repair proteins which decreased NAD* levels as a consequence (Mouchiroud et al.,
2013). In parallel with the decline of NAD* levels, the activity of SIRT1 decreased (Braidy
et al., 2011). Further, the drop of NAD pool diminishes NADH production, which depletes
ATP stores leading to the release of apoptosis inducing factors (AIF) and induction of cell
apoptosis under stress (Yu et al., 2002). Paradoxically, the activity and mRNA expression
of NADase CD38 increased with aging in multiple tissues to further deplete NAD" levels
(Camacho-Pereira et al., 2016). Interestingly, studies in CD38 knockout mice indicate that

CD38 plays an important role in regulating hippocampus-dependent learning and memory
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tasks including the Morris water maze and the object recognition test (Kim et al., 2016).
Additionally, NAMPT expression drops steadily with aging in both NTg and 3xTg-AD
mouse neurons (Ghosh et al., 2014b), leading to declines in NAD*-synthesis from
nicotinamide via the salvage pathway and consequent declines in NADH. Increasing
evidence shows neuroprotective effects of SIRT1 activation in age-related
neurodegeneration, possibly as a feedback mechanism to activate protective effects
despite the consumption of NAD* (Kim et al., 2007; Khan et al., 2012). PARP inhibitors
together with NAD* precursors boost ATP levels and increased gene expression of
enzymes in the TCA cycle and glycolysis, such as citrate synthase and kexokinase
(Mouchiroud et al., 2013). Answers to the following questions may provide insight on
which mechanisms are upstream to initiate shifts in redox-metabolomics-energy networks
in aging and AD brains: 1) How much do NADH levels shift in old and AD brains when
the NAD pool size diminishes with aging? 2) Can these intracellular NADH levels be
manipulated? 3) What are the impacts of shifts in NADH on metabolic and energetic

pathways in aging and AD brains?

1.4.3 NADH/NAD" in Aging and AD Brains

Though both NADH and NAD* levels diminished in aging and AD brains, accumulating
evidences demonstrated that the NADH/NAD" ratios were shifted to an oxidized state
(more NADH loss than NAD* loss) in the mouse or rat brain tissue with age and AD (Zhu
et al.,, 2015; Parihar et al., 2008; Ghosh et al., 2012). Normal NADH/NAD* redox
potentials are maintained by the malate-aspartate and glutamate-aspartate shuttles

(Pittelli et al., 2011). NADH/NAD* ratios not only reflect the redox states of the redox
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signaling systems (Ying, 2008), but also sever as a metabolic readout to indicate
metabolic shifts between glycolysis with more free NADH production and OXPHOS for
more NADH consumption (Stringari et al., 2015). We therefore proposed that the age-
and AD-associated oxidative shifts in NADH redox states triggered shifts in metabolomics

and energy networks as downstream pivoted at the redox sensitive sits of NADH/NAD"™.

1.5 Summary

Brewer’s epigenetic oxidative redox shift (EORS) theory proposed that age-associated
sedentary behavior triggers an oxidative shift and impaired mitochondrial function, which
causes epigenetically enforced metabolic shifts that lead to energetic deficits (Brewer,
2010). We hypothesized that an age- and AD-related oxidative shift is upstream of shifts
in energy-producing metabolic pathways and energetic deficits as well as changes in
amyloid processing. In chapter 2, we provide new insight into the age-related basis of
Alzheimer’s disease as an upstream shift in free NADH levels at the segregated
subcellular compartment in live neurons. As free NADH critically sets the redox state,
energetic supply to oxidative phosphorylation and metabolic states, we further determined
the mitochondrial free NADH concentrations across the age-span. These studies were
enabled by using two-photon excitation fluorescence lifetime imaging microscopy. This
non-invasive, sensitive method utilizes auto-fluorescent NADH as a natural probe to
quantify free NADH concentrations and fractions in subcellular compartments of live
primary neurons across the age-span of young, middle and old ages in adult wild-type
and AD-model mouse hippocampal neurons. In chapter 3, to examine if the age- and AD-

related oxidative shifts and depletion in free NADH can be rescued by external
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modification of the redox state, we manipulated the intracellular free NADH by imposed
external oxidative or reductive Cys/CySS redox shifts in neuronal culture. We determined
the mitochondrial free NADH concentrations and total NADH pool size with each redox
state across the age-span in adult wild-type and AD-model mouse neurons. In chapter 4,
to support our hypothesis, we investigated global metabolomic shifts downstream pivot
at NAD*/NADH redox sites as a function of age and AD genotypes by using untargeted
mass spectrometry from mouse hippocampal tissue. The following details further

rationale and significance for a biosystems approach to aging and Alzheimer’s disease.
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CHAPTER 2

AGE- AND AD-RELATED REDOX STATE OF NADH IN SUBCELLULAR
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2.1 Abstract

Nicotinamide adenine dinucleotide (reduced form: NADH) serves as a vital redox-energy
currency for reduction-oxidation homeostasis and fulfilling energetic demands. While
NADH exists as free and bound forms, only free NADH is utilized for complex | to power

oxidative phosphorylation, especially important in neurons. Here we studied how much
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free NADH remains available for energy production in mitochondria of old living neurons.
We hypothesize that free NADH in neurons from old mice is lower than the levels in young
mice and even lower in neurons from the 3xTg-AD Alzheimer’s disease (AD) mouse
model. To assess free NADH, we used lifetime imaging of NADH autofluorescence with
2-photon excitation to be able to resolve the pool of NADH in mitochondria, cytoplasm
and nuclei. Primary neurons from old mice were characterized by a lower free/bound
NADH ratio than young neurons from both non-transgenic (NTg) and more so in 3xTg-
AD mice. Mitochondrial compartments maintained 26% to 41% more reducing NADH
redox state than cytoplasm for each age, genotype and sex. Aging diminished the
mitochondrial free NADH concentration in NTg neurons by 43% and in 3xTg-AD by 50%
The lower free NADH with age suggests a decline in capacity to regenerate free NADH
for energetic supply to power oxidative phosphorylation which further worsens in AD.
Applying this non-invasive approach, we showed the most explicit measures yet of
bioenergetic deficits in free NADH with aging at the subcellular level in live neurons from

in-bred mice and an AD-model.

2.2 Introduction

Aging is generally accompanied by progressive loss in cognitive function (Squier, 2001).
The Epigenetic Oxidative Redox Shift (EORS) theory of aging proposes that a sedentary
low-energy state with aging triggers an oxidative shift and mitochondrial dysfunction and
further causes metabolic disturbances (Brewer, 2010). Indeed, aging increases the risk
for neurodegenerative diseases, including Alzheimer’'s disease (AD). A 2016 report

projects that by 2050, the number of people above 65 years of age with AD will grow from
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5.4 million to 13.8 million (Alzheimer’s Association, 2016). Aging and AD share some
common characteristics such as oxidative stress (Zhu et al.,, 2015), mitochondrial
impairment (Lin and Beal, 2006) and bioenergetic deficits (Parihar et al., 2008), which are
associated with cognitive deficits or dementia. In the 3xTg-AD mouse model that we used,
Fattoretti et al. (2010) reported decreased mitochondrial numeric density (number of
mitochondria/um3 of cytoplasm) in CA1 in 10-month-old mice, but the volume and
average length increased. Martins et al. (2017) also found decreased mitochondrial
number with age in the hippocampus along with abnormal mitochondrial morphology with
elongation, swelling and disorganized cristae. Manczak & Reddy (2012) found
decrements in the motility of mitochondria in the 3xTg-AD model due to changes in Drp1
levels for fission. We propose that these mitochondrial structural changes reflect
functional deficits of free NADH as a bioenergetic substrate for oxidative phosphorylation
(OXPHOS) that initiates a vicious cycle involving redox imbalance, energetic shortage

and mitochondrial dysfunction.

The brain consumes large amounts of energy to fire action potentials (Attwell and
Laughlin, 2001). Neurons primarily depend on the energy-transducing capacity of
mitochondria to meet redox and phosphorylation demands. Since the reduced form of
nicotinamide adenine dinucleotide (NADH) is the major intracellular redox currency and
the substrate for generation of ATP as the energy currency via oxidative phosphorylation
(OXPHOS) in mitochondria, mitochondrial NADH availability to the electron transport
chain (ETC) becomes a critical issue (Brewer, 2010). NADH functions as a pivotal

metabolite that bridges redox states, metabolic pathways and energy (ATP). Neurons
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respond to higher energy demands by increasing free NADH production in the TCA cycle
as electron donors to feed the electron transport chain (ETC) for ATP generation. We
hypothesized that aging brain neurons exhibit an oxidized NADH redox state with
decreased free NADH and these free NADH levels are further decremented by the
genetic burden of AD-like mutations in 3xTg-AD mouse neurons. Antioxidant defenses
also depend on NADH and its reductive conversion to NADPH and GSH. For instance,
the forward reaction of nicotinamide nucleotide transhydrogenase (NNT) oxidizes NADH
and reduces NADP*to generate NADPH (Ronchi et al., 2016). However, during oxidative
shifts, the backward reaction of NNT drives NADH production at the expense of NADPH
(Ronchi et al., 2016). NADPH also donates electrons to GSSG for regeneration of GSH.
Evidence for which of these is upstream comes from titrated inhibition of enzymes for
their synthesis and supplementation of precursors (Ghosh et al., 2014b). From these
studies in neurons, NAD(P)H appears upstream of GSH, since decreasing NAD(P)H
lowers GSH levels more than the reverse and neuron survival was more dependent on
NAD(P)H, especially in neurons from old mice and those from an Alzheimer model mouse
brain (Ghosh et al., 2014b). Therefore, determination of the availability of free NAD(P)H
in mitochondria was evaluated to provide a possible mechanism of age-related and

Alzheimer’s associated decrements in energy supply and oxidative redox shifts.

Although NADH and NAD™ are reduced and oxidized forms of nicotinamide adenine
dinucleotide, only NADH has intrinsic fluorescence (Chance and Thorell, 1959). Different
excited state lifetimes of free and bound NADH enable determination of the free NADH

available from that bound to enzymes (Lakowicz et al.,1992). The long intrinsic
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fluorescent lifetime of NADH is due to the protein-bound state (Yu and Heikal, 2009;
Stringari et al., 2012). The ratio of free to protein-bound NADH correlates with the
NADH/NAD* ratio (Bird et al., 2005). Our previous work measured steady-state levels of
NAD(P)H without discriminating between free and bound forms (Ghosh et al., 2012;
2014). These studies found age-related and AD-associated declines in NAD(P)H
concentrations, NADH regenerating capacity, NAMPT and NNT gene expression for
regeneration in neurons from non-transgenic (NTg) and an age-matched triple transgenic
Alzheimer's mouse (3xTg-AD). We can do this because of techniques for isolating
neurons from any age animal and culturing them in a common serum-free environment
(Brewer et al., 1998, 2007). These neurons are thus removed from an aging immune
system, age-related changes in hormones and the vasculature. In vitro, we demonstrated
the age-related increased susceptibility to biochemical stressors as a critical mechanism
in aging (Brewer, 1998; 2010). Based on measures in aged rat neurons challenged with
glutamate, steady state NADH and glutathione decline with age before declines in ATP
(Parihar et al., 2008). Flux control experiments indicated that the often-reported declines
in mitochondrial function with age are caused by lower supplies of NADH substrate, rather
than problems with the complex | enzyme that uses the NADH to generate a proton
gradient across the mitochondrial membrane to power generation of ATP (Jones and
Brewer 2010). In mitochondria isolated from 3xTg-AD brains, respiratory capacity was
shown to be impaired (Yao et al., 2009). Conventional biochemical approaches performed
on the cell lysates as a snapshot of redox states to measure NADH concentrations in
cells introduces errors as the NADH is oxidized when exposed to air (Uppal and Gupta,

2003; Klaidman et al., 1995) and rapidly consumed by mitochondrial demand for ATP.
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Further, these studies could not discriminate neuronal from glial mitochondria and did not
examine the age-dependence or how the proportion of free to bound NADH dynamically
changes in living neurons during aging and AD. Since the distribution of NADH and NAD*
are highly compartmentalized within cells (Xiao et al., 2018), here we determine how
aging and AD affects the re-distribution of free to bound NADH ratios. Though intrinsic
fluorescence does not discriminate between NADH and NADPH due to identical
photophysical properties (Yu and Heikal, 2009), the autofluorescence of intracellular
NADH levels contributes the majority of the NAD(P)H intensity (et al., 1989). Here, we
applied a non-invasive, sensitive method that utilizes the intrinsic NADH fluorescence
lifetimes as a natural probe to identify the shifts in free NADH levels, free to bound NADH
ratios (Van Munster and Gadella, 2005) and re-distribution of NADH among subcellular

compartments in NTg and age-matched 3xTg-AD mouse neurons from young to old ages.

2.3 Materials and Methods

Mouse Model

We used LaFerla’s triple transgenic mouse model of AD (3xTg-AD) with human
transgenes SAPP (SWE), PS1 (M146V), and Tau (P301L) to mimic the neuropathological
features of AD (Oddo et al., 2003). Nontransgenic (NTg) C57BL/6 mice (Charles River)

were used as controls. All mice underwent genotyping before using in experiments.

Primary Neuron Culture
Adult hippocampal neurons were isolated from NTg and 3xTg-AD age-matched mouse

brains at young (3-4 months old), middle ages (9-10 months old) and old ages (18, 21,
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22, 23 months old) (Brewer and Torricelli, 2007). Briefly, hippocampus of each
hemisphere was sliced at 0.5 mm and combined in Hibernate A (BrainBits LLC,
Springfield, IL), 2% B27 supplement (Invitrogen), and 0.5 mM Glutamax (Invitrogen) for
8 min at 30° C. The slices were transferred and digested with 2 mg/mL papain
(Worthington) in Hibernate without B27 for 25 min at 30° C. After trituration, neurons were
separated from debris and microglia on an Optiprep (Sigma-Aldrich) density gradient. The
neuron-enriched fraction was collected and viable neurons counted by exclusion of trypan
blue. Neurons were plated at 50,000 cells/cm? on 15 mm glass coverslips (Assistent;
Brand, Carolina Biologicals). Slip were precoated overnight with poly-D-lysine, 100 pg/mL
in 18 MQ deionized water. Neurons were cultured in NbActiv1 (BrainBits) with 5 ng/mL
mouse FGF2 and 5 ng/mL mouse PDGFbb (Invitrogen) for trophic support for 9-12 days
at 37°C in 5% CO2, 9% O at saturated humidity. Viability in our neuronal cultures was
similar to previous studies of neurons from young, middle and old ages of both genotypes
(Ghosh et al., 2012). The neuronal densities of all ages and genotypes in culture were
similar without fragmented axons or dendrites. Further, the strong TMRE intensity of
mitochondria indicated negative membrane potentials, without perinuclear fragmentation
for no obvious age- or AD- related differences or qualitative changes in number of stained
mitochondria per neuron. Furthermore, in follow-up experiments, the intracellular NADH
levels of old neurons of both genotypes were remarkably responsive to an external

imposed reductive and oxidative stress in cultures (Dong and Brewer, in revision).
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TMRE Staining of Mitochondria

To label mitochondria with minimal interference in their membrane potential (Ward et al.,
2000), tetramethylrhodamine ethyl ester (TMRE; Molecular Probes) stock solution was
made in DMSO at 5 mM. After series dilutions with culture medium (NbActiv1), neurons
were incubated with 10 nM TMRE in NbActiv1 for 20 min under 5% CO- at 37°C. After
incubation, the coverslip was rinsed twice gently with warm NbActiv1. The cell slip was
mounted in a slip-holder (Warner Instruments). Experiments were conducted on at least
three coverslips from independent cultures with 10-20 neurons for young, middle and old

ages.

FLIM Imaging

Fluorescence lifetime images were acquired on a Zeiss LSM 710 microscope (Carl Zeiss,
Jena, Germany) using a 63x oil immersion objective, 1.2 N.A. (Carl Zeiss, Oberkochen,
Germany). The environment was controlled at 5% CO2 and 37°C at saturated humidity
while collecting FLIM images. The 2-Photon excitation Titanium:Sapphire MaiTai laser
(Spectra-Physics, Mountain View, CA) was modelocked at 740 nm generating ~120 fs
pulses with a repetition rate of 80 MHz. Image scan speed was 25.21 us/pixel and images
were collected at 256 x 256 pixels. The emission from the excited native NADH in the
cultured neurons was filtered with a bandpass at 460/80 nm. FLIM data was acquired
using SimFCS32/64 FLIMBox (ISS, Champaign, IL). FLIM lifetime calibration of the
system used a Coumarin 6 solution (at 100 yM) with a known lifetime as 2.5 ns. One

hundred counts per pixel were collected for one FLIM image of the same field of view.
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FLIM Phasor Data Analysis

As described previously (Stringari et al., 2012; 2015), every pixel of the FLIM image is
transformed in one pixel in a phasor plot by performing a Fast Fourier Transform (FFT)
of the intensity decay I(t). The coordinates g and s in the phasor plot are the real and

imaginary part of the FFT as follows (Stringari et al., 2015):

fot Iilj(t)cos(a)t)dt
IN li j(®)dt

gi j(w) =

fot Iilj(t)sin(a)t)dt
IN Ii j()dt

s j(w) =

Where the intensity signal (I) at indices /i and j identify a pixel of the image and » frequency
(o=27f), with f the laser repetition rate (80 MHz) and t is the period of the laser, 12.5 ns.

Based on the linearity of the phasor coordinates, the g and s position of each pixel

represents the fraction of free to bound NADH in the image (Stringari et al., 2015).

We examined regions of interest (ROI) for mitochondrial, cytoplasmic and nuclear
subcellular compartments segmentation using circles. We conducted measurements of
g, s, and NADH bound fraction from five ROls on each compartment of each neuron. We
then calculated the average of five ROIls in each compartment per cell and further

averaged the values of g, s and bound fraction of 10 neurons from each mouse (n=20
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neurons/age/genotype for female and n=10 neurons/age/genotype for male). Free NADH

fraction was given by one minus the bound NADH fraction.

Free NADH Calibration

B-Nicotinamide adenine dinucleotide (NADH, Sigma-Aldrich, Inc) was prepared fresh at
450 uMin a 0.2 mM Tris-HCI buffer, pH 7.5 and stored at 4°C for use. As the free NADH
solution gradually oxidizes in air, the absolute concentration of the prepared free NADH
solution for calibration was determined in a NanoDrop 2000 UV-Vis Spectrophotometer
(Thermo Fisher Scientific Inc). After blanking with 100 mM Tris-HCI pH 7.4, the
absorbance of the free NADH was measured at 340 nm wavelength. Calculated the actual
free NADH concentration for calibration based on the Beer-Lambert law: A = ebc , where
A is the readout absorbance value from nanodrop; ¢ is the extinction coefficient of NADH
(6.22 at 340 nm); b is the length of light path (1 mm for NanoDrop) and c refers to
concentration of NADH in the solution. Each time after imaging neurons, with the laser
power and exposure parameters unchanged, we loaded the free NADH solution in the

microscope system for absolute free NADH calibration measurements.

Measurements of Absolute NADH Concentrations in Mitochondria (Ma et al., 2016)
Before calibration with free NADH for absolute NADH quantification, we calibrated the
instrument response function with a known standard,100 yM Coumarin 6 with lifetime at
2.5 ns. In the phasor plot, the pure free NADH lifetime is short of 0.4 ns (green cursor in
Fig. 2.1). Whereas, the NADH bound to LDH (lactate dehydrogenase) has a longer

lifetime of 3.4 ns (red cursor in Fig. 2.1). The lifetime distribution of the NADH signal from
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the cells represents the fractional combination of free and bound NADH along the line
between the pure free NADH and bound NADH (green line in Fig. 2.1). To measure the
total NADH in the neurons, we first acquired a FLIM image of a known concentration of
free NADH calibrated using the absorbance spectrophotometer. We then corrected for
the difference between a lower quantum yield of the free and higher quantum yield of the
bound form of NADH as described by Ma et al. (2016). To determine the mitochondrial
free NADH concentration, we multiplied the measured total NADH by the corresponding
free NADH fraction in mitochondria. Masks of mitochondrial, nuclear and cytoplasmic

regions were made individually.

Statistics

Data are presented as means and S.E. One-way or Two-way ANOVA was used to assess
the difference of means and variances in Excel. The number of replicates is indicated in
the legends. The level of significance was set at p< 0.05 to reject the null hypothesis.
Multiple comparison ANOVAs were analyzed by ProStat software (Poly Software, Pearl

River, NY) using Fisher's LSD method.

2.4 Results

2.4.1 Distribution of Free and Bound NADH in Neuronal Mitochondria, Cytoplasm
and Nucleus

We isolated and cultured neurons in a uniform medium from mice at young, middle and
old ages, removed from a complicated aging context in vivo including age-related

inflammation, hormones and vasculature. Prior studies showed no significant age-related
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differences in neuronal viability (Patel et al., 2003; Ghosh et al., 2012), basal respiration,
complex | activity with excess substrate (Jones and Brewer, 2010), resting ATP levels
(Parihar et al., 2008) or mitochondrial number per cell (Ghosh et al., 2012), but significant
age-associated oxidative shifts of steady state NADH/FAD redox ratio after middle age
(Ghosh et al., 2012). Better than steady state fluorescence measures of NADH, two-
photon lifetime imaging of NADH discriminates between free and bound NADH portions
of the total NADH as well as neuronal subcellular distributions in live cells. Mitochondria
were localized within neurons by fluorescent staining with tetramethyl rhodamine ethyl
ester (TMRE), which partitions into mitochondria by their negative membrane potential
(Fig. 2.1a, f; Ward et al., 2000). In the same field of view, we investigated the distribution
of intrinsic NADH of individual neurons by two-photon fluorescence lifetime imaging
microscopy (FLIM) (Fig. 2.1b, g), which show the distribution of two-photon intensities
within neuronal sub-regions segregated into mitochondria (red circle ROIs), nuclei with
their central circular appearance (yellow circles) and elsewhere in regions lacking
mitochondria as cytoplasmic compartments (pink circles). Each pixel in the FLIM intensity
image was transformed into phasor space by a Fast Fourier Transform (FFT) to determine
the distribution of bound and free forms of NADH within each compartment of middle age
neurons from NTg (Fig. 2.1c-e) and 3xTg-AD mice (Fig. 2.1h-j) (Stringari et al., 2015).
The real and the imaginary parts of the FFT transformation are represented as G and S
coordinates in the phasor plots. Each compartmental NADH cluster presented in the
phasor plot (Fig. 2.1 c-e, h-j) is composed of a combination of free and bound NADH with
lifetimes of 0.4 ns (green circle in the phasor plot) and 3.4 ns (red circle) respectively

(Datta et al., 2015). Cellular pixels are distributed along the line joining the pure free and
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protein-bound NADH (green line). The free/bound NADH ratio serves as an indicator of
NADH redox state. A lower free/bound NADH fraction indicates a more oxidized NADH
state and a higher free/bound NADH ratio implies a more reduced NADH redox state.
Mitochondria distributed closest to the free NADH lifetimes (green cursor) compared to
nuclei and cytoplasm, indicating the highest free/bound NADH ratio, highest free NADH
fraction and more reductive NADH redox state in the mitochondria. Conversely, the
cytoplasm showed the highest fraction of bound NADH with less free NADH, consistent
with a more oxidized redox state. A smaller genotype effect was suggested by a small
shift toward more bound NADH (red circle) in 3xTg-AD age-matched neurons for each
compartment as indicated by the vertical yellow lines, centered on the NTg mitochondria

at G=0.71 (Fig. 2.1).
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Figure 2.1. Highest free NADH fraction in mitochondria compared to nuclei and
cytoplasm in each genotype. AD genotype shows lower free NADH fraction than the
corresponding compartment levels of NTg neurons. (a, f) TMRE stain for mitochondrial
localization of neurons from (a) NTg and (f) 3xTg-AD 9-month (middle- age) female mouse.
(b, g) NADH-FLIM intensity images of the corresponding neurons. To determine the proportion
of free and bound NADH in each compartment, ROIs were chosen relative to the TMRE image
for analysis on mitochondrial (red circle), nuclear (yellow) and cytoplasmic (pink)
compartments. (c-e, h-j) Phasor plots present compartment-specific differences in the ratios
of free to bound NADH redox states from the corresponding NTg and 3xTg middle age
neurons. Pure, free NADH with lifetime of 0.4 ns is shown by green circle and bound NADH
with lifetime of 3.4 ns with a red circle on the semicircle. All the NADH compartmental clusters
fall along the lines between pure free NADH (green cursor) and protein-bound NADH (red
cursor). The vertical orange lines are centered on the NTg young mitochondrial distribution for
reference at G=0.71.
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2.4.2 Age- and Ad- Related Oxidative Shifts from Free to More Bound NADH

With aging, NADH regenerating capacity declines (Ghosh et al., 2012) which could
promote oxidative and energetic shifts. In vivo, NADH exists as either bound to enzymes
or free in solution. The free/bound NADH ratio is altered by the cellular redox, metabolic
and energetic states. Normally, the free NADH levels maintain balanced between the
activity of glycolysis for producing more free NADH and more reliance on oxidative
phosphorylation (OXPHOS) for consuming free NADH (Yu and Heikal, 2009). To
determine whether aging or the 3xTg-AD genotype affects the NADH redox states, we
compared free/bound NADH ratios from different age neurons of both genotypes (Fig.
2.2). To illustrate the distribution of free/bound NADH in FLIM images of neurons, we
present NADH color maps of neurons with different ages for NTg (Fig. 2.2 a-c) and 3xTg-
AD mouse neurons (Fig. 2.2 e-g) respectively. In these color maps, cyan-green color
reflects more free NADH and pink-purple color indicates more bound NADH. With aging,
in both NTg (Fig. 2 a-c) and 3xTg-AD (Fig. 2 e-g) neurons, the higher cyan-green free
NADH shifted toward more pink-purple bound NADH, indicating depletion of free NADH
and shift toward a more oxidized NADH redox state with age. Furthermore, 3xTg-AD
neurons presented comparatively a more pink-purple bound NADH distribution than the
age-matched NTg neurons, meaning an even lower free NADH in 3xTg-AD neurons. The
free/bound NADH distribution of whole neurons at ages of young, middle and old were
quantitatively transformed into one phasor plot for NTg (Fig. 2.2d) and 3xTg-AD neurons
(Fig. 2.2h). In genotypes, age drives substantial shifts from free to more bound NADH
along the free-bound trajectory. The cluster of young age neuron presents much closer

to the free NADH form (green cursor) whereas the cluster of old age neuron displays a
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shift toward bound NADH (red cursor). This indicates that young age neurons contained
the highest free NADH fractions and old aged neurons contained the most bound NADH
with depletion in free NADH. Compared to the clusters of NTg neurons (Fig. 2.2d), those
of the age-matched 3xTg-AD neurons were shifted toward more bound NADH, implying
the AD genotype accelerated the age-related shifts toward more bound NADH and

depletion of free NADH.
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Figure 2.2. Aging promotes shifts toward more bound and less free NADH in NTg and
3xTg-AD neurons. FLIM color maps of young, middle and old age neurons from NTg (a-c)
and 3xTg-AD (e-g) mice illustrate a dramatically age-dependent depletion in free NADH
level of both genotypes shown as the color shifts from more green-cyan (free NADH) to
more pink-purple (bound NADH) with aging. Comparatively, the 3xTg-AD neurons present
more bound NADH than the age-matched NTg neurons seen as a more pink-purple color in
the age-matched 3xTg-AD neuron. (d, h) Phasor plots show the shift in distribution from
free to bound NADH in neurons from young, middle and old age neurons of NTg and 3xTg-
AD brains, respectively. Each cluster that falls along the free-bound NADH trajectory (line
between free and bound NADH) represents the combination of free and bound NADH from
the corresponding single neuron in the colormap.
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2.4.3 Mitochondria Show the Most Reduced State with Highest Free NADH Fraction
among Subcellular Compartments

To statistically validate these results, we selected five regions of interest for each
compartment of 10-20 neurons in separate cultures of each age and genotype and sex.
We expected compartmental differences in neurons because compartments of HelLa cells
measured by thiol/disulfide redox states showed that mitochondria were the most reduced
followed by nuclei and cytoplasm, which was comparatively the most oxidized (Hansen
et al., 2006). In addition, as the distribution of NADH is highly compartmentalized (Xiao
et al., 2018), we further investigated how the free/bound NADH ratios change in

mitochondria, cytoplasm and nuclei with aging of both NTg and 3xTg-AD neurons.

Age Effect

Aging strongly drove a decline in the free NADH fractions in all subcellular compartments,
p< 0.001, in both genotypes and both genders. In male NTg mouse neurons (Fig. 2.3a),
from young to old age, mitochondrial free NADH fractions declined 23%, nuclear free
NADH fractions decreased 12% and cytoplasmic free NADH levels dropped 23%.
Similarly, in female neurons (Fig. 2.3b), aging drove least decline in nuclear free NADH
fractions of NTg female neurons with only 18%, but a 26% drop in mitochondrial free
NADH fraction (Fig. 2.3b). In male and female 3xTg-AD neurons, the slopes of age-
associated declines in free NADH fractions present similar changes in percentages to
that of gender-matched NTg neurons in each compartment, but further drops in the AD-
genotype neurons in response to aging. The age-related depletion of free NADH levels in

all compartments suggests an impaired capacity for free NADH regeneration and lower
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capacity for energetic supplement in old aged neurons of both NTg and 3xTg-AD mouse
brains. With aging, the nuclear compartment declined the least compared to that of
mitochondria and cytoplasm in both NTg and 3xTg-AD of both genders, indicating a better
buffering capacity and protective mechanism in nuclei against age-related oxidative shifts

and depletion in free NADH levels.
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Figure 2.3. Mitochondrial, nuclear and cytoplasmic free NADH fractions decline with age are
further depleted with AD-genotype of both (a) male and (b) female mouse neurons. For the
compartment effect, mitochondria were the most reduced with the highest free NADH fractions and
cytoplasm presents the most oxidized NADH state with the lowest free NADH levels (ANOVA for
the compartment-differences, in male, NTg F(2, 89)= 397, p< 0.001, 3xTg-AD F(2, 89)= 927, p<
0.001; in female, NTg F(2, 179)=154, p< 0.001, 3xTg-AD F(2, 179)=106, p< 0.001). Aging depleted
free NADH levels in all compartments of both genotypes. ANOVA for male, mitochondria F(2, 59)=
338, p< 0.001, nuclei F(2, 59)= 56, p< 0.001, cytoplasm F(2, 59)= 262, p< 0.001; For female,
mitochondria F(2,119)= 161, p< 0.001, nuclei F(2, 119)= 51, p< 0.001, cytoplasm F(2, 119)= 96,
p< 0.001). The 3xTg-AD genotype demonstrated significantly more bound NADH and more
oxidized NADH redox state than the age-matched NTg neurons in each compartment. By gender
(Fig. 3c, d), male neurons were lower in free NADH fraction than the female neurons at young and
middle ages, but the multiple comparison results indicated no significant differences in old ages
between female and male neurons. Two way ANOVA for gender effect on compartments,
mitochondria F(1, 59)= 13, p< 0.001; nuclei F(1, 59)= 13, p< 0.001; cytoplasm F(1, 59)= 25, p<
0.001) In 3xTg-AD neurons, male NADH fraction was lower than that in female neuron of each
compartment (mitochondria F(1, 59)= 7, p< 0.01; nuclei F(1, 59)= 8, p< 0.01; cytoplasm F(1, 59)=
51, p< 0.001) and each age (young F(1, 59)=18, p< 0.001; middle F(1, 59)=26, p< 0.001; old F(1,
59)= 8, p< 0.01).




Compartment Effects

Fig. 2.3a and 2.3b show that mitochondria have the highest free NADH fraction while
cytoplasm displayed the lowest free NADH among the three subcellular compartments
(ANOVA for compartment effect, in male, both NTg and 3xTg-AD p< 0.001; For female,
NTg and 3xTg-AD p< 0.001). In NTg male young neurons (Fig. 2.3a), free NADH fraction
in mitochondria was 37% higher than the levels in cytoplasm. This difference reached a
maximum of 41% higher in the middle age followed by a 36% higher in mitochondrial free
NADH in old aged neurons. 3xTg-AD male young neurons presented the same 37%
higher in mitochondrial free NADH fraction compared to that of cytoplasm, with further
increases in the mitochondria-cytoplasm differences to 46% in middle and old ages.
Similar magnitude changes in free NADH with age and genotype were seen in female
neurons (Fig. 2.3b). The relative order of compartmental free to bound NADH redox
states was independent of age and genotype. Overall, the largest changes in free NADH
were associated with age, then compartment, genotype and gender. The highest free
NADH fraction in mitochondria suggests that mitochondria have the highest capacity for

free NADH production compared to nuclei and cytoplasm.

Genotype Effect

As illustrated in Fig. 2.3a and 2.3b, the age-matched 3xTg-AD neurons present
consistently lower free NADH levels compared to the free NADH levels of NTg neurons
in each compartment of each gender. The cytoplasm responded most to the genetic loads
of 3xTg-AD, ranging from 6% at young age to 12% at old age lower in free NADH levels

of both male and female (young, p< 0.05; old p< 0.01). Under the genetic loads of 3xTg-

47



AD, free NADH levels in mitochondria and nuclei were 5%-10% lower than the age-
matched NTg neurons from young to old ages of each gender (p< 0.001). The
comparatively lower free NADH levels in 3xTg-AD neurons than that of the age- and
gender- matched NTg neurons suggests an AD genotype-driven decline in capacity of
free NADH regeneration of 3xTg-AD mouse brains. We infer that the genetic load of 3xTg-
AD promoted age-related oxidative shifts to more bound NADH redox states by either

consuming more free NADH or impairing the capacity for free NADH production.

2.4.4 Male Free/Bound NADH Fraction Slightly Less than that of Female Neurons

To gain insights into gender differences in free NADH depletion during aging in the NTg
and 3xTg-AD mouse model, we compared the free NADH fractions in male and female
neurons of mitochondria, nucleus and cytoplasm as a function of age and genotype. To
more easily compare gender effects, the same data was expressed as male percent of
female free NADH (Fig. 2.3c, d). Male neurons displayed less reducing free NADH states
compared to the age-matched female neurons in these compartments (Fig. 2.3c, d), but
these gender differences in free NADH diminished in old age. The average free NADH
levels of male neurons was significantly 7% lower than that in female, across all ages and
compartments of both genotypes (p< 0.01). Multiple comparison analysis demonstrated
gender differences in the young and middle age of all compartments, but no significant
gender differences at old ages. This suggests that higher reductive capacity in females

than males is gradually lost in old age.
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2.4.5 Mitochondrial Free NADH Concentrations Decline with Age and AD-genotype
in Hippocampal Neurons

A variety of approaches have been reported for measurement of NAD(P)H concentrations
(Sporty et al., 2008; Zhu et al., 2015; Coremans et al., 1997; Yu and Heikal, 2009; Ghosh
et al., 2012). Neither HPLC or steady state fluorescence measures distinguish the bound
form with a higher quantum yield from the free form (Ma et al., 2016; Ghosh et al., 2012).
However, absolute measurement of concentration of both the free and bound NADH in
situ is possible by a FLIM phasor method (Ma et al., 2016). We determined the absolute
free NADH concentrations in live neurons from young and old age mouse hippocampal
neurons specifically in mitochondria (Fig. 2.4). In NTg female neurons from young to old
ages, mitochondrial free NADH concentrations declined 43% from 442 to 250 uM (Fig.
2.4). In 3xTg-AD neurons, age drove a roughly 50% loss in mitochondrial free NADH
levels from 410 down to 207 uM. In addition, comparison of genotype effects indicated
8% less free NADH in the young (p< 0.05) and 21% in the old (p< 0.001). With a lower
NAD total pool size in aging and AD, the declines in free/bound NADH fraction with age
result from larger declines in free NADH concentration. In our results, we observed 43-
50% age-related declines in concentrations of mitochondrial free NADH, which were
much larger than the 23%-26% declines in free NADH fractions. Thus, the concentration
of mitochondrial free NADH was depleted 2-fold more with aging in the 3xTg-AD than the
NTg neurons. These results suggest both an age- and AD-related decrease in capacity

for NADH regeneration or increase in consumption of NADH.
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Figure 2.4. Free NADH concentrations decline from young to old mitochondria in situ
exacerbated by the 3xTg-AD genotype. Two way ANOVA shows age effects F(1, 63)= 466,
p<0.001 and for genotype effects F(1, 63)= 16, p<0.001 (n=16 neurons/age/genotype).
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2.5 Discussion

2.5.1 Age- and AD- Dependent Decline in Free NADH

Free NADH serves as a vital redox-energy intermediate, produced from NAD* in
glycolysis, the TCA cycle and transhydrogenase. Energy generation at complex | of
oxidative phosphorylation in neurons requires at least three elements: sufficient levels of
complex | protein, favorable regulation of this complex and sufficient free NADH
substrate. The three-minute lability of NADH (Chance and Thorell, 1959) likely precludes
its measurement in human surgical samples or postmortem. Our previous work in cultured
rat neurons reported here suggested that NADH substrate was at least part of the age-
related limitation (Jones and Brewer, 2010). Here, we examined the free NADH levels as
a function of age and AD-like genotype. With aging, we found a 43% loss of free NADH
concentration at rest, which was diminished further to 50% under the load of the
transgenes in the 3xTg-AD neurons. These numbers are larger than the steady state
fluorescence declines with aging (Ghosh et al., 2012) in the same neuron preparations
because free NADH gets oxidized when exposed in air during tissue extraction. The lower
NADH concentrations with age are consistent with an age-dependent lower capacity of
NADH regeneration in the same live neuron preparations (Ghosh et al., 2012) or
increased NADH consumption. In 3xTg-AD mouse brain mitochondria with age, the
activity of cytochrome ¢ oxidase (COX) decreased by 51% and PDH by 55%, which
exceeded the 31% age-driven declines in NTg mitochondria (Yao et al., 2009). These
assays are performed with excess substrate. Therefore, a lower NAD pool could further
slow these activities. Judged by steady-state fluorescence, neuronal NAD(P)H

concentration peaks in middle age compared to young and old age neurons (Ghosh et
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al., 2012). Similar to mouse brains, human postmortem AD brains exhibited 27%-57%
declines in PDHC, ICDH and KGDHC activities relative to age-matched controls (Bubber
et al., 2005). As these enzymes produce NADH in the TCA cycle, AD-related declines in
these dehydrogenases would lead to lower free NADH production in mitochondria, in line
with our findings of lower free NADH with age and further decreased with AD genetic

load.

There can be concerns for how well primary cultures from aged brains represent the aging
brain with age-related changes in hormones, inflammatory mediators and the vasculature.
Many fundamental properties of brain neurons are maintained in culture such as dendrite
and axon regeneration (Brewer, 1997), synapse formation (Brewer et al., 2009), action
potential firing (Evans et al., 1998), NMDA receptor modulation (Cady et al., 2001) and
response to redox shifts (Ghosh and Brewer, 2014a). Although a lower NAD pool can be
measured in old brain homogenates (Gomes et al. 2013), the lability of NADH makes in
vivo measurements difficult. /n vivo circadian oscillation of NADH have been detected in
stem cells within the epidermal basal layer of mice by two-photon excitation (Stringari et
al., 2015). A controlling influence of NAD* levels on behavior was demonstrated in mice
without the NAD-hydrolase CD38 (Sahar et al., 2011). As NADH needs to be measured
noninvasively, studies on neuron cultures will be useful in attempts to remedy age and

AD-related deficits in free NADH.

The age-related declines in NADH could be caused by age-associated sedentary

behavior (Figueiredo et al., 2009; Lee Y et al., 2015; Stolle et al., 2018) that sets
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epigenetic controls for metabolic changes (Walker et al., 2013; Intlekofer et al., 2013).
Metabolic expression of enzymes of the TCA cycle and ETC that could impede NADH
regeneration and ATP production need to be measured in activity-controlled studies of
aging and AD. This type of study in aging mouse skeletal muscle showed a decline in
respiratory activity with aged sedentary behavior (Figueiredo et al., 2009). A review of rat
cardiac energy function highlighted decreased mitochondrial energetics with age (Yaniv
et al., 2013). As compensatory effects, pathways may re-direct fluxes to replenish the
decreasing NADH levels. The NNT reverses the direction of reaction to generate more
NADH at the cost of NADPH. This begins a vicious cycle because NADPH is needed to
regenerate GSH as the major redox buffer, when GSH levels are decreased by age-
associated oxidative stress (Ghosh et al., 2014b). Age- and AD-related oxidative shifts
stimulate up-regulation of glycolytic pathway to feed the NADH and energetic demand.
Alternatively, to maintain redox balance within a viable range, NADH needs to be recycled
via either lactate dehydrogenase (with associated acidosis) or the electron transport chain
(with minimal oxyradicals) or plasma membrane NAD(P)H oxidoreductase (NOX, with
one oxyradical per NADH) (Brewer, 2010; Aon et al., 2010). Moreover, rat neurons are
more susceptible to stressors with aging (Brewer et al., 1998) and old mouse neurons are
more vulnerable than young neurons to limits on NADH resynthesis and GSH depletion
(Ghosh et al., 2014b). An upstream possible cause is the age-related 50% decline in the
total NAD(P)H pool of whole 3xTg-AD neurons compared to 27% decrease in age-
matched NTg neurons (Ghosh et al., 2012). The mitochondrial free NADH concentrations

of NTg old neurons surpassed those of 3xTg-AD old neurons by 21%, further indicating
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an even lower capacity to maintain free NADH levels with genetic load in 3xTg-AD old

mouse brains.

2.5.2 NAD Pool Size Diminished with Aging and AD

Under normal physiology, the concentrations of NADH and NAD* are balanced by the
NAD-synthesizing and NAD-consuming enzymes. In aging and AD, evidence suggests
that consumption exceeds recycling and synthetic capabilities. NAD* levels are
maintained via three biosynthetic pathways: the Preiss-Handler, de novo biosynthesis
and salvage pathways (Verdin et al., 2015). Age- and AD-related changes in consumption
and resynthesis of NAD* diminish the levels of free NADH (Prolla et al., 2014), which
could further lead to a decrease in capacity for ATP synthesis. Either the age- and AD-
related oxidative shift or the energy crisis with demand is insufficient to cause many
downstream dysfunctions including amyloid and tau processing, LTP, calcium handling
(Green and LaFerla, 2008), mitochondrial function and motility (Gibson and Blass, 1976;

Calkins et al., 2011), DNA repair (Imam et al., 2006) and autophagy (Nixon, 2013).

With aging, the activity of NAD-biosynthesis decreases while the activities of NAD™-
consuming enzymes increase such as CD38 (Camacho-Pereira et al., 2016) and PARP
(Bai and Canto, 2012) which together contribute to the age-associated decline in NAD
pool size. PARP inhibitors together with NAD+ precursors boost ATP levels and increased
gene expression of enzymes in TCA cycle and glycolysis, such as citrate synthase and
hexokinase (Mouchiroud et al.,, 2013). Supplementation of the NAD* precursor,

nicotinamide riboside improves learning and memory in AD/Polp mouse model of
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mitochondrial DNA damage (Hou et al., 2018). Mounting evidence supports the beneficial
effects of nicotinamide (NAM) to ameliorate cognitive decline in AD mouse models
associated with declines in Sirt3 activity (Green et al., 2008; Liu et al., 2013). Gomes et
al. (2013) reported the reversibility of mitochondrial dysfunction in skeletal muscle of old
mice by raising NAD" levels via the SIRT-1-HIF-1a-c-Myc pathway. Ghosh 2012 showed
that neurons pretreated with nicotinamide reverse NAD(P)H levels and NADH
regenerating capacity of both NTg and 3xTg-AD neurons (Ghosh et al.,, 2012).
Nicotinamide pre-treatment improved recovery of hippocampal neuronal function,
enhanced NADH reduction and ATP content in an acute model of hypoxia in rat (Shetty

et al., 2014).

Tau protein is critical to stabilize microtubules of axons. Overexpression of tau in P301L
tau mice alters the distribution of organelles including mitochondria that are dependent
on microtubule motor proteins for transport and decrease the distribution of mitochondria
in synapses of neurons (Rhein and Eckert, 2007). Furthermore, in P301L tau mice
together with reduced NADH-ubiquinone oxidoreductase activity with age were found to
impair mitochondrial respiration and ATP synthesis (Rhein and Eckert, 2007; David et al.,
2005). Our results of decreased free NADH levels with age could impair energetic
capacity to remove amyloid and tau through autophagy (Brewer 2010; Barnett 2011;

Brewer submitted 2019).
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2.5.3 Age-Related Oxidized Shifts in NADH/NAD* in Subcellular Compartments

The subcellular distribution of NADH and their signaling pathways are highly
compartmentalized and function somewhat independently (Koch-Nolte et al., 2011). In
our study with aging, free NADH shifted toward more bound and less free NADH in both
NTg and 3xTg-AD mouse neurons. Of note, all ages of 3xTg-AD neurons display
comparatively more oxidized redox state with less free NADH than the age-matched NTg
neurons, indicating a further impaired in capacity of free NADH regeneration. The genetic
load of 3xTg-AD neurons promoted age-related depletion in free NADH levels and
oxidative shifts in NADH redox states starting as early as in young age. The NADH/NAD*
redox states also mediates crosstalk of signaling between neurons and astrocytes in brain
(Winkler and Hirrlinger, 2015). Both NADH and NAD* levels drop remarkably with aging
and AD. However, growing evidence demonstrates the age- and AD- induced oxidative
shifts in NADH/NAD* redox states (Zhu et al., 2015; Parihar et al., 2008; Ghosh et al.,
2012). An important issue is whether redox state controls ROS production or ROS levels
influence redox state. Based on more neurodegeneration from titrated inhibition of NADH
production than GSH synthesis, we concluded that NADH redox state is upstream of ROS

generation (Ghosh et al., 2014).

We found nuclear free NADH to be less affected by age than cytoplasmic or mitochondrial
NADH. Cytoplasmic and nuclear NAD* pools can communicate by diffusion via the
nuclear pore (Verdin, 2015). Given the important role of NADH shuttles in the
communication between compartments, Easlon et al. (2008) reported beneficial effects

on extending lifespan in yeast by overexpression of the functional component of the
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NADH malate-aspartate shuttle and glycerldehyde-3-phosphate shuttle in the calorie
restriction (CR) pathway. In addition to comparatively lower consumption of NADH in the
nucleus, the nuclear-localization of NMNAT1, with its lower Km and higher Vmax than
mitochondrial NMNAT3 (Berger et al., 2005) could be sufficient to regenerate NAD*
consumed by Sirt1 and PARPs. Control of many redox-sensitive transcription factors
(Lavrovsky et al., 2000) could buffer or exacerbate age-related changes in free NADH
and the NAD pool. We found mitochondrial free NADH to be the most affected by age.
The mitochondrial membrane is impermeable to both NAD* and NADH. Normal ratios of
NADH/NAD* are maintained by the malate-aspartate and glutamate-aspartate shuttles
and transhydrogenase. NAD* precursors such as nicotinamide and nicotinamide riboside
can traverse the mitochondrial membrane (Pittelli et al., 2011) to be used for NADH/NAD*
regeneration by nicotinamide phosphoribosyltransferase (NAMPT) and nicotinamide
mononucleotide adenyl transferase (NMNAT) (Revollo et al.,, 2004) via the salvage

pathway and transhydrogenase.

2.5.4 Redox States of NADH/NAD"* Reflect Metabolic States of Neurons

The alterations of free/bound NADH provide insight on kinetic switches for modulation of
metabolism based on NADH/NAD® redox states. We find in mouse hippocampal neurons
across the age-span, both genotypes and both genders, that the NADH redox state is
more reduced in mitochondria, than nuclei and that cytoplasm was the most oxidized.
This order replicates the relative thiol redox states from most reducing to most oxidizing
in Hela cells: mitochondria > nuclei > cytoplasm (Hansen et al., 2006). As the cytoplasmic

and mitochondrial NADH/NAD* ratios are metabolic readouts (Christensen et al., 2014),
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a shift from free to more bound NADH suggests a metabolic shift from glycolysis to more
oxidative phosphorylation with more consumption of free NADH (Stringari et al., 2015).
As we observed an age- and AD-related depletion of free NADH in mouse neurons, an
oxidative shiftin NADH/NAD™ redox states predicts a downstream switch and re-direction
in metabolic fluxes from higher TCA-dependent to higher reliance on glycolysis for energy

supply and lactate generation for redox balance.

2.5.5 Relationship to Caloric Restriction (CR)

Caloric restriction (CR) and fasting can extend lifespan and increase NAD levels in the
Alzheimer’s mouse brain (Qin, 2006), rat or mouse liver (Yang et al., 2007; Nakagawa et
al., 2009; Hayashida et al., 2010) and skeletal muscles (Canto et al., 2010) of animal
models by inducing the expression of NAMPT in the salvage pathway. Protein restriction
(PR), especially, methionine restriction was also found to extend lifespan (Schiff et al.,
2011; Lopez-Torres and Barja, 2008) and decrease mitochondrial reactive oxygen
species (ROS) production in both brain and kidney mitochondria of rats (Caro et al., 2009)
as well as free radical leak in rat mitochondria (Lopez-Torres and Barja, 2008).
Paradoxically, the enzymatic activities needed by the brain for energy production,
complex | and Il are decreased in rat brain with MetR (Naudi et al., 2007). Martin et al.
(2016) also found that CR decreased cytochrome ¢ oxidase activity together with 40%
increases in the levels of NAD(P)H in the molecular and polymorphic layers of the mouse
dentate gyrus of the hippocampus. This CR paradox of lower activities of the electron
transport chain so critical to brain energetics may be explained if CR forces higher

turnover of leaky mitochondria so that higher efficiency is maintained (Yang et al., 2016).
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CR mitochondria of higher efficiency could produce more energy with less consumption
of NADH. Thus, CR could cause free NADH levels to rise above the age-related depletion
that we observed. The overall effects can be described by antagonistic pleiotropy in which
restriction results in higher autophagic quality control to maintain efficient function

(Barnett and Brewer, 2011; Yang et al., 2016).

2.5.6 Gender-Differences in Age-Related Declines of Free NADH Levels

We found that levels of free NADH in male neurons were significantly lower than those of
age- and genotype-matched female mouse brains, particularly in the cytoplasmic
compartment. This protective effect of higher free NADH levels in female neurons
appears to lessen with age, ending in similar free NADH levels in old neurons of female
and male. This direction of lower male NADH levels follows the results of (Guevara et al.,
2009) who found lower mitochondrial capacity of male brain mitochondria with lower
respiratory capacity and lower antioxidant enzyme activities compared to that in aged
female brains. Consistent with these studies, Grimm (2017) summarized a number of sex-
specific changes with age in mitochondria, including mitochondrial dynamics and
mitophagy (Guebel and Torres 2016), peroxide production (Borras et al., 2003),
respiratory control rate, pyruvate dehydrogenase and cytochrome c oxidase (COX)
activity (Yao et al., 2012). Many of these changes could be downstream of changes in the
bioenergetics of NADH. However, in our studies with lower free NADH in males, sex-
differences were smaller than the age- and genotype- effects. This protection seems to
be lost after menopause in females or just older age in males (Borras et al. 2003; Brewer

et al., 2006).
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2.6 Conclusions

To our knowledge, this is the first time mitochondrial free NADH concentrations were
measured in sub-compartments of live primary neurons using FLIM. The ability to
distinguish free NADH from total NADH in live neurons across the age span from NTg
and 3xTg-AD mice identified critical age-related deficits in energetic states of the neurons.
Furthermore, imaging the intrinsic fluorescence of NADH in live neurons by two photon
excitation avoids modifying or introducing any extra fluorophore probe or perturbation.
Combined with subcellular analysis, we found an oxidative shift in free NADH levels in
mitochondria, cytoplasm and nuclei of neurons as a function of age and AD-like genotype.
The observed depletion of free NADH levels with age and AD-genotype suggests that
less free NADH will be available for demand-critical energy supply to oxidative
phosphorylation. The drop in free NADH could be caused by any combination of
increased consumption by resting demand for ATP, decreased regeneration of NAD* by
de novo and nicotinamide salvage pathways or relative metabolic changes, in glycolysis,
lactate generation. Together with this work, our earlier work in rat neurons that found ATP
levels unchanged with age but significantly lower NAD(P)H levels with age (Parihar et al.,
2008), suggests that an age-associated oxidative shift in NADH redox state is upstream
of the age-related metabolic shifts in rat and mouse brains. However, the consumption of
NAD* by glycolysis or the TCA cycle for NADH demand at lower NAD pool sizes, together
with increased lactate production may contribute to a lower redox ratio of NADH/NAD*
(Brewer, 2010). Discrimination between excess consumption and regeneration in free
NADH with age and genotype will require interventional studies (Dong & Brewer, in

revision). Since free NADH is the substrate for numerous redox reactions as well as
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energy generation, NADH target engagement and reversal of low free NADH levels could
counter AD and extend lifespan via a series of NADH-sensor mechanisms involving

oxidative stress, DNA repair and mitochondrial function.
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3.1 Abstract

Redox systems including extracellular cysteine/cystine (Cys/CySS), intracellular
glutathione/oxidized glutathione (GSH/GSSG) and nicotinamide adenine dinucleotide
reduced/oxidized forms (NADH/NAD*) are critical for maintaining redox homeostasis.

Aging as a major risk factor for Alzheimer’s disease (AD) is associated with oxidative
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shifts, decreases in anti-oxidant protection and dysfunction of mitochondria. Here, we
examined the flexibility of mitochondrial-specific free NADH in live neurons from non-
transgenic (NTQ) or triple transgenic AD-like mice (3xTg-AD) of different ages under an
imposed extracellular Cys/CySS oxidative or reductive condition. We used phasor
fluorescence lifetime imaging microscopy (FLIM) to distinguish free and bound NADH in
mitochondria, nuclei and cytoplasm. Under an external oxidative stress, a lower capacity
for maintaining mitochondrial free NADH levels was found in old compared to young
neurons and a further decline with genetic load. Remarkably, an imposed Cys/CySS
reductive state rejuvenated the mitochondrial free NADH levels of old NTg neurons by
71% and old 3xTg-AD neurons by 89% to levels corresponding to the young neurons.
Using FLIM as a non-invasive approach, we were able to measure the reversibility of
subcellular free NADH levels in live neurons. Our results suggest a potential reductive

treatment to reverse the loss of free NADH in old and Alzheimer’s neurons.

3.2 Introduction

Neurons rely on redox couples to buffer oxidative and reductive stress using millimolar
concentrations of extracellular Cysteine (Cys)/Cystine (CySS) and intracellular
glutathione (GSH)/ glutathione disulfide (GSSG). Kinetically, intracellular glutathione is
maintained by reduced nicotinamide adenine dinucleotide (NADH)/oxidized (NAD*) and
reduced nicotinamide adenine dinucleotide phosphate (NADPH)/oxidized (NADP*). Each
redox couple is compartmentalized and somewhat independent with distinct redox pools
in the mitochondria, cytoplasm and nuclei (Circu and Aw, 2010; Koch-Nolte et al., 2011).

Maintaining an independent mitochondrial GSH pool size is critical to preserve a reducing
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environment for mitochondrial proteins against oxidative DNA damage (Chen et al.,
2003). The crosstalk of reduced components between nuclear and other compartments
has been demonstrated importantly in cell cycle progression (Markovic et al., 2007) and
redox signaling (Sen, 1998; Ushio-Fukai, 2009). Additionally, the NADH/NAD+ redox
states impact the regulation of gene expression (Winkler and Hirrlinger, 2015) by affecting
the activity of transcription factors (Hirrlinger and Dringen, 2010) and cellular signaling
(Ying, 2008). Thus, systematic studies of changes in the redox environment with aging

could inform age-related bioenergetic aspects of neurodegeneration.

Age is the most important risk factor for Alzheimer’s disease (AD). Aging promotes the
oxidation of redox couples. In human plasma, aging is associated with the oxidation of
the GSH/GSSG as well as the Cys/CySS redox state after middle-age (Jones, 2006). In
rat brain, NAD(P)H levels decrease after middle age (Parihar et al., 2008). In brain
neurons, NADH is kinetically upstream of GSH (Ghosh and Brewer, 2014b) and therefore,
manipulating NADH levels influences GSH levels. Free NADH is generated from a
cytoplasmic dehydrogenase in glycolysis (glyceraldehyde 3-phosphate dehydrogenase,
GAPDH) and mitochondrial dehydrogenases (pyruvate dehydrogenase, PDHC, and other
the TCA cycle dehydrogenases). The produced free NADH is used to power oxidative
phosphorylation for ATP generation. NADH exists in two states, either in a protein-bound
form or a free form. Our previous study used steady-state fluorescence imaging without
being able to distinguish between bound and free NADH (Ghosh et al., 2014b). Studies
of imposed Cys/CySS redox states demonstrated the feasibility to manipulate internal

NAD(P)H levels (Ghosh and Brewer, 2014a) in mouse neurons and internal glutathione
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(GSH) levels of human retinal pigment epithelial cells (Jiang et al., 2005). We recently
reported an age-related decrease in intracellular free NADH of brain neurons (Dong et
al., 2019). Since aging manifests as greater vulnerability to external stress and energetic
shortage, here we non-invasively measured free NADH in mitochondria, cytoplasm and
nuclei of aged neurons at various redox states. In order to examine the capacity to
maintain free NADH levels, we imposed an external Cys/CySS oxidative stress. More
importantly, we tested whether free NADH can be restored to young levels by imposing
an extracellular reductive state. We applied a non-invasive and sensitive imaging
technique to measure the intrinsic NADH fluorescence. Using fluorescence lifetime
imaging microscopy (FLIM), we distinguish the bound and free NADH based on the long
and short intrinsic fluorescent lifetimes of NADH (Yu and Heikal, 2009; Stringari et al.,
2012) and also resolve subcellular compartments for free NADH re-distribution in

response to an imposed external oxidative and reductive states in live neurons.

3.3 Materials and Methods

Mouse Model

As described before (Dong, 2019), we used LaFerla’s triple transgenic mouse model of
AD (3xTg-AD) with human transgenes SAPP (SWE), PS1 (M146V), and Tau (P301L) to
mimic the neuropathological features of AD (Odd et al., 2003). Nontransgenic (NTQ)
C57BL/6 (Charles River) with normal NNT (Ghosh et al., 2014b) were used as controls.
All mice underwent genotyping before using in experiments. All experiments involving
mice were approved by the Institutional Animal Care and Use Committee (AUP-17-65)

and performed according to guidelines and regulations.
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Primary Neuron Culture

As describe previously (Brewer and Torricelli, 2007), adult hippocampal neurons were
isolated from NTg and 3xTg-AD age-matched mouse brains at young (3-4 months old),
middle ages (9-10 months old) and old ages (18- 23 months old). Hippocampi were sliced
at 0.5 mm, digested with papain (Worthington) and triturated in Hibernate A (BrainBits
LLC, Springfield, IL) with 2% B27 supplement (Fisher Scientific) with 0.5 mM Glutamax
(Fisher Scientific). Neurons were separated from debris and microglia on an Optiprep
(Sigma-Aldrich) density gradient. The neuron-enriched fraction was collected. Neurons
were plated at 50,000 cells/cm? on 15 mm glass coverslips and cultured in NbActiv1
(BrainBits) with 5 ng/mL mouse FGF2 and 5 ng/mL PDGFbb (Fisher Scientific) for trophic
support. Prior to plating, glass coverslips (Assistant; Carolina Biological) were coated
overnight with 100 pg/mL poly-D-lysine. Neurons were cultured for 9-12 days at 37°C in
5% CO2, 9% O at saturated humidity. Viability in our neuronal cultures was similar to
previous studies of neurons from all ages and both genotypes (Dong et al., 2019; Ghosh
et al., 2012). The neuronal densities of all ages and genotypes in culture were similar,
without fragmented axons or dendrites, indicating the capacity to withstand the imposed
redox shifts. The mitochondria of neurons were prelabeled with 10 nM TMRE
(tetramethylrhodamine ethyl ester) for 20 minutes under 5% CO: at 37°C (Dong et al.,
2019). In the same fields as used for FLIM, mitochondria were imaged by 561 nm laser
excitation and 597-737 nm filtered emission. Nuclear subcellular regions were selected
by their central circular appearance. Cytoplasmic sub-regions were chosen in regions

lacking mitochondria in TMRE images.
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Variation of Cys/CySS Redox State

Fresh stock solutions of 10 mM cysteine and 5 mM cystine were made in culture medium
NbActiv1l (BrainBits). The Cys/CySS redox state for NbActiv1 is -50 mV. As described
before (Ghosh and Brewer, 2014a), oxidized and reduced Cys/CySS redox states were
modulated by varying cysteine and cystine concentrations based on the Nernst equation:
Eh (mV)=-250 + 30 log (CySS/[Cys]?). The modulated reductive and oxidative potentials
of Cys/CySS were made by the adjusting the proportions of Cys and CySS stock solution
in the NbActivl medium, 100 uM CySS for 0 mV and 180 uM Cys for -150 mV. Neurons
were incubated under different Cys/CySS redox states for 6 hours at 37°C in 5% COy,

9% Oo.

Free NADH Calibration

According to Ma et al. (2016), the pB-Nicotinamide adenine dinucleotide (NADH, Sigma-
Aldrich) was prepared fresh each time as a stock solution of 428 uM in a 0.2 mM Tris-
HCI, pH 7.5 and stored at 4°C. The absolute concentration of the free NADH stock
solution for calibration was determined prior to use in a NanoDrop 2000 UV-Vis
Spectrophotometer (Thermo Fisher Scientific Inc) at 340 nm. The actual free NADH
concentration was calculated based on the Beer-Lambert law

A = &gbc

where A is the readout absorbance; ¢ is the extinction coefficient of NADH (6.22 at 340
nm); b is the length of light path (1 mm) and c refers to concentration of NADH in the

solution.
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FLIM Imaging

As described previously (Dong et al., 2019), fluorescence lifetime images were acquired
at 37° C in 5% CO2 on a Zeiss LSM 710 microscope (Carl Zeiss, Jena, Germany) using
a 63x oil immersion objective, 1.2 N.A. (Carl Zeiss, Oberkochen, Germany). The 2-Photon
excitation laser source was a Titanium:Sapphire MaiTai laser (Spectra-Physics, Mountain
View, CA) with 120 fs pulses and 80 MHz repetition rate. Pixel dwell time was 25.21 us
and image size was 256 x 256 pixels. The cultured neurons were excited at 740 nm
employing an emission band pass filter at 460/80 nm. The signal (autofluorescence) was

collected with a photomultiplier tube (H7422P-40, Hamamatsu, Japan).

FLIM Phasor and Sub-regional Data Analysis

Analyses were performed using a phasor method (Digman et al., 2008) and SimFCS
software (LFD,UCI). From Stringari (Stringar, 2012; 2015), every pixel of the FLIM image
was transformed to one pixel in the phasor plot by a Fast Fourier Transform (FFT) of the
intensity decay I(t). The coordinates g and s in the phasor plot are the real and imaginary

part of the FFT by using the following transformations:

fot Iilj(t)cos(a)t)dt
IN li j(®)dt

gi j(w) =

fot Iilj(t)sin(a)t)dt
IN Ii j()dt

S j(a)) =
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Where the indices i and j identify a pixel of the image and o represents the frequency
(o=27f), with f is the laser repetition rate (80 MHz) and t is the period of the laser, 12.5

ns. Based on the linearity of the phasor coordinates, the g and s position of each pixel

represents the fraction of free to bound NADH in the image (Stringari, 2015).

To study the free NADH levels of mitochondria, regions of interest (ROI) were selected
based on TMRE staining of mitochondria (Dong et al., 2019). Cytoplasmic regions replete
of mitochondria were selected. Circular nuclear regions were readily evident from their
low NADH signal. Five ROIs were measured in each compartment of each neuron.
Measurements of compartments from 20 female neurons and 10 male neurons from each

age and genotype mouse group were averaged.

Measurements of Total NADH Pool and Free NADH Concentrations in
Mitochondria.

Before calibration with free NADH for absolute NADH quantification, we calibrated the
instrument response function with a known standard, 100 uM Coumarin 6 with lifetime at
2.5 ns. In the phasor plot, the pure free NADH lifetime is 0.4 ns. Whereas, the NADH
bound to LDH (lactate dehydrogenase) has a longer lifetime of 3.4 ns. The lifetime
distribution of the NADH signal from the cells represents the fractional combination of free
and bound NADH along the line between the pure free NADH and bound NADH. To
measure the total NADH pool in the neurons, we first acquired a FLIM image of a known
concentration of free NADH calibrated using the absorbance spectrophotometer. We then

corrected for the difference between a lower quantum yield of the free and higher quantum
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yield of the bound form of NADH as described by Ma et al. (2016) To determine the
mitochondrial free NADH concentration, we multiplied the measured total NADH pool by

the corresponding free NADH fraction in mitochondria.

Statistical Analysis

One-way or Two-way ANOVA analysis was used to assess the difference of means and
variances in Excel. Multifactorial ANOVA analysis was conducted in IBM SPSS Statistics
software. The level of significance was set at p< 0.05 to reject the null hypothesis. Means

and SEs are presented.

3.4 Results

3.4.1 Imposed Extracellular Cys/CySS Redox States Modulate Intracellular NADH
Levels

Age-associated oxidative stress lowers total (bound + free) NADH levels (Parihar et al.,
2008; Ghosh et al., 2012) as well as free NADH in neurons (Dong et al., 2019). To study
free NADH in live neurons as a function of age and transgenic AD genotype, we isolated
and cultured neurons in a uniform medium from mice at young, middle and old ages,
removed from a complicated aging context in vivo including age-related inflammation,
hormones and vasculature. To study how the external redox shifts impact intracellular
free NADH levels and distributions, we applied a 120 fs pulsed laser excitation for
fluorescence lifetime imaging microscopy (FLIM) to distinguish free NADH from bound
forms (Fig. 3.1) at a normal balance of extracellular Cys/CySS (-50 mV), an imposed

oxidative state (0 mV, excess CySS) and an imposed reductive treatment (-150 mV,
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excess Cys). The FLIM intensity images of neurons attest to the ability of withstand
measurements with a Cys/CySS oxidative and reductive state in young NTg neurons (Fig.
3.1A-C) and 3xTg-AD neurons (Fig. 3.1a-c), compared to old NTg (Fig. 3.1H-J) and

3xTg-AD neurons (Fig. 3.1 h-j).
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Figure 3.1. Imposed external Cys/CySS oxidative and reductive states shift the internal
NADH redox state in neurons from NTg and 3xTg-AD mice. FLIM NADH Intensities were
collected from NTg (A, B, C) and 3xTg-AD (a, b, ¢) in young age neurons under 0 mV
(oxidative), -50 mV (normal medium as control, no treatment) and -150 mV Cys/CySS
(reductive) redox states. (D) Phasor plot of the same NTg and (d) 3xTg-AD young age neurons
illustrate the shifts of the intracellular free/bound NADH ratios toward more free NADH at
reductive -150mV and to more bound NADH with imposed external oxidative state of 0 mV.
The colored arrow indicates the direction of shifts from free to bound NADH with imposed
reductive to oxidative states. Corresponding free /bound NADH FLIM color maps of the NTg
(E, F, G) and 3xTg-AD (e, f, g) of young age neurons demonstrate intracellular NADH shifts
to higher free/bound NADH proportions with an external reductive shift showing more cyan-
green. In the FLIM fraction colormap, pink-purple regions indicate more bound NADH and
green-cyan refers to more free NADH fraction. An imposed oxidative stress to 0 mV shifted
the cellular distribution of NADH free/bound ratio toward more red-purple, indicating a shift to
a lower free/bound NADH fraction. Similarly, FLIM NADH intensities were collected in old age
neurons from NTg (H, I, J) and 3xTg-AD mouse neurons (h, i, j) following the indicated redox
treatments. Phasor plot of the same NTg (N) and (n) 3xTg-AD old neurons shows the
manipulation of intracellular free/ bound NADH ratios of neurons in response to the imposed
external Cys/CySS oxidative and reductive states. The dashed vertical orange line indicates
the G value at the center of NTg young cluster at the -50 mV (normal) Cys/CySS condition for
reference. Corresponding free and bound NADH distributions from old neurons of NTg (L, M,
N) and 3xTg-AD (I, m, n) mice with imposed redox states.
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Mitochondria were localized and selected by imaging TMRE fluorescence (Dong et al.,
2019). Since each pixel contains information of the lifetimes of free and bound NADH
molecules, we transformed the signal from each pixel onto a phasor plot to visualize the
proportions of free and bound in young age neurons of NTg (Fig. 3.1D) and 3xTg-AD
(Fig. 3.1d) as well as old age neurons of NTg (Fig. 3.1K) and 3xTg-AD (Fig. 3.1k). In the
phasor plot, the coordinates G and S represent the real and the imaginary part of the fast
Fourier transformation (FFT) respectively (Stringari et al., 2015). As a combination of free
and bound lifetimes, the cellular signal clusters along the line between the bound NADH
lifetime of 3.4 ns (red circle) and pure free NADH lifetime of 0.4 ns (green circle). In
response to the imposed oxidative Cys/CySS redox states, the NADH cluster from a
whole neuron shifted toward more bound NADH, relative to the cluster of the untreated
condition in both young (Fig. 3.1D, d) and old neurons of both genotypes (Fig. 3.1K, k).
Under the imposed reductive states, the neuronal NADH lifetime cluster shifted to more
free NADH compared to the untreated condition. In the free and bound NADH distribution
map (Fig. 3.1E-G), the cyan-green color refers to more free NADH while red-purple
indicates more bound NADH. Neurons treated with an oxidative condition showed a shift
in NADH fraction from free to more bound NADH (Fig. 3.1E, e, L, I). In contrast, an
imposed external reductive state caused a shift in cellular distribution toward more free

NADH (Fig. 3.1 G, g, N, n).
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3.4.2 Mitochondrial Free/Bound NADH Proportions Respond to Imposed Oxidative
and Reductive States

Free NADH levels in mitochondria are critical for complex | to maintain the proton gradient
across the mitochondrial membrane to power ATP production in the process of oxidative
phosphorylation (OXPHOS). We used 2-photon excitation microscopy to resolve
mitochondrial free and bound proportions in the NADH pool. We determined whether the
mitochondrial free NADH levels can be manipulated with imposed extracellular Cys/CySS
oxidative and reductive states. Fig. 3.2 shows (G, S) data plotted from 10 cells of each
age and genotype as a function of external oxidative and reductive shifts. In general, for
both genotypes and 3 ages, the extracellular oxidative stress (pink circle) caused a shift
toward more bound NADH relative to untreated mitochondria. The imposed external
reductive state (green circle) caused dramatic shifts toward higher free NADH in the (G,
S) plot of all ages and both genotypes. These results indicate the ability to shift
mitochondrial free and bound NADH fractions of all ages and both genotypes by imposed

external redox shifts.
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Figure 3.2 Mitochondrial NADH shifts toward more bound NADH with oxidative states
and toward more free form in response to the imposed external reductive treatment.
Each dot or cross point represents the average measurements in mitochondrial regions (ROIs)
from a single NTg or 3xTg-AD neuron (n= 10 neurons/age/genotype/redox state = 180 points).
Mitochondrial free/bound NADH re-distributes in response to the manipulated external
Cys/CySS redox states from reductive (-150 mV) to oxidative (0 mV) in both genotypes and
three ages are shown by the colored arrow (ANOVA for G, F(2, 179)= 547, p< 0.001; for S, F(2,
179)= 356, p< 0.001).
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3.4.3 Imposed External Cys/CySS Redox States Modulate NADH at Mitochondria,
Cytoplasm and Nuclei by Age, AD-genotype and Gender

Given that the age- and AD-associated declines in free NADH levels (Dong et al., 2019),
we investigated 1) age- and AD-related differences of compartment-specific free NADH
proportions in response to the external oxidative stress and further determine if old age
diminishes the capacity to maintain free NADH against external imposed oxidative stress;
2) More importantly, whether the lower free NADH levels in old neurons could be restored
by imposed external Cys/CySS reductive state in either genotype. Note that measures of
the free NADH fraction are relative to the total NADH pool size (free + bound). Therefore,
as the total NADH pool size diminishes with age and AD, computed changes in absolute
free NADH concentrations could be larger than the changes in free NADH fraction of the
total. From these measures of free NADH fraction, we further measured the free NADH
concentrations in mitochondria across the age span to adjust for different total NADH pool
sizes. We describe each of these effects first for mitochondria at each redox state, then

cytoplasm and nucleus in terms of age, genotype and sex effects.

Mitochondrial Free NADH Fractions

(1) At 0 mV Oxidative State

The imposed external Cys/CySS oxidative stress (0 mV) caused declines in mitochondrial
free NADH fractions in all ages (Two Way ANOVA for ages, female F(2,119)= 165, p<
0.001 and male F(2,59)= 112, p< 0.001) and genotypes (Two Way ANOVA for genotypes,
female F(1,119)= 35, p< 0.001 and male F(1,59)= 26, p< 0.001) (Fig. 3.3A, D).

Interestingly, under the external oxidative stress, the declines of mitochondrial free NADH
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fractions from -50 to 0 mV of all ages and genotypes ranged narrowly from 30-35% in
female (Fig. 3.3A) and 37-40% in male neurons (Fig. 3.3D). Specifically, at the 0 mV
oxidative condition the old-age free NADH fraction were 21-30% lower than young
neurons in mitochondria of both genders and genotypes. However, since the old neurons
started at a 23-26% lower free NADH fraction, at 0 mV the old neurons were shifted closer

toward a viable limit of free NADH.

(2) At -150 mV Reductive State

To determine if the lower free NADH fractions in old age neurons can be rescued by a
reductive treatment, we imposed an extracellular Cys/CySS reductive state of -150 mV in
the culture media. Fig. 3.3A, D show that this reductive stress elevated mitochondrial free
NADH fraction in all ages, genotypes and genders compared to the untreated conditions
(Two Way ANOVA for age, female F(2,119)= 37, p< 0.001 and male F(2,59)= 60, p<
0.001) and genotypes (Two Way ANOVA for genotypes, female F(1,119)= 13, p< 0.001
and male F(1,59)= 164, p< 0.001). Under the imposed reductive state, mitochondrial free
NADH of young neurons increased 6%-15% and old neurons rose by 23%-26% for both
genotypes and genders. The external reductive state enhanced the mitochondrial free
NADH fraction in old neurons to values approaching the those of young age under the
untreated condition (orange circles) of both genotypes and genders. This indicates the
lower mitochondrial free NADH in old age can be restored with an external reductive shift.
Additionally, successful rejuvenation of the mitochondrial free NADH fractions in old age
neurons suggests a reversible latent capacity to regenerate free NADH in old age

neurons. With external reductive state, the lesser 6%-15% rise of free NADH fractions in
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young than the 23%-36% in old age neurons suggests an approach toward a maximal

capacity for free NADH regeneration.

(3) Manipulability

Over the range of imposed oxidative to reductive conditions, the mitochondrial free NADH
fractions of young neurons could be manipulated by 64-74% and old age neurons were
affected 105-111% (treatment*age interaction for female F(4, 359)= 9, p< 0.001; for male
F(4, 179)= 36, p< 0.001) for both genotypes and genders. The higher manipulability in
old age neurons suggests a higher vulnerability to resist external redox stress and a lower

capacity to maintain mitochondrial free NADH levels.
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Figure 3.3. Compartment-specific changes in free NADH fractions with imposed
extracellular oxidative (0 mV) and reductive (-150 mV) states across ages of NTg and 3xTg-
AD mice for both female (A-C) and male (D-F) neurons. (A, D) Mitochondrial free NADH
fractions in response to the imposed external Cys/CySS reductive states at -150 mV and imposed
oxidized state at 0 mV in all ages (p< 0.001) of both NTg and 3xTg-AD mice. With external reductive
treatment, mitochondrial free NADH fractions can be rescued to the levels of young age at
untreated condition (orange circles). Untreated condition of -50 mV was a control for comparison.
At the untreated condition, age effect drove declines in mitochondrial free NADH from young to old
age of each genotype (p< 0.001). Moreover, free NADH fractions with genetic load appear to be
lower than that of age- and redox- matched NTg neurons (p< 0.001). The imposed oxidative stress
depleted free NADH fractions in all ages (p< 0.001). Notably, mitochondrial free NADH fractions in
young age always presented highest than the levels of middle and old age in response to the
external redox shifts. (B, E) Cytoplasmic free NADH fractions and (C, F) Nuclear free NADH
fractions of female neurons illustrated depletion with oxidative stress (p< 0.001) and elevation in
reductive states (p< 0.001) across ages in NTg and 3xTg-AD mice. Similarly, in male neurons. For
gender difference, male neurons exhibited lower free NADH fractions than the age-, genotype- and
redox-matched female neurons in each compartment, (Mito. F(1,59)=13, p<0.001; Cytoplasm
F(1,59)=25, p<0.001; Nuclei F(1,59)=13, p<0.001); This sex-driven redox orders remain
unchanged with external oxidized stress, (Mito. F(1,59)=33, p<0.001; Cytoplasm F(1,59)=24,
p<0.001; Nuclei F(1,59)=5, p=0.03) and with the imposed reductive state (Mito. F(1,59)=22,
p<0.001; Cytoplasm F(1,59)=3.7, p=0.06; Nuclei F(1,59)=22, p<0.001); Genotype effect drove a
lower free NADH fraction in 3xTg-AD neurons than the NTg neurons in each age, redox state and
compartment (n=20 female neurons or n=10 male neurons/compartment/redox
state/age/genotype).




3.4.4 Cytoplasmic and Nuclear Compartment-Specific Changes in Free NADH
Fractions

To explore compartment-specific responses in free NADH fractions with extracellular
reductive and oxidative stress, we further measured free NADH fractions in cytoplasm
(Fig. 3.3B, E) and nuclei (Fig. 3.3C, F) for all ages, both genotypes and genders. In the
untreated condition, cytoplasmic free NADH fractions of old neurons were 23-29% lower
than young neurons for both genotypes and genders (treatment*age for female F(4, 359)=
8, p< 0.001; male F(4, 179)= 19, p< 0.001). Nuclear differences in free NADH fractions at
the untreated redox state were 11-19% lower in old than young neurons (treatment*age
in nuclei for female F(4, 359)= 11, p< 0.001; male F(4, 179)= 20, p< 0.001). Under the
imposed external oxidative stress to 0 mV, cytoplasmic free NADH fractions decreased
17-27% in young and 30-37% in old age neurons of both genotypes and genders. Similar
to that of mitochondria, an external imposed reductive shift to -150 mV nearly restored
both cytoplasmic and nuclear free NADH fractions in old age neurons to the levels of
young neurons under the untreated condition. Of note, over the entire redox range, the
manipulability of nuclear free NADH fractions by external redox shifts was 25-43% in
young and 77-87% in old neurons of both genotypes and genders. These percentages
are lower than the changes in the cytoplasm of old-age (91-103%) or the mitochondria
(105-111%), suggesting a stronger capacity in nuclei to maintain free NADH levels
relative to the total NADH pool size and minimize impacts on changes in free NADH with
external redox stress. Remarkably, mitochondria were the most reduced with highest free

NADH fractions, followed by more oxidized nuclei and most oxidized cytoplasm. This
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order was affected little by the imposed reductive and oxidized conditions, genotype age

or gender.

3.4.5 More Oxidized State in Male Neurons than Female Neurons

Females have a higher incidence of AD than males as well as other neurodegenerative
diseases (Payami et al., 1996; Vina and Lloret, 2010). In response to redox shifts, we
found the free NADH fractions to be consistently higher in female than male neurons
across the age-span in both genotypes and three compartments (gender effects
F(1,1619)= 375, p< 0.001; treatment*gender*compartment interaction F(4, 1619)= 3,
p=0.02). Under the same external oxidative and reductive stress, the free NADH fraction
in female neurons was 5%-15%, 6-22% and 3-16% higher than that of male in
mitochondria, cytoplasm and nuclei respectively. The largest gender-difference of free
NADH fractions was found in cytoplasm, suggesting a more glycolytic metabolism in

female neurons under various external redox states.

3.4.6 Free NADH Concentrations and Total NADH Pool Size in Mitochondria with
Imposed Redox States

As the NADH pool size changes with age, genotype, redox environments and energetic
states, free NADH fraction reflects a change of free NADH level relative to the current
NADH pool size (free + bound). To assess absolute free NADH concentrations in
mitochondria of live neurons, we adjusted the FLIM phasor measures for the lower
quantum yield of the free and higher quantum yield of the bound form of NADH (Ma et

al., 2016). Under oxidative stress of 0 mV, in NTg neurons (Fig 3.4A), mitochondrial free
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NADH concentrations of young age neurons declined by 37% to 280 uyM (F(1,31)= 112,
p<0.001) and old age neurons decreased 55% to 110 uyM (F(1,31)= 338, p<0.001)
compared to the untreated condition (-50 mV). In 3xTg-AD neurons, the free NADH
concentration in young neurons declined 46% (F(1,31)= 128, p<0.001) and that in old
neurons dropped 63% (F(1,31)= 198, p<0.001) compared to the untreated condition (-50
mV). AD genetic load drove a further 10% depletion in mitochondrial free NADH
concentrations compared to the age-matched NTg neurons. This indicates that with
external oxidative stress, old neurons had lower capacity to maintain mitochondrial free
NADH concentrations than the young neurons of both genotypes. Furthermore, neurons
with the genetic load were even lower than NTg neurons in their capacity to conserve

mitochondrial free NADH in response to the oxidative stress.

83



(A) Imposed External Redox Shifts (B) Total NADH Pool Size (Free + Bound) in

Mitochondria Mitochondria
600
= 850
= g NTg =3
2 I\ 3xTg =
= 500 f ~ o T it 3 A i
2 N
=
© —_—
s 400 | =
c 3 650 |
3 =
S 300 8
(&} o
z 3
2 2 < 450
z z
©
§ 100 | g
-
- old
0 1 1
150 mV. -50mV  0mV 250 ._
Reductive-----> Oxidative Young Old |Young OIld | Young Old
-150 mV -50 mV 0 mV

Extracellular Cys/CySS Redox States
Reductive ------ > Oxidative

Figure 3.4. Absolute free NADH concentrations and total NADH pool size shift in
mitochondria in response to an imposed external Cys/CySS reductive (-150 mV) or
oxidative (0 mV) state for young and old age neurons from NTg and 3xTg-AD female
mouse brains. (A) Under the imposed external oxidative stress, free NADH in mitochondria
of both young and old neurons, both genotypes was depleted compared to that of untreated
condition at -50 mV (at 0 mV, NTg young F(1, 31)= 112, p< 0.001; NTg old F(1, 31)= 338, p<
0.001; 3xTg young F(1, 31)= 128, p< 0.001; 3xTg-AD old F(1, 31)= 198, p<0.001) and was
elevated with external reductive state to -150 mV (at -150 mV NTg young F(1, 31)= 16, p<
0.001; NTg old F(1, 31)= 154, p< 0.001; 3xTg young F(1, 31)= 13, p=0.0013; 3xTg-AD old F(1,
31)= 183, p< 0.001) (n=16 neurons/treatment/age/genotype). (B) Mitochondrial total NADH
pool size in each redox state of female of both genotypes. As a reference, the blue dashed
line indicates the total NADH pool in young NTg neurons at -50 mV redox state.
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With imposed external reductive state to -150 mV, the mitochondrial free NADH
concentration of old neurons was elevated by 71% to 430 uM in NTg (F(1,31)=598, p<
0.001) and by 89% to 390 pM in 3xTg-AD neurons (F(1,31)=183, p< 0.001). Under the
reductive environment, the free NADH levels in old neurons approach the levels in young
neurons of 442 uM in NTg and 410 uM in 3xTg-AD at the untreated condition (-50 mV).
The successful rejuvenation of mitochondrial free NADH concentrations in old neurons
under the external reductive treatment indicates a latent capacity to restore free NADH
back to the young levels of both genotypes. However, reductive treatment on young
neurons only drove a 18% increase of mitochondria free NADH concentrations in NTg
(F(1,31)=16, p= 0.0004) and 16% elevation in 3xTg-AD neurons (F(1,31)=13, p= 0.0013)
respectively. This suggests an approach to the maximal capacity for free NADH
regeneration (or minimal consumption) in the young age with this reductive condition at -
150 mV. Though the increment was smaller in young neurons with the reductive shift, the
mitochondrial free NADH concentrations were still 22% higher than the old neurons with

reductive treatment in both genotypes.

From the range of external oxidative to reductive stress, the overall flexibility for alteration
of mitochondrial free NADH concentration in old neurons was 30% higher that of young
neurons in both genotypes (n=16 neurons/treatment/age/genotype) (redox treatment*age
interaction F (2, 191) = 25, p< 0.001). This suggests that old neurons were more
susceptible to external redox stress than young neurons. By comparison of the pattern of
young and old differences in Fig. 3.4A to 3.3A for the same neurons, the percent changes

driven by age in mitochondrial free NADH concentrations in Fig. 3.4A were 2-fold larger
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than that in free NADH fractions in Fig. 3.3A. Fig. 3.4B indicates the reason as a smaller
NADH pool (free+ bound) size in old neurons compared to young neurons at each redox
state (ANOVA for treatment*age F(2,191)= 53, p< 0.001; treatment*genotype F(2, 191)=
8, p=0.001). The commonly reported free (or bound) NADH fraction can be compared to
that of free (or bound) NADH concentrations only if the NADH pool is constant (free +
bound NADH). Fig. 3.4B shows large changes in the NADH pool with age and genotype
under each redox state. Thus, the changes in free NADH concentration can be larger
than the fractional changes because of these changes of NADH pool. The smaller size of
the NADH pool in old-age was exacerbated by an external oxidative stress but can be

nearly restored to the untreated young levels by a reductive shift to -150 mV.

3.5 Discussion

Free mitochondrial NADH provides the major source of energy in neurons. The redox
environment is critical for regulating NADH and NAD levels (Stein and Imai, 2012). How
aging influences the free NADH regenerating capacity of mitochondria is less clear. Here
for the first time we have reported the reversibility of free NADH levels even in old age
and AD with an external oxidative or reductive stress. By using a non-invasive method of
FLIM, we were able to quantify free and bound NADH fractions, concentrations and pool
sizes in live neurons in response to the modified external redox states and distinguish
separate responses in neuronal mitochondria, cytoplasm and nuclei. With 6 hours of an
external oxidative shift in Cys/CySS redox state, the intracellular free NADH levels were
lowered in mitochondria, cytoplasm and nuclei of all ages, approaching levels needed for

survival (Ghosh and Brewer, 2014a). Subcellular free NADH in old neurons moved lower
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than the that in young age neurons of both genotypes, suggesting a lower capacity to
preserve free NADH in old age. Additionally, the 3xTg-AD genotype resulted in further
lowering of levels of free NADH compared to that of age-matched NTg neurons.
Remarkably, a reductive shift could rejuvenate free NADH in old neurons to the levels of
untreated young neurons. We propose that the extracellular reductive Cys/CySS states
not only enhance the internal free NADH concentrations, but provide substrate energy for
enzymatic functions to reverse the energetic deficit in aging and AD. Though the redox
systems and signaling of each compartment remain somewhat independent, the imposed
Cys/CySS reductive states dramatically rescued the loss of capacity in regenerating free
NADH of old age neurons in mitochondria, cytoplasm and nuclei of both genders and
genotypes. Under all redox states, we observed that mitochondria had higher NADH
levels than nuclei or cytoplasm, indicating a compartment-specific distribution of free
NADH levels. This reductive privilege of mitochondria enables maximum generation of
ATP from feeding free NADH to the electron transport chain. Our findings suggest the

potential for reductive treatments in aging and AD to reverse the course of oxidative shifts.

Protein cysteine residues serve as redox molecular switches to signal regulatory and
adaptive responses (Fra et al., 2017). A prototypic instance is given by the Kelch-like
ECH-associated protein 1 (Keap1)- nuclear factor erythroid 2-related factor 2 (Nrf2)-
antioxidant response elements (ARE) (Keap1-Nrf2-ARE) pathway. An oxidized redox
state causes an oxidation of cysteines in Keap1 to promote dissociation from Nrf2
(Magesh et al.,, 2012). This allows Nrf2 to translocate to the nucleus to promote

transcription of antioxidant response genes (Dinkova-Kostova et al., 2002). As the critical
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feature of reversible thiol redox switches, we investigated whether an imposed external
Cys/CySS reductive state could reverse the age- and AD-related loss of intracellular free
NADH levels in neurons. In support, dietary supplementation of glutathione precursors
cysteine and glycine in elderly subjects can dramatically drive a 95% increase in
glutathione concentration and 79% elevation in fractional synthesis rate in plasma
(Sekhar et al., 2011). Protective effects on cysteine-rich proteins were seen in dietary
supplementation with SelenoCysteine, which is also available from milk proteins and egg

to improve antioxidant status (McPherson and Hardy, 2011).

Though intracellular free NADH levels decline with age and AD-genotype, our data
suggests that the free NADH levels in old age NTg and AD-model neurons can be
restored back to the young age levels by the external manipulation of Cys/CySS redox
circumstances. This restoration to youthful levels of free NADH could provide the
reductive energy for higher rates of oxidative phosphorylation. Higher ATP flux could
explain the improved survival of these old neurons with reductive shifts through a
mechanism of higher pAKT (Ghosh and Brewer, 2014a). More generally, redox biology
interfaces the individual exposome (e.g. diet and exercise; here redox shift) and functional
metabolome and genome (Go and Jones, 2014). Our imposed redox shifts are important
because extracellular redox states play critical roles in numerous biological processes
including proliferation (Hutter et al.,, 1997), differentiation (Smith et al., 2000) and
apoptosis (Voehringer, 1999). Systemically, the thiol/disulfide couples of cysteine/cystine
(Cys/CySS) and glutathione/glutathione disulfide (GSH/GSSG) are in thermodynamic

disequilibrium in plasma (Go and Jones, 2017). Inside cells, the GSH/GSSG couple
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buffers the redox state, but NADH is kinetically upstream of GSH (Ghosh et al., 2014b).
Cys residues and most thiols in proteins can be kinetically manipulated for redox control

(Go and Jones, 2017; Kirlin et al., 1999).

Our results demonstrate that the free NADH concentration and NADH pool are under
direct and rapid redox control by external Cys/CySS oxidative and reductive shifts. The
reductive shift in the circadian rhythm of plasma Cys/CySS with eating (Blanco et al.,
2007) indicates the opportunity for in vivo manipulation. These results suggest a potential
use of redox-based therapy as an effective tool to delay or even reverse the course of
aging and AD by reversing the depletion of free NADH levels to improve ATP generating
capacity. Here we only evaluated one level of reductive shift and less reductive shift may
be necessary to avoid reductive stress (Aon et al., 2010). In vivo, this will require titration
to biomarker targets. In previous work, neuronal (free + bound) NAD(P)H levels were
compared after titrated inhibition of NAD(P)H regeneration or inhibition of glutathione re-
synthesis, which consumes NADPH (Ghosh et al., 2014b). The results in old neurons
indicated that regeneration of NADH was more important than consumption of NAD(P)H

for regeneration of glutathione.

Our studies were motivated by reported changes in the Cys/CySS redox state in human
plasma which was progressively oxidized with age 0.2 mV per year from 18 to 93 years
(Jones, 2006). In neurons, the excitatory amino acid transporter EAAT3 facilitates entry
of the zwitterionic amino acid L-cysteine (Watts et al., 2014). The cystine/glutamate

antiporter SLC7A11/xCT is also responsible for uptake of extracellular cystine and
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release of intracellular glutamate (Soria et al., 2016; Koppula et al., 2017). The activity of
EAAT3 maintains the intracellular pool of free cysteine for glutathione synthesis (Aoyama
and Nakaki, 2013). Addition of extracellular L-cysteine elevates intracellular GSH levels
(Dinkova-Kostova et al., 2002). CySS is immediately reduced to Cys in the more reducing
cytoplasm (Aoyama and Nakaki, 2013). However, the mechanism for increasing
intracellular free NADH levels by the imposed reductive Cys/CySS states remains
unclear. If NADH also serves as an anti-oxidant, then higher levels of GSH could relieve
some ROS-dependent consumption of NADH. Additionally, NADH is in equilibrium with
NADPH via transhydrogenase (Ying, 2008) and malate enzyme (Singh et al., 2008).
NADPH is used for reductive energy by glutathione reductase to regenerate GSH from
GSSG. Therefore, a reductive shift that elevates GSH (Ghosh and Brewer, 2014a), would
lessen consumption of NADPH and thus NADH. A reductive shift may indirectly improve
the free NADH levels by reducing the oxidized protein thiols and reversing the activities
of thiol-containing redox couples and enzymes. Cysteine residues at active sites of
proteins, such as thioredoxin (Trx), glutaredoxin (Grx) and peroxiredoxin (Prx), dominate
oxidative detoxification (Winterbourn, 2008). These characteristics facilitate a reversible
redox switch in response to the extracellular reductive and oxidative circumstances.
These responses have been especially well documented for NMDA receptors as protein
cysteines dimerize in an oxidized redox state to limit Ca** flux in aging hippocampal
neurons (Kumar and Foster, 2018). As a fast response to the environmental stimuli,
reversible changes of protein thiols provide rapid post-translational switches in control of

the functions of mitochondrial proteins (Mailloux et al., 2014).
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Clinical attempts to modulate cysteine were reported recently. Placebo-controlled clinical
trials with N-acetylcysteine (NAC) as the supplement in psychosis patients showed
significant improvements on neurocognition and increase of GSH levels in brain and
blood cells (Conus et al., 2018; Sepehrmanesh et al., 2018) as well as working memory
performance (Rapado-Castro et al., 2017). NAC functions as a powerful antioxidant for
detoxification because of its role as a precursor of L-cysteine for glutathione biosynthesis
(Mokhtari etal., 2017). In fibroblasts of AD patients, the combinatorial intervention of lipoic
acid (1 mM) and NAC (100 uM) pronouncedly decreased mitochondrial-related oxidative
stress (Moreira et al., 2007). Due to its safety as a nutritional supplement, NAC was also
examined for AD treatment in clinical trials. In some clinical trials, L-cysteine is used as
an auxiliary treatment for AD patients. A phase Il randomized clinical trial of a
nutraceutical formulation (including NAC, a-tocopherol, acetyl-L-carnitine, folate, B12, S-
adenosyl methioinine) on 106 AD patients showed a stable or improved cognitive
performance and mood/behavior (Remington et al., 2015). Administration of a
supplement cocktail of antioxidants including L-cysteine, vitamin E, vitamin C, B-carotene,
selenium, vitamins B1, 2, 3, 6, 9 and 12 may augment pharmacological approaches in
AD treatment (Shea and Remington, 2015). In this study, we presented the successful
reversibility of oxidized free NADH in mitochondria of old age neurons to the young levels
from NTg and 3xTg-AD mouse brains by imposing an externally reductive Cys/CySS shift
to -150 mV. This provides additional motivation for therapy for AD by administration of

reductive cysteine redox states in vivo.
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Free NADH functions critically to power energetic supply and maintain intracellular redox
homeostasis. In an advance over previous in vitro NADH studies of brain aging and
Alzheimer’s, this work used FLIM, to discriminate free and bound NADH in segregated
mitochondrial, cytoplasmic and nuclear compartments of live primary neurons in response
to the external imposed Cys/CySS oxidative and reductive manipulation. Our method is
label-free and non-invasive probing the intrinsic fluorescence of NADH in live neurons by
two-photon excitation. Since the total NADH pool size varied by age, genotype and
external redox shifts and free NADH fraction is relative to the total NADH pool size, a
further quantification of free NADH concentrations and total NADH pool sizes in
mitochondria facilitated comparison of their capacity to maintain or regenerate free
NADH. With external reductive treatment, the free NADH fractions in old neurons can be
reversed and rejuvenated to the levels of young age, indicating a potential reductive
intervention to reverse or slow down the progression of aging and AD. The measured free
NADH concentrations suggests a lower capacity in maintaining or regeneration of free
NADH in old neurons than the young neurons and a further diminish with genetic load in
the age-matched 3xTg-AD neurons. Additionally, in line with the compartmental redox
order in HelLa cells (Hansen et al., 2006), we found in neurons, regardless of external
redox states, mitochondria displayed the most reduced with highest free NADH fractions,
followed by nuclei and most oxidized in cytoplasm with lowest free NADH fractions. The
successful reversibility of free NADH concentrations in old age neurons back to the levels
of healthy young age by an external reductive state suggests a potential reductive

intervention to counter AD and extend lifespan.
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CHAPTER 4
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4.1 Abstract

Age and Alzheimer's disease (AD) share some common features such as cognitive
impairments, memory loss, metabolic disturbances, bioenergetic deficits and
inflammation. Yet little is known on how systematic shifts in metabolic networks depend
on age and AD. In this work, we investigated the global metabolomic alterations in non-
transgenic (NTg) and triple-transgenic (3xTg-AD) mouse brain hippocampus as a function
of age by using untargeted Ultrahigh Performance Liquid Chromatography-tandem Mass

Spectroscopy (UPLC-MS/MS). We observed common metabolic patterns with aging in
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both NTg and 3xTg-AD brains involved in energy-generating pathways, fatty acids
oxidation, glutamate and sphingolipid metabolism. We found age-related down-regulation
of metabolites from reactions in glycolysis that consumed ATP and in the TCA cycle,
especially at NAD*/NADH-dependent redox sites, where age- and AD-associated
limitations in the free NADH may alter reactions. Conversely, metabolites increased in
glycolytic reactions in which ATP is produced. With age, inputs to the TCA cycle were
increased including fatty acid p-oxidation and glutamine. Overall age- and AD-related
changes were >2-fold when comparing the declines of upstream metabolites of
NAD*/NADH-dependent reactions to the increases of downstream metabolites (p=10-°,
n=8 redox reactions). Inflammatory metabolites such as ceramides and sphingosine-1-
phosphate also increased with age. Age-related decreases in glutamate, GABA and
sphingolipid were seen which worsened with AD genetic load in 3xTg-AD brains, possibly
contributing to synaptic, learning- and memory-related deficits. The data support the novel
hypothesis that age- and AD-associated metabolic shifts respond to NAD(P)*/NAD(P)H

redox-dependent reactions, which may contribute to decreased energetic capacity.

4.2 Introduction

Alzheimer’s disease (AD) is a neurodegenerative disease characterized by extracellular
B-amyloid plaque accumulation, intracellular neurofibrillary tangles, metabolic
disturbances (Bubber et al., 2005), oxidative stress (Zhu et al., 2007), inflammation
(Wang et al., 2015), autophagic (Reddy et al., 2018) and bioenergetic deficits (Perez and
Swerdlow, 2019; Wu et al., 2018). Despite abundant associations, based on clinical trials,

it is unclear which of these are primal. AD affects an estimated 5.7 million in America in
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2016 and is projected to grow to 13.8 million by 2050 (Alzheimer’s Association, 2016).
Age is the greatest risk factor for neurodegenerative AD. Aging and AD share some
common features including neurodegeneration (Wirth et al., 2013), metabolic
perturbances (Culter et al., 2004; Muller et al., 2010; Mattson and Arumugam, 2018),
bioenergetic deficits (Du et al., 2013) and inflammation (Yin et al., 2016). According to the
epigenetic oxidative redox shift (EORS) theory of aging, age- and AD- associated
sedentary life style promote oxidative shifts upstream of ROS to initiate a vicious cycle of
oxidized membrane receptors, signaling molecules, transcription factors and epigenetic
transcriptional regulators, which further impose a metabolic shift away from the

mitochondrial energy supply (Brewer, 2010).

“Omics” technologies including genome (Seshadri et al., 2010), epigenome (Gjoneska et
al., 2015), transcriptome (Miller et al., 2010), proteome (Manavalan et al., 2013; Kiddle et
al., 2014) and metabolome (Trushina et al., 2013) studies of mice and human have
examined age- and AD-associated changes in gene and protein expression (Zierer et al.,
2015; De Magalhaes et al., 2009). Metabolome studies integrate the effects of expression
of the genome, epigenome, transcriptome, proteome and post-translational modulation
of activity by the exposome to provide a downstream snap shot of regulatory signaling
networks (Gomase et al., 2008). An age-associated sedentary low-energy state is
implicated in AD morbidity and is coincident with observations of metabolic shifts and
decline in glucose uptake with age (Ding et al., 2013; Gage et al., 1984; Gumbiner et al.,
1992; Mattson and Arumugam, 2018). AD-associated metabolic perturbation was

reported in tryptophan, tyrosine, methionine, purine in cerebrospinal fluid (CSF) of AD
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patients (n=40) (Kaddurah-Daouk et al., 2013), ceramides and sphingomyelins in plasma
of 26 AD patients (Han et al., 2011) relative to age-matched controls. Significant
metabolic disturbances in transgenic APP/PS1 AD mouse model include essential amino
acids, branched-chain amino acids, neurotransmitter serotonin, phospholipid and
acylcarnitine (Pan et al., 2016). Additionally, changes in energy metabolism result in
metabolic shifts in different regions of aging mouse brains (lvanisevic et al., 2014; 2016).
We specifically studied metabolic shifts in hippocampal regions of different ages which
are implicated in impaired episodic memory, short- and long-term memory, spatial
memory and navigation. Gene expression in 129/C57BL/6 mouse brains revealed that
from 6- to 9- months, almost two-thirds of the genes relative to energy and amyloid
metabolism were downregulated, whereas in the age-matched male brains, only 5%
genes were altered (Zhao et al., 2016). In our work, we extended the studies to global
metabolism gender-differences across the age-span in the hippocampus. Further, since
aging increases the risk for AD incidence, whether the normal age and AD share some
common shifts or signatures in metabolic profiles and patterns in brains and if so, which
pathways are most affected are poorly understood. Moreover, correlations of metabolic
shifts in old age of hippocampal brains relative to the Alzheimer's model brains at the

sites of redox bioenergetics were examined to strengthen the redox hypothesis of aging.

Interest in metabolic alterations in AD is anchored by reduced glucose uptake in AD
patients. A study of 20 patients with early-onset dementia of Alzheimer type (DAT)
revealed a 50% reduced metabolic rate of glucose uptake in the brain and significant
elevation of lactate compared to non-demented subjects (Hoyer, 1988). At the end of

glycolysis, pyruvate is either oxidized to acetyl-CoA for entry into the TCA cycle or
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reduced to lactate, dependent on the redox status of nicotinamide adenine dinucleotide
oxidized/reduced forms (NAD*/NADH). Since this redox state becomes more oxidized
and the NADH pool declines with age and in AD-transgenic mice (Ghosh et al., 2012;
Dong et al., 2019), we further explored how these age- and AD-related oxidative shifts in
NADH affected metabolic networks, especially NAD*/NADH-dependent substrates in
glycolysis and NADH production in the TCA cycle. Lactate serves as an alternative energy
supply for neurons during hypoglycemia (Aubert et al., 2005) and it also functions as a
neuroprotective metabolite (Newington et al., 2013) via transcriptional activation of brain-
derived neurotrophic factor (BDNF) expression (Coco et al., 2013). In addition to lactate,
Ding et al. (2013) demonstrated the utilization of ketone bodies as an alternative energy
supply during early glucose insufficiency in mouse brain. Yao et al. (2011), proposed that
during an energetic crisis, a compensatory metabolic shift from glycolysis to ketogenic/
fatty acid oxidation caused white matter degradation. Here, we compared the age-related
shifts of metabolomic profiles in both NTg and triple-transgenic (3xTg-AD) mouse brain
hippocampus of both sexes by using ultrahigh performance liquid chromatography-
tandem mass spectroscopy (UPLC-MS/MS). We observed major age and AD-associated
shifts of metabolic patterns linked to energy production and NADPH antioxidant
intermediates in the PPP, fatty acid metabolism, glutamine and sphingolipid metabolism.
The prospect of correlating age- and AD- related shifts in metabolic profiles with impaired
brain energy and antioxidant defense offers a novel way to study the mechanism of AD,
diagnose early stages of AD among aged population with possible prognostic

implications.

98



4.3 Materials and Methods

Mouse Model

We used LaFerla’s triple transgenic mouse model of AD (3xTg-AD) with human
transgenes ABPP (SWE) and Tau (P301L) driven by the Thy1.2 promoter and knock-in
PS1 (M146V) to mimic the neuropathological features of AD (Oddo et al., 2003). Non-
transgenic (NTg) C57BL/6 mice (Charles River, San Diego) were used as controls with
normal NNT (Ghosh et al., 2014b). In each genotype and each gender, five young (1-3
month), five middle (8-14 month) and five old (18-23 month) ages of mice were used. All
mice underwent genotyping before use in experiments. All experiments involving animals
were approved by the Institutional Animal Care and Use Committee (AUP-17-65) and

performed according to NIH guidelines and regulations.

Hippocampal Tissue Collection

Mice were anesthetized by isoflurane vapor with subsequent collection of whole brains.
Hippocampi and overlaying entorhinal cortex were isolated, followed by immediate flash
freezing in liquid nitrogen for 1 min (n=5 mice /age/genotype/gender). All samples were
stored at -80°C until shipping to Metabolon (Durham, NC, USA) on dry ice for
metabolomics analysis. Samples were randomized and coded for blinding in the repeated

ages and genotypes.

Sample Preparation
Samples were prepared using the automated MicroLab STAR system from Hamilton

Company. Several recovery standards were added before tissue extraction for quality
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control (QC). Proteins in the samples were precipitated with methanol under vigorous
shaking for 2 min (Glen Mills GenoGrinder 2000) followed by centrifugation. The resulting
extract was divided into five aliquots: two for analysis by two separate reverse-phase
(RP)/UPLC-MS/MS methods with positive ion mode electrospray (ESI), one with negative
ion mode ESI, one for analysis by HILIC/UPLC-MS/MS with negative ion mode ESI, and
one sample was stored for backup. Samples were placed briefly on a TurboVap (Zymark)
to remove the organic solvent. Sample extracts were stored overnight under nitrogen

before preparation for analysis.

Quality Control (QC)

Several types of controls were analyzed in concert with the experimental samples: 1)
pooled matrix sample generated by taking a small volume of each experimental sample,
serving as a technical replicate; 2) extracted water sample as process blanks; 3) a cocktail
of QC standards that were carefully chosen not to interfere with the measurement of
endogenous compounds were spiked into each analyzed sample to monitor instrumental
performance and aided chromatographic alignment. Instrument variability was
determined by calculating the median relative standard deviation (RSD) for the standards
that were added to each sample before injection into the mass spec machine. Overall
process variability was determined by calculating the median RSD for all endogenous
metabolites present in 100% of the pooled matrix samples. The median RSD of
instrument variability and total process variability was 4% and 11% respectively.
Experimental samples were randomized across the platform run with QC samples spaced

evenly among the injections.
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Ultrahigh Performance Liquid Chromatography-Tandem Mass Spectroscopy
(UPLC-MS/MS)

All methods utilized a Waters ACQUITY ultra-performance liquid chromatography (UPLC)
and a Thermo Scientific Q-Exactive high resolution/accurate mass spectrometer
interfaced with a heated electrospray ionization (HESI-II) source and Orbitrap mass
analyzer operated at 35,000 mass resolution. The sample extract was dried followed by
reconstitution in solvents compatible to each of the four methods. Each reconstitution
solvent contained a series of standards at fixed concentrations to ensure injection and
chromatographic consistency. For hydrophilic compounds analyzed using acidic positive
ion condition, the extract was gradient eluted from a C18 column (Water UPLC BEH C18-
2.1x100 mm, 1.7 ym) using water and methanol, containing 0.05% perfluoropentanoic
acid (PFPA) and 0.1% formic acid (FA). For hydrophobic compounds analyzed using
acidic positive ion conditions, the extract was gradient eluted from the same C18 column
using methanol, acetonitrile, water, 0.05% PFPA and 0.01% FA. Another aliquot was
analyzed using a basic negative ion optimized condition and a separate dedicated C18
column. The basic extracts were gradient eluted form the column using methanol and
water, with 6.5 mM ammonium bicarbonate at pH 8. The fourth aliquot was analyzed via
negative ionization following elution from a HILIC column (Waters UPLC BEH Amide
2.1x150 mm, 1.7 um) with a gradient of water and acetonitrile with 10 mM ammonium

formate, pH 10.8. The scan range covered 70-1000 m/z.
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Compound Identification, Quantification

Compounds were identified by comparison to library entries of purified standards or
recurrent unknown entities. Biochemical identifications are based on three criteria:
retention index within a narrow Rl window of the proposed identification, accurate mass
match to the library +/- 10 ppm, and the MS/MS forward and reverse score between the

experimental data and authentic standards.

Metabolite Quantification and Data Normalization

Peaks were quantified using area-under-the-curve. Each compound was corrected in run-
day blocks by registering the median to equal one (1.00) and normalizing each data point
proportionately. Each biochemical in the original scale is rescaled to set the median equal

to 1 and presented as scaled intensities.

Statistical analysis

Following log transformation and imputation of missing values, if any, with the minimum
observed value for each compound, ANOVA contrasts were used to identify biochemicals
that differed significantly between experimental groups. Two-way and three-way ANOVAs
were used to identify biochemicals of significant interaction and main effects for
experimental parameters of genotype, age and gender. A hierarchical clustering method
was applied to the fatty acids with calculation of Euclidian distances and clustering by

complete-linkage method in R statistical software.
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4.4 Results

4.4.1 Overview of Global Metabolic Shifts in Aging and AD Mouse Brains

We determined the age and AD-associated shifts in brain metabolomics by unbiased
untargeted UPLC/MS/MS. By methanol extraction of freshly isolated mouse hippocampus
with overlying cortex (hereafter hippocampus) from NTg and 3xTg-AD mice of young,
middle and old ages, we were able to detect and identify 567 metabolites including amino
acids, peptides, carbohydrates, energic intermediates and lipids from a wide range of
pathways. Significance of changes in metabolites were calculated by ANOVA for age,
genotype and gender effects based on fold change of those metabolites. Notably, a large
44% of the detected metabolites were affected by age and 57% by gender (Fig. 4.1).
Additionally, 36% differed by genotype. 21% of the metabolites showed an interaction of
genotype and age. To explore how much age contributes to the metabolic shifts in AD,
we grouped metabolites into three categories: both genotypes decreased with age,
increased or were discordant as presented in Venn diagrams (female and male
combined) (Fig. 4.1). Each circle area is proportional to the total number of metabolites.
The overlapped area in Fig. 4.1A indicates proportions of down-regulated metabolites in
both old age and AD, accounting for 43% of the NTg and 63% of the 3xTg-AD metabolites.
Similarly, Fig. 4.1B shows the common up-regulated metabolites in both normal old age
and 3xTg-AD mouse brains, constituting 62% and 54% respectively. This high level of
coordinate responses in either down-regulation or up-regulation (50-60%) suggests age
and AD share common patterns of metabolic shifts. Additionally, this may indicate old age
metabolism increases the risk for AD incidence. Discordant metabolites shifted in

opposite directions with age in NTg and 3xTg-AD samples were just 20% of the total (p<
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0.05, genders combined, Fig. 4.1C). Among these disparate metabolites, 60% of the
metabolites decreased in NTg but increased in 3xTg-AD samples with age (purple circle,
Fig. 4.1C). 40% of the metabolites were enhanced in NTg old age but lowered in 3xTg-
AD samples (orange circle, Fig. 4.1C). These disparate metabolites distinguished normal
aging from AD, and therefore indicates specific metabolic features involved in the AD

genotype.
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Two-Way or Genotype Age Gender Genotype, Genotype, Age, Genotype,

Three-Way Main Main Main Gender Age Gender Age,
ANOVA Effect Effect Effect Interaction Interaction Interaction Gender
(p= 0.05) Interaction
567 204 (36%) 248 322 125 121 82 95
Metabolites (44%) (57%) (22%) (21%) (14%) (17%)
identified

(A) Decreases in NTg and 3xTg-AD (B) Increase in NTg and 3xTg-AD

NTg

NTg
77 52
57% 38%

(C) Disparate in NTg and 3xTg

NTgh + 3xTgV

46

Figure 4.1. Majority of metabolites that change with age (old relative to young) coordinately respond in
both NTg and 3xTg-AD mouse brains (female and male combined). Three-way ANOVA for genotype,
age and gender identify 121 metabolites affected commonly by both genotype and age, accounting for
59% of genotype effects and 49% of age main effects. Numbers of biochemicals exhibiting main effects
(p =0.05) and significant interactions. (A) metabolites that decreased significantly in both NTg and 3xTg-
AD (p<0.05). The cyan circle area represents the number of decreases in old NTg mouse brains (136
metabolites in total), similar to the dark green circle for 3xTg-AD mouse brains (94 total). The overlap
area represents the common metabolites that decreased with aging in both NTg and 3xTg-AD. (B)
significantly increased metabolites similarly age-related in NTg (p<0.05; pink circle, 138 in total) and
3xTg-AD (red circle, 160 metabolites total). with a large overlap area. (C) Number of NTg metabolites
with significant opposite change with age of in 3xTg-AD mouse brains (p<0.05; purple circle NTg
decreased; yellow circle NTg increased). Circle areas and overlaps are proportional to the number of
metabolites.
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4.4.2 Age-Related Metabolic Shift in Glycolytic and Pentose Phosphate Pathway

(PPP) Metabolites

We examined the glycolytic pathway for low human utilization of glucose with age and AD
in female mouse hippocampus and extended the specificity into steps of the glycolytic
and PPP (Fig. 4.2). As glycolysis and the pentose phosphate pathways initially consume
all the glucose from glucose-6-phosphate, we determined whether age and AD were
associated with greater consumption of metabolites in these pathways. We observed that
metabolites involved in consumption of ATP, including glucose, glucose 6-phosphate,
fructose 6-phosphate and dihydroxyacetone phosphate (DHAP), decreased significantly
with age of both genotypes. The largest decreases were found in glucose 6-phosphate
and fructose-6 phosphate, which declined 51-52% in NTg and 27-38% in 3xTg-AD female
with similar decreases in male. Given that glucose only declined 8-12% in female brains
and less than 9% in male of both genotypes, this may indicate an age-related increase in
consumption by energy producing steps of glycolysis and/or diversion into the PPP.
Following glycolytic consumption of ATP and oxidation by NAD*, the energy-generating
steps of glycolysis were elevated with age (Fig. 4.2). 3-phosphoglycerate and
phosphoenolpyruvate (PEP) were elevated 63-75% in NTg and 170-180% 3xTg-AD
hippocampus in females with age, while these metabolites in males rose 114-119% in
NTg and 90-91% in 3xTg-AD. This indicates that the input exceeds the consumption with
age near the end of glycolysis. By genotype, these metabolites were 34-50% higher from

3xTg-AD hippocampi than NTg.
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Figure 4.2. In glycolysis and the pentose phosphate pathway (PPP), hippocampal metabolites
declined with age in reactions in which ATP was consumed (green circles with green arrows)
and metabolites increased in reactions involved in ATP generation (red circle with red arrows).
Intensities of identified metabolites from mass spectrometry in each hippocampal sample were
normalized (n=5 mouse brain samples/age/genotype/gender). Mean intensity with standard
errors in female (left) and male (right) for 3 ages of young, middle and old age. Two-way ANOVA
was used to calculate statistical significance for each metabolite (p<0.05 indicates significant
age effect). Ns indicates detection but not significantly affected by age; ND, no detectable.
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The other possible pathway that could account for the age-related decrease in
metabolites at the beginning of glycolysis would be diversion into the PPP (Fig. 4.2). As
the first committed step in the PPP, we detected higher levels of 6-phosphogluconate, in
3xTg-AD than the age-matched NTg mouse brains (combined genders, p< 0.05),
although it was not significantly changed with age. However, the downstream metabolite
of ribose 5-phosphate in the PPP was 36-52% lower from young to old age of both
genotypes and genders (Fig. 4.2). Age-related increased metabolic inputs in PPP from
glycolysis with reduced levels in the downstream metabolite of ribose 5-phosphate
suggests a higher consumption of intermediates in PPP to support NADPH generation
for antioxidant defense. Ribulose 5-phosphate and sedoheptulose 7-phosphate in the
PPP were not significantly changed with age. The PPP partially fluxes back into glycolysis
at the points of glyceraldehyde 3-phosphate and fructose 6-phosphate (also decreased
with age). Among the intermediates of ATP-consumed steps in glycolysis, only fructose
1,6-bisphosphate was found to be not significantly changed with age in either NTg and
3xTg-AD samples. In PPP, 6-phosphogluconate levels were 1.6 to 2-fold higher in 3xTg-
AD old samples compared to age-matched NTg for both genders. The downstream
intermediate ribose 5-phosphate showed remarkably age-dependent declines in both
genotypes. These metabolites in the PPP pathway suggest either an age-dependent loss
of antioxidant capacity in the PPP or a comparatively higher utilization of the PPP for

more NADPH production and antioxidant defense with AD genetic load.

At the end of glycolysis, PEP is metabolized to pyruvate. Pyruvate is at a critical

intersection to either branch to produce lactate or enter into the TCA cycle after
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conversion into acetyl-CoA. Our results showed age-related 30-45% decreases in
pyruvate of both genders for NTg and 50-58% decreases in 3xTg-AD samples (Fig. 4.2).
This remarkable switch from an age-related increase in the PEP precursor to an age-
related drop in pyruvate suggests an increased consumption of pyruvate with age, a re-
direction in metabolic fluxes either into lactate or acetyl-CoA. A ratio of lactate to pyruvate
(lactate/pyruvate) increased with age in female (Two-way ANOVA for age and genotype
F(2,29)= 14, p<0.001) and male (Two-way ANOVA F(2,29)= 12, p<0.001). Compared to
the young age, the lactate/pyruvate ratio in old-age brains increased 34-52% in NTg and
131-134% in 3xTg-AD samples of both genders. With age, the 30-50% drop in pyruvate
of both genotypes and genders was not propagated to lactate levels (< 10% shifts with
age), suggesting a balance between production and utilization of lactate or removal from
the brain into the blood. The decreased levels of pyruvate suggest more output to
branches of lactate or the TCA cycle. The lactate/pyruvate ratio can be regulated by the
NAD/NADH ratio (Tilton et al., 1991). Metabolic flux experiments are needed for a

definitive conclusion of an age-related decline in ATP production from glycolysis.

4.4.3 Age-Related Increased Inputs to the TCA Cycle with Decreased Cycle

Metabolites

Increased fatty acid p-oxidation

To further explore if the age-related metabolic transition to lower pyruvate results in a
lower metabolic state of the TCA cycle with age, we studied the age-related shifts in
metabolite levels of the TCA cycle (Fig. 4.3). We first consider the inputs to the TCA cycle
from fatty acids, glutamine and branched chain amino acids, followed by metabolites in
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the cycle. Pyruvate enters the TCA cycle after conversion into acetyl-CoA. Fatty acid -
oxidation, also produces acetyl-CoA (pink highlight in Fig. 4.3). With age, acetyl-CoA
levels increased 2 to 2.5-fold in both genotypes and genders. With AD genetic load,
acetyl-CoA was 23% and 121% higher in 3xTg-AD old samples with comparatively larger
in male brains with age. This suggests an increased production or a decreased
consumption of acetyl-CoA in the TCA cycle with age that was further exacerbated with

AD genetic load, indicating higher demand for energy.

Elevated glutamine

Other increased input to the TCA cycle occurs from glutamine and branched chain amino
acids (BCAA). Glutamine feeds into the TCA cycle at the level of a-ketoglutarate (Fig.
4.3) and serves as an important source of intermediary metabolites (Waagepetersen et
al., 1999). With aging, glutamine levels rose 7 to 27 % for both genotypes and genders.
Yet another metabolite branch to a-ketoglutarate, 2-hydroxyglutarate levels increased 1.5
to 6.5-fold in 3xTg-AD compared to NTg samples in both genders (p< 0.001). However,
o-ketoglutarate levels changed little with aging. The age- and AD-associated
accumulation in glutamine and 2-hydroxyglutarate levels without significant change in a-
ketoglutarate levels indicates a possible age- and AD-related blockage at the site of a-

ketoglutarate for metabolic input to the TCA cycle.

Branched Chain Amino Acids (BCAAs) Increased in Females
BCAAs include leucine, isoleucine and valine. Since BCAA are converted into acetyl or

succinyl-CoA in the TCA cycle for NADH and for eventual ATP generation, we examined
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their changes with age, genotype and gender. Leucine, isoleucine and valine were1.2-
1.3-fold higher in female samples than male (p< 0.05). Changes with age or genotype

were not detected.

Decreased Metabolites in TCA Cycle

In the TCA cycle itself, metabolites decreased considerably with age, including citrate,
cis-aconitate in both genders and succinate in males (green circles and green arrows in
Fig. 3). In females, citrate and cis-aconitate dropped 46-47% in NTg and 30-35% in 3xTg-
AD with age. In males, age drove decreases of citrate and cis-aconitate by 26-28% in
NTg and 8-13% in 3xTg-AD. Succinate declined from middle to old age by 25%-28% in
males of both genotypes, but not in females. TCA cycle metabolites of the 3xTg-AD brains
were generally lower than the age-matched NTg mouse brains. Other metabolites in the
TCA cycle including a-ketoglutarate, fumarate and malate were detected with little age-
related changes. Isocitrate, succinyl-CoA and oxaloacetate were not detected. In
summary, the combination of age-related increased inputs to the TCA cycle together with
decreased TCA cycle metabolites suggests age-related limitations in utilization of the

inputs by the TCA cycle and consequent decreased output of NADH with age and AD.
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Figure 4.3. Age-related declines in the substrates of the TCA cycle from increased inputs
at acetyl-CoA, succinyl carnitine and fatty acid metabolism. Ns indicates detection but not
significantly affected by age; ND, not detectable.

112



4.4.4 Age- and AD-Associated Redox Pivot at Glutamate-a-Ketoglutarate in
Glutamine Metabolism

In the glutamate-glutamine cycle, astrocytic release of glutamine is transported into
neurons to synthesize neurotransmitters glutamate or GABA and maintain glutamine/
glutamate pools (Kam and Nicoli, 2007) and redox balance. Glutamate dehydrogenase
(GDH) catalyzes the interconversion of glutamate to a-ketoglutarate modulated by a
redox sensitive site depending on NAD+/NADH levels (Odman et al., 2004). Depletion of
glutamate-glutamine and gamma-aminobutyric acid (GABA) were reported recently in
normal aged human brains and cognitively impaired patients by magnetic resonance
spectroscopy (MRS) (Huang et al., 2017). These metabolites feed into a-ketoglutarate
which functions as a critical NAD*/NADH-dependent substrate in the TCA cycle. We
determined metabolic shifts in glutamate with aging as an important upstream substrate
via glutamate dehydrogenase (GDH). Glutamine increased 7-27% with age in both
genotypes and genders (Fig 4.4). Glutamate levels declined 7% with age in males of both
genotypes, but female levels were unchanged (Fig 4.4). Gamma-aminobutyric acid
(GABA) as a major inhibitory transmitter in the brain declined 14-16% with age in females
of both NTg and 3xTg-AD samples. N-acetylaspartyl glutamate (NAAG) decreased 9-
36% in both genders and N-acetylaspartate (NAA) declined 10-23% with age in males of
both genotypes (Fig 4.4). Given that the brain levels of NAA correlate with cognitive
function (Meyerhoff et al., 1993), the lower levels of NAAG and NAA may contribute to
cognitive impairments in age and AD. Aspartate was detected with less significant shifts
with age of both genotypes in female (p=0.12) and male (p=0.25) (figure not shown). Our

results are in accordance with decreased glutamate neurotransmission in AD patients
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(Lin et al., 2003). Taken together, these shifts in glutamate metabolism with age may

impair neuronal transmission.
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Figure 4.4. Age-related decreased glutamate metabolism from increased glutamine in both
NTg and 3xTg-AD mice. Age drove decreases in the levels of glutamate, NAA and NAAG,
which suggests a lower input to a-ketoglutarate in the TCA cycle or greater consumption.
Ns indicates detection but not significantly affected by age; ND, no detectable. GLS:
Glutaminase, GS: Glutamine synthetase, GAD: Glutamate decarboxylase, GDH:

Glutamate dehydrogenase
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4.4.5 Increased Fatty Acid Metabolites with Age

During energetic shortage with lower glucose intake or lower ATP generation via
glycolysis and the TCA cycle, fatty acids undergo B-oxidation with production of acetyl-
CoA and NADH to power energy production and maintain redox balance (Houten and
Wander, 2010). Carnitine is conjugated to fatty acids for transport into mitochondria. Fig.
4.3 shows that metabolites of butyrylcarnitine (C4) and propionylcarnitine (C3) in the short
chain fatty acid pathway increased with age 1.2-2.9-fold in female and 1.1-1.8-fold in male
as their dehydrogenase consumes NAD* to provide acetyl-CoA and NADH inputs.
Compared to NTg, in old age, the AD genetic load increased levels of butyrylcarnitine
(C4) 77% in female and 28% in male. Other metabolites of carnitine metabolism including
carnitine and acetylcarnitine (C2) showed 1.5 to 2.5-fold elevations with aging in both NTg
and 3xTg-AD samples (not shown, p< 0.05). To globally view fatty acid metabolites, their
direction and magnitude were clustered to demonstrate a wide range of age-related
increases with both genotypes and genders (Fig. 4.5). Each metabolite with a significant
age-associated (gender and genotype) shift by two-way ANOVA is shown. After
calculation of Euclidean distances and clustering distances, the heatmap pattern showed
a strong age effect for up-regulation of fatty acid metabolism (x-axis). After clustering of
the levels of fatty acids, we observed a strong age effect that drove 2-fold elevations of
fatty acids (Fig. 4.5). Further, AD genetic load drove 21-22% more elevations of fatty acid
metabolism in old 3xTg-AD samples compared to those of NTg for both female (p<10-2%)
and male (p< 10"'7) samples. The age and AD up-regulation in fatty acid metabolism
drove 1.8 to 2.6-fold elevations of acetyl-CoA in old versus young neurons as a final

product of fatty acid B-oxidation for entry into the TCA cycle (Fig. 4.3). The global
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upregulation in fatty acid metabolism with age suggests an age-related demand for more
energetically dense substrates than carbohydrates to generate maximum NADH from 3-
hydroxyacyl-CoA dehydrogenase or impairment the TCA cycle to use the resulting CoA
with aging [49]. Furthermore, the greater upregulation in fatty acid metabolism in 3xTg-
AD old brains compared to old NTg suggests a greater demand for energy in the aged
3xTg-AD brains. Elevation of numerous fatty acids with age and AD together with their

carnitine conjugates could supply energy by their B-oxidation.
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Figure 4.5. Elevated fatty acid metabolites cluster by age and genotype in both females and
males. Scaled intensity of each metabolite in each sample was clustered in rows and
columns. Differences in levels were clustered predominantly by age. Genotype effects were
remarkably distinguished starting from middle age. Gender was less affected. Green
indicates a lower scaled intensity and red indicates a higher scaled intensity. tri=3xTg-AD,
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4.4.6 Age- and AD-Related Lower Expression in Sphingolipid Metabolism in Mouse
Brains

Sphingolipids play numerous functions in cells, from structural components
(sphingomyelins) to signaling (ceramides, sphingosine-1-phosphate). Sphingomyelins
are important constituents of lipid rafts, which are particularly enriched in the central
nervous system [50]. With age, sphinganine decreased 31-42% (Fig. 4.6) and
sphingomyelin declined 14-29% with age of both genotypes and genders. Ceramides
serve signaling functions, including apoptosis and inflammation, which have been
associated with pathogenesis of AD [51]. In sphingolipid metabolism, the downstream
intermediates including ceramide, sphingosine and sphingosine-1-phosphate were
increased 27-143% with age in 3xTg-AD male brains (Fig. 4.6). The increased ceramides

are consistent with higher inflammation with age, especially in the male AD genotype.
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Figure 4.6. Age-related changes in sphingolipid metabolism of both NTg and 3xTg-AD
suggest increased inflammation. Age drove significant declines in sphinganine and
sphingomyelin (green ovals and arrows), but elevated the downstream metabolites of
sphingolipid metabolism, including ceramide, sphingosine and sphingosine-1P in both NTg
and 3xTg-AD female and male samples (red ovals and arrows). Ns indicates detection but
not significantly affected by age; ND, no detectable.

Intensity

s sphlngomyelln;':> <ger

Female

Male

sphinganine-1P,

(ND)

—_——-

cell
membranes

Young Middle Old

15 —] 15 —
I —3xTg —3xTg
b
1t 2 4
(]
£
| Pp<0.05 P<0.05
05 05

Young Middle Old

(ns)

-_

dihydroceramide (ND)

e

am|déﬂ_> hexosylceramide (ND)

serine + Palmitoyl-CoA

(ND)

——L--

e — (sphlnganlne

_——

— phosphoethanolamine<— (Qphmgosme 1'F"

(ns)
3¢ 3¢
25 | 25 |
2 ¢ 2 f
15 | 15 [
1F '
05 [ 1>*/1 0.5
s s P<0.001
0 o b ——

120

1.5

1.5

| p<0.001

0.5

)

P<0.001

05 —

15 15
1} 74’4 1t /
P<0.05 P<0.001
05
15
L >I I 1t
P<0.001

0.5




4.4.7 Age-related Metabolic Shifts Sensed at NAD*/NADH Redox Reactions

Since we found age- and AD-related depletion in the NAD pool size and free NADH levels
in mitochondria of hippocampal neurons from NTg and 3xTg-AD mouse brains (Dong et
al., 2019) and an increased ratio of NAD*/NADH indicating an oxidative shift in these mice
(Ghosh et al.,, 2012) we specifically examined metabolite levels upstream and
downstream of dehydrogenases that sense the NAD*/NADH redox sites. Table 4.1
dichotomizes fold-changes with age in upstream substrates of 9 dehydrogenases
compared to their downstream metabolites. Interestingly, in energy-producing metabolic
pathways, including glycolysis and the TCA cycle, age drove decreased levels of the
upstream substrates of dehydrogenases while downstream substrates increased in both
of NTg (T-test upstream vs. downstream substrates, p= 3x107, n=8 reactions, 18
upstream metabolites vs. 10 downstream metabolites) and 3xTg-AD (T-test, p= 4x10-°).
Glycolytic substrates were markedly depleted upstream of GAPDH, while GAPDH
downstream products were enriched 2.7- 2.8-fold, especially in female 3xTg-AD. Small
decrease in lactate in NTg product may indicate utilization by neurons as described; small
increase in 3xTg-AD may indicate failure to do so because of susceptibility to acidosis
(Brewer, 1997). In the TCA cycle, aKG was actually decreased, but only 1.1- 1.2-fold in
3xTg-AD. Overall, for NTg, age drove a 2.5-fold metabolic shift in the upstream versus
downstream substrates of dehydrogenases and a slightly lower with 2.3-fold metabolic
shift in 3xTg-AD samples (Table 4.1). These overall age-associated effects on decreased
upstream substrate levels with increased downstream substrate levels suggests an age-
related rise in NAD*-dependent dehydrogenase rates to make NADH with a decreased

ability to process the products leading to accumulated levels of downstream metabolites.
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Other energy-redox components were detected but showed less significant changes with
age, including coenzyme A (CoA), flavin adenine dinucleotide (FAD), flavin
mononucleotide (FMN) and NAD (p= 0.05). Further redox-controlled enzymatic
measurements in aging and 3xTg-AD mouse brains will need to be completed for
validation. In BCAA metabolism catalyzed by branched-chain a-ketoacid dehydrogenase
complex (BCKDH complex), the last step is to re-oxidize FADH2 to FAD while reducing
NAD* to NADH. BCKDH converts BCAAs into acyl-CoA derivatives, which are converted
into acetyl-CoA or succinyl-CoA. Overall, we found age-related 2-fold increases in acetyl-
CoA for input into the TCA cycle in hippocampal neurons from both NTg and 3xTg-AD

genotypes.

Based on our observations, we considered whether age- and AD- associated oxidized in
NAD*/NADH redox potentials, triggered the metabolic shifts sensed at the NAD*/NADH
redox sites in the enzymatic reactions and drove the direction for more NADH and ATP
generation as a compensatory effect in response to the energetic deficits for NADH and
ATP replenishment. However, age- and AD- related oxidized shifts impaired
mitochondrial functions and lower the activities in TCA cycle and ETC-OXPHOS resulting
in declines NADH production from the TCA cycle and further leading to an energetic
shortage state with insufficient ATP levels. Supported by our results, we observed
dramatically up-regulated metabolic branches feeding into the TCA cycle including fatty
acid oxidation, BCAA metabolism and glutaminolysis. Whereas the metabolite levels in

TCA cycle decreased with aging and AD. This suggests the either lower activities of the
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enzymatic rates or blockage in TCA cycle and ETC-OXPHOS due to oxidized impairment

in mitochondria during aging and AD.

Table 4.1. Age-related metabolic shifts in upstream and downstream of redox dehydrogenases

(fold change with age)

Upstream Downstream

Substrate NTg 3xTg-AD Product NTg 3xTg-AD
F M Avg. F M  Avg. F M Avg. F M  Avg.
Glycolysis
GAPDH G6P 2 17 -16 -1.4 3PG 16 2 28 19
F6P -2 -16 1.4 1.4 PEP 1.7 2 27 19
DHAP -1.2 -11 1.2 -13 *c
LDH Pyruvate -1.8 -1.4 2 24 lactate -1.08 *b 1.15 *b
Avg.(F+M) -1.60 -1.29 Avg.(F+M) 1.24 2.09
S.E. 0.13 0.41 S.E. 0.66 0.34
N = 8 8 N = 5 5
TCA cycle
PDH Pyruvate -1.8 -14 2 24 Acetyl-CoA 1.8 2.6 25 23
IDH C|_s- -1.9 -14 1.4 11 a-KG 1.17 -1.1 -1.08 -1.2
aconitate
GDH Glutamate *b -1.1 b -1.1 *c
KGDHC a-KG 1.17 -1.1 -1.08 -1.2 ND
SDH Succinate -1.1 -14 *a -12 -13 *a Fumarate *b 14 -1.2 -1.3
MDH Malate *b -1.1 b -1.1 ND
Avg.(F+M) -1.11 -1.39 Avg.(F+M) 1.17 0.0033
S.E. 0.28 0.15 S.E. .69 0.83
N = 10 10 N = 5 6
Total
Effect Avg.(F+M) -1.33 -1.34 Avg.(F+M) 1.21 0.95
S.E. 0.17 0.19 S.E. 0.42 0.56
N = 18 18 N = 10 11
T-test (Up vs Down)
NTg 3xTg
p value 3E-07 4E-05

Fold change with age = larger values / smaller values in young vs. old
measurements

*a: middle-age vs.

old

*b: missing value ratio was 1.0, which could not be assigned a negative or
positive direction

*c: metabolites already

listed

"+" indicates metabolite levels increased with age;
decreased with age

indicates metabolite level

GAPDH: Glyceraldehyde 3-phosphate
dehydrogenase

LDH: Lactate

dehydrogenase
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PDH: Pyruvate

dehydrogenase

IDH: Isocitrate

dehydrogenase

GDH: Glutamate

dehydrogenase

KGDHC: Alpha-ketoglutarate-dehydrogenase
complex

SDH: Succinate

dehydrogenase

F: Female; M: Male
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4.5 Discussion

In this work, we determined the age-, AD- and gender-associated global metabolomic
shifts of mouse hippocampal tissue by using untargeted (unbiased) UPLC-MS/MS. We
observed specific metabolic features and patterns in age and AD mouse brains including
glycolysis, TCA cycle, glutamate metabolism, fatty acid metabolism and sphingolipid
metabolism, suggesting shifts in metabolic pathways. Moreover, many of the metabolic
shifts were common to both age and AD-genotype. Of note, our results showed age-
related deficiencies in energy-generating pathways in glycolysis and the TCA cycle. In
the glycolysis-PPP pathways, we observed declines in the first half of glycolysis involved
in ATP consumption and downstream intermediates in PPP. Metabolites in the second
half of glycolysis associated with ATP production were up-regulated in old age of both
NTg and 3xTg-AD. As the detected metabolic profiles in different ages, genotypes and
genders were steady-state snap shots, the metabolite levels reflect net effects of
upstream enzymatic production and downstream enzymatic consumption. We propose
that these metabolic shifts serve not only to maximize ATP production to meet increased
age and AD-related demand, but also serve to maintain redox balance and maximize
NADH production for maximum generation of ATP from oxidative phosphorylation
(Brewer, 2010). Interestingly, this energetic shift occurs at the 9 NAD-dependent
dehydrogenase steps in glycolysis, the TCA cycle and inputs to the TCA cycle that we
feature in Table 4.1. We noticed remarkable declines in substrates with increases in
products for both genotypes. This indicates that with age, dehydrogenases in old age
neurons operate to consume substrates at faster rates than that of younger ages leading

to age-related accumulations of downstream products. This scenario is consistent with
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greater energy demands with age. However, since the NAD pool
(NAD+NADH+NADP+NADPH) declines with age systemically (Imai and Guarente, 2014)
and in our mouse brains (Ghosh et al., 2012), NADH available for oxidative
phosphorylation would also decline. We found that the free NADH available in
mitochondria declines with age by 43% in the same NTg mouse hippocampal regions and
50% with age in the 3xTg-AD (Dong et al., 2019). Together, these results suggest a critical
NAD*/NADH role in regulation of metabolism as a redox sensor in aging and AD. The
age- and AD-related depletion on NAD and NADH pool sizes may limit the activities of
dehydrogenases, metabolic shifts and ATP production. Besides, the age-and AD-related
energy deficits, we observed enhanced input to the PPP pathway with lower downstream
intermediates with age. This suggests a response to oxidative stress in age and AD brains
that causes a rise in PPP with more NADPH production for antioxidant defense.
Perturbations in glutamate and sphingolipid metabolisms suggested age- and AD-related

impairments at synapses and in myelinated axons involved with memory.

4.5.1 Glycolysis and the TCA Cycle

Compared to non-demented controls, positron emission tomography with 2-deoxy-2-
[fluorine-18]-D-glucose ('8F-FDG PET) in AD patients exhibit a metabolic pattern of
bilateral temporo-parietal hypometabolism (Hoffman et al., 2000) and reduced blood flow
(Maki and Resnick, 2000). We observed greater age- and AD-associated declines of
glucose levels in hippocampal regions in females. Altered glucose levels were the net
effects of a failure to increase glucose uptake under stress (Patel and Brewer, 2003) and

consumption in the downstream metabolic pathways including the glycolysis-PPP
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pathway. Further, we found aging dramatically up-regulated intermediates in glycolytic
steps of ATP production including 3-phosphoglycerate and phosphoenol pyruvate.
Moreover, AD genetic load drove increases two-fold higher than the age-matched NTg
male samples. Downstream of the NAD*-dependent GAPDH, pyruvate levels decreased
as much as 2-fold, especially in the 3xTg-AD samples. Administration of pyruvate
prevented the development of age-related cognitive impairments in 3xTg-AD mouse
brains without reducing AD pathologies of amyloid and tau (Isopi et al., 2015). Pyruvate
as the end metabolite in glycolysis is transported into mitochondria via the mitochondrial
pyruvate carrier (MPC). Inhibition of MPC was reported to diminish the neurodegeneration
in Parkinson’s disease (PD) by augmentation of autophagy (Ghosh et al., 2016; Quansah
etal., 2018). The TCA cycle plays a central role in glucose metabolism with multiple points
of influx at different intermediate sites, such as fatty acid p-oxidation via acetyl-CoA,
BCCA catabolism via succinyl-CoA and glutamine-glutamate metabolism via ao-
ketoglutarate, aspartate and phenylalanine. In AD patients, mitochondrial abnormalities
are associated with decreases of enzymatic activity in the first half of the TCA cycle,
including pyruvate dehydrogenase (PDHC), isocitrate dehydrogenase (ICDH) and a-
ketoglutarate dehydrogenase (KGDHC) (Bubber et al., 2005), but an age-related basis
for these changes has not been determined and their fluxes in vivo depend on substrate
and product concentrations. When the thiamine-dependent KGDHC was deprived of
thiamine in an AD mouse model, mitochondrial KGDHC activity decreased 43% and
promoted early formation of plaques and tangles (Karuppagounder et al., 2007). Activity
of cytochrome c oxidase (COX) decreased by 50% with age from 3 to 12-months in 3xTg-

AD female mouse brain and PDH activity declined by 55% (Yao et al., 2009). PDH activity
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in brain mitochondria was also found to be decreased by 25% and 45% in mitochondria
from 14- month and 24- month old rat brains (Zhou et al., 2009). In our results, we
observed up to 2-fold declines in pyruvate levels with age, worse in the AD-genotype,
followed by 2-fold increases of acetyl-CoA with higher levels in the 3xTg-AD. Nearly 60%
of nuclear genes encoding subunits of mitochondrial electron transport chain showed
significantly lower expression in hippocampal CA1 of human AD cases brains (Liang et
al., 2008). Together, these results suggest that during aging and AD, the lower activity of
the TCA cycle may indicate a metabolic-energy blockage to power ATP generation in the

ETC-OXPHOS pathways.

4.5.2 Inputs to the TCA Cycle

Among those metabolites that provide influx into the TCA cycle, fatty acids for -oxidation
and glutamine were upregulated with age and AD, possibly indicating a cellular need for
maximizing generation of energy. The downregulated intermediates with age and AD in
the TCA cycle together with accumulated inputs to TCA cycle suggest a lower capacity
for load-driven demand for NADH to make ATP via the TCA cycle-OXPHOS pathways.
A neuron energy crisis with reduced ATP synthesis can cascade into ionic pump
dysfunction (Carageorgiou et al., 2008), signal transduction breakdown (Saitoh et al.,
1993), neurotransmitter failure (Paula-Lima et al., 2013), increased cleavage of the
amyloid precursor protein (APP) (Gabuzda et al., 1994), microtubule damage
(Yanagisawa et al., 1999), tau hyperphosphorylation (Hoyer, 2007), which all promote
neurodegeneration and region-specific neuroglial death (De La Torre, 2008). Together

with the observation of “mitochondria-on-a-string” due to mitochondrial fission in 5
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transgenic AD mouse models and brain tissue of AD patients (Zhang et al., 2016) and
decreased free NADH levels with age and AD in 3xTg-AD brains (Dong et al., 2019),
these results are consistent with the hypothesis that age-related mitochondrial metabolic
deficits pivoting at NAD*/NADH redox sensitive sites contribute to the systematic

complexity of brain aging and AD.

4.5.3 Fatty Acid Oxidation

Redox steps in fatty acid p-oxidation first involve oxidation by FAD in acyl-CoA
dehydrogenase followed by an oxidation by NAD™ in 3-hydroxyacyl-CoA dehydrogenase
inside mitochondria (Wakil, 1956). An age-related oxidized NAD*/NADH redox state
promote FA oxidation by converting NAD* to NADH and FAD into FADH2. We observed
a 2-fold elevation in fatty acid oxidation with aging in NTg and 3xTg-AD mouse brains,
suggesting that fatty acid p-oxidation may be driven by an oxidized redox state with aging.
In each cycle of oxidation, two carbons are cleaved from a fatty acid to release acetyl-
CoA. During the last step of each FA oxidation cycle, thiolase cleaves between the C2
and C3 of 3-ketoacyl-CoA to release two carbons as acetyl-CoA. The generated acetyl-
CoA enters the TCA cycle for more NADH production to power OXPHOS and the
generation of ATP. Interestingly, the thiolase that catalyzes two acetyl-CoA molecules to
form acetoacetyl-CoA in Clostridium has a regulatory redox-switch (Kim et al., 2015). As
the redox potential of NAD*/NADH is oxidized with aging and AD, this could drive the
direction of FA oxidation reactions for more acetyl-CoA production. The age- and AD-
related increased fatty acid p-oxidation and elevated production of acetyl-CoA could be a

metabolic response to lessen energetic shortages. Adiponectin secreted by adipocytes
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plays an important role in stimulating glucose utilization and fatty acid oxidation via
activation of 5’-AMP-activated protein kinase (AMPK), suggesting a novel intervention to
regulate glucose and fatty acid metabolism (Yamauchi et al., 2002). Efforts to elevate
acetyl-CoA by overexpression of AT-1 in mice results in a progeria phenotype (Peng et
al., 2018), suggesting that raising acetyl-CoA is limited or outright pathologic. Moreover,
disturbances of fatty acid metabolism and increased in PUFAs in age and AD brains is
associated with up-regulation of inflammatory signaling in neurodegenerative diseases
(DelLegge and Smoke, 2008). Increased PUFAs provide prostaglandins, leukotrienes and
thromboxanes, which increase inflammatory signaling (Calder, 2006), further promoting
neurodegenerative processes. An mRNA microarray study on 759 innate immune genes,
from human brains with AD and normal cognitive controls, revealed widespread
upregulation of genes associated with inflammation in human aging correlated to
cognitive declines (Cribbs et al., 2012). Another study found elevated blood levels of fatty

acids in MCI prognostic for conversion to AD (Mapstone et al., 2014).

4.5.4 Branched Chain Amino Acids (BCAAs)

Although we did not find age-related hippocampal changes in isoleucine, leucine or
valine, their oxidation by NAD™ in the BCKDH complex produces NADH, to maintain redox
balance and feed OXPHOS. Increased BCAA metabolites in human plasma such as
isoleucine are positively correlated with AD (Larsson and Markus, 2017). BCAAs are
elevated with age in serum of human AD and 3xTg-AD mice (Li et al., 2018). The
important question is whether this is protective or pathologic. In the 3xTg-AD mouse fed

with a BCAA-supplemented high-fat diet for 2 months, tau and amyloid pathologies
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worsened leading to an increase in the mortality of two-thirds of the mice from 6 to 16
months (Tournissac et al., 2018). This intervention suggests that BCAA and fatty acids
are not limiting to energy production and that excess levels are pathologic, but systemic
stress could also be important, independent of brain metabolism. Conversely, a low BCAA
diet was found to improve recognition memory in 18-month-old 3xTg-AD mice
(Tournissac et al., 2018). Taken together, the BCAA metabolites levels in plasma may

serve as a biomarker for an AD metabolic switch and pathology.

4.5.5 Lactate

Our results showed remarkable increases in the ratio of lactate/pyruvate levels as a
function of age in both NTg and 3xTg-AD mouse brains. Notably, declines in pyruvate
with small changes in lactate levels with aging and AD, indicate a balance of rates
between production of lactate by LDH and the rates of either utilization or removal into
blood. Alternative energy supplies were found to be upregulated in age and AD brains,
such as lactate (Magistretti and Allaman, 2018) and ketone bodies (KB) (Ding et al.,
2013). Lactate increased 1.5-fold in AD patient serum compared to the healthy control
subjects (Gonzalez-Dominguez et al., 2015). CSF lactate levels in AD patients increased
20% compared to age-matched controls (Liguori et al., 2016). Lactate increased two-fold
with age in mtDNA mutator mice with a metabolic shift from pyruvate to more lactate
production (Ross et al., 2010). Lactate is a preferred energy substrate to maintain redox
balance and neuronal activity especially during glucose deprivation (Magistretti and
Allaman, 2018). Memory in rats was dependent on neuronal import of lactate from

astrocytes via the monocarboxylate transporter (Newman et al., 2011). Astrocyte-neuron
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lactate transport is critical for long-term memory formation (Suzuki et al., 2011). In aging
wild-type mouse brains, improved memory performance correlated with elevated
expression of glycolytic enzymes. Yet this age-related increase in glycolytic enzyme
expression with elevated lactate levels in APP/PS1 mice were associated with poorer
memory performance (Harris et al., 2016). Again, whether the age- and AD-correlated
alterations in lactate levels play a rescue role to release the energetic deficits or in turn to
exacerbate the AD pathologies needs to be further investigated. Our failure to detect
significant changes in lactate in the hippocampus with age suggests though lactate may
be an alternative energy source during age-related energetic shortage, it did not
accumulate in old age NTg or 3xTg-AD hippocampus, likely by increased activity of LDH

to maintain redox balance (Brewer, 2010).

4.5.6 Ketone Bodies as Another Alternative Energetic Source

In our results, we observed an age-related 40-55% decline in the levels of 3-
hydroxybutyrate (BHBA) in the 3xTg-AD samples of both genders (p< 0.05), indicating a
possible higher utilization of KB as an energetic source in aging and AD brains. Ketone
bodies (KB) are another alternative energy substrate, which derive from the incomplete
oxidation of fatty acids in the liver. Three KB including acetone, acetoacetate and j-
hydroxybutyrate are interconvertible and metabolized to succinyl-CoA feeding into the
TCA cycle with generation of NADH for energy production during energetic demand
(Sokoloff, 1973; Wicks et al., 2015). As administration of KB can bypass the AD-related
blockage in PDH and insulin resistance and provide needed NADH for redox balance,

mild ketosis provides a potential therapy for AD (Veech, 2004). Diet supplementation with
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pyruvate (5 mM) and pB-hydroxybutyrate (4 mM) for 5 weeks showed diminished neuronal
hyper-excitability in 3xTg-AD mice (Zilberter et al., 2013; Hertz et al., 2015). Compared
to normal levels of KB less than 0.1 mM in blood and pathological ketoacidosis of 15-25
mM, nutritional ketosis from a low-carbohydrate- high-fat diet raised blood KB to 7-8 mM
and reduced total Ap loads in a mouse model of AD (Henderson, 2008; Paoli et al., 2015).
Importantly, nutritional ketosis increases NAD*/NADH redox states in young healthy
human brains (Xin et al., 2018). Even though ketones cannot completely replace glucose
for energy source, mild experimental ketonemia in rats improves brain glucose uptake
(Pifferi et al., 2011; Cunnane et al., 2011), probably by improved redox balance. In
another AD mouse model, a ketogenic diet reduced total AB40 and Ap42 pathologic load
(Van der Auwera et al., 2005). The expression of monocarboxylate transporters (MCTs)
for transporting lactate and KB increased in female brains at 12-month in NTg but earlier
at 3-month in 3xTg-AD, indicating the activation of the ketogenic pathway (Ding et al.,
2013). Our data of an age-dependent decline in 3-hydroxybutyrate levels in 3xTg-AD
hippocampus adds to the above findings to suggest that a therapeutic ketogenic diet may
supply extra NADH reductive energy and maximize generation of energy. However,
further studies are needed to uncover the mechanism of potential beneficial effect of
dietary KB considering the contradictory roles of ketosis on anorexigenic and orexigenic

signals (Paoli et al., 2015).

4.5.7 Glutamate
In our NTg and 3xTg-AD mouse model, glutamate, GABA, NAAG and NAA markedly

declined with age, suggesting decreased availability of synaptic neurotransmitters. NMDA
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receptors rely on glutamate to induce hippocampal long-term potentiation (LTP) of
synapses for learning and memory (Collingridge, 1987; Butterfield and Pocernich, 2003).
Decreased levels of glutamate (Peng et al., 2011), NAAG and NAA are associated with
disorders of learning and memory (Kotodziejczyk et al., 2009) and pathogenesis of AD
(McEntee and Crook, 1992). Glutamatergic neurotransmission in hippocampus is
severely disrupted in AD (Greenamyre, 1986; Palmer and Gershon, 1990). The decline
in neurotransmitters with age could be a response to decreased energy available to
maintain ionic homeostasis associated with neurotransmission and feedback to reduce

excitotoxicity.

4.5.8 Sphingolipids

Our results of age- and AD related patterns of up-regulation of ceramide and sphingosine-
1-phosphate suggest increased inflammation with age and AD. Sphingolipid metabolism
is deregulated in AD brains with a pattern of elevated acid sphingomyelinase (ASM) and
acid ceramidase (AC) expression (He et al., 2008). Elevated ceramides and sphingosine-
1-phosphate as signaling molecules correlate with inflammation (Maceyka and Spiegel,
2014). Since the oxidized redox potentials of Cys/CySS in human plasma were positively
corelated with interleukin (IL)-1p levels (lyer et al., 2009), our results of an oxidative shift
with age in neurons could promote inflammation neurons (Dong, Digman, Brewer,
unpublished data). Additionally, sphingolipids mediate synaptic plasticity (Sonnino and
Prinetti, 2016), and disturbances in sphingolipid content correlated with impairment in

memory and learning (Mielke et al., 2010). Studies of 30 human plasma samples from
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each group of AD, MCI and normal control subjects revealed remarkable declines in

sphingomyelin, especially in females (Armirotti et al., 2014).

4.5.9 Conclusions

According to the epigenetic oxidative redox shift (EORS) aging theory (Brewer, 2010), we
hypothesized that an age-associated sedentary behavior triggers oxidative shifts and
mitochondrial impairments, which cause downstream cascades. To offset the age-related
energetic deficits, redox-sensitive epigenetic modification enforces metabolic shifts in
aging brains. Here, we found evidence for a metabolic pivot at redox-dependent
bioenergetic enzymes that generate NADH. Age- and AD-associated oxidized
NAD*/NADH redox states (increased ratio) (Jones, 2006; Parihar et al., 2008; Ghosh et
al., 2012; Dong et al., 2019) could signal metabolic re-direction for more NADH generation
by epigenetics, redox-sensitive transcription factors (Yang et al.,, 1999; Marina et al.,
2016), redox sensing cysteines in the enzyme (Foster et al., 2017), nitration of KGDHC
(Shi et al., 2011), acylation of KGDHC (Carrico et al., 2018) or NAD*/NADH substrate
limitations (Jones and Brewer, 2010). However, lower levels of metabolites in the TCA
cycle suggests a limitation or blockage at the TCA cycle, depriving the ETC-OXPHOS of
NADH for ATP generation (Bubber et al., 2005). The NAD*/NADH redox couple is likely
to function as a sensor for dehydrogenases at the pivot of upstream and downstream
metabolites in pathways including glycolysis, the TCA cycle, fatty acid oxidation and
BCAA metabolism. The age- and AD-related oxidative shifts with drops of NAD pool size
are sensed by NADH redox sites in the metabolic pathways and serve as a switch to

affect the rate or direction of metabolic flux. Taken together with the age- and AD-
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associated energetic shortage, metabolic up-regulation in fatty acid metabolism likely
generates NADH as an alternative to carbohydrate oxidation to maintain redox balance

and maximize energetic capacity.

4.6 Acknowledgements
We appreciate the help of Justyna Maria Sosna for mouse genotyping in Prof. Charles
Glabe's Lab and Robert Herrera for sample collection. This work was supported by the

UC Irvine Foundation and a grant from the NIH RF1 AG058218.

136



CHAPTER 5

CONCLUSION AND FUTURE DIRECTIONS

5.1 Conclusion

Given that the no effective pharmacological therapies for cognitive impairment and AD
result from little-known mechanisms on the upstream of AD pathologies and aging, my
dissertation hypothesized and investigated an age- and AD-related oxidative shifts in
NADH redox states as an upstream, reflecting by free/bound NADH ratios, free NADH
levels and distributions in mitochondria, cytoplasm and nuclei as well as the mitochondria-
specific total NADH pool sizes of neurons. By using fluorescence lifetime imaging
microscopy (FLIM) technique as an invasive approach for intrinsic fluorescent NADH,
after transformation of pixels of FLIM images by Fast Fourier Transform (FFT), we were
able to distinguish and quantify free and enzyme-bound NADH based on different
lifetimes at subcellular compartments in the phasor plot. We found age strongly drives
declines in free NADH levels of mitochondria, cytoplasm and nuclei and remarkably
depleted total mitochondrial NADH pool size. With AD genetic load, these depletion in
free NADH and NADH pool size were exacerbated in 3xTg-AD mouse neurons. This
indicates an age-related decreased capacity of free NADH regeneration, which further

limits the power of oxidative phosphorylation for energetic supply.

To further study age- and AD-associated redox capacity of NADH, we imposed an

oxidized Cysteine/Cystine (Cys/CySS) states to 0 mV in primary neuron cultures from
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NTg and 3xTg-AD hippocampus across age-span. We observed that with the imposed
external oxidative stress to 0 mV, the declines of mitochondrial free NADH concentrations
and total NADH pool sizes in old neurons far more exceeded the levels in young neurons,
which even worse with AD genetic load in 3xTg-AD mouse neurons. This suggests a
lower capacity for maintaining free NADH levels in old neurons under oxidative stress and
more so in AD-model mouse neurons. More importantly, as free NADH importantly pivots
redox, energy and metabolic states, we examined whether these age-related oxidized
free NADH redox states and depletion of NADH can be reversed and restored with
external redox modification. We imposed reductive external Cys/CySS redox state to -
150 mV in the culture medium on NTg and 3xTg-AD primary neurons from young, middle
and old mouse hippocampal brains. We found that with an imposed Cys/CySS reductive
state, the mitochondrial free NADH levels were rejuvenated to the levels of young age
neurons in both NTg and 3xTg-AD mouse neurons. Being able to reverse the depleted
free NADH in old neurons with an external reductive state suggest a potential therapy for

Alzheimer’s disease and a possible delay on the course of aging.

To support our hypothesis and build up causative correlations among redox system,
metabolomics and energy, we used the untargeted Ultrahigh Performance Liquid
Chromatography-Tandem Mass Spectroscopy (UPLC-MS/MS) Platform to globally
measure metabolite levels from NTg and 3xTg-AD mouse hippocampal brain samples
across age-span. Age and AD share some common metabolic patterns in pathways
including energy-generating pathways, fatty acids oxidation, glutamate and sphingolipid

metabolism. We observed strong age-related global elevations up to 2-3-fold in energy
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metabolism including glycolytic ATP-produced steps, fatty acid p-oxidation, regulated and
pivoted at NAD+/NADH redox sensitive sites in both NTg and 3xTg-AD mouse
hippocampal samples. We find for the first-time age-related decreases in the upstream
metabolites of dehydrogenases and increases in the downstream metabolites of
glycolysis and the TCA cycle. Building up causative correlations among metabolomics,
redox and energy and tracing the most upstream of AD pathologies and aging that initiate
a series of downstream cascades, may provide potential treatments to delay or reverse
the course of AD pathologies and aging as well as to prevent the initiation of Alzheimer’s

disease and prolong dementia-free health span.

5.2 Future Directions

5.2.1 How Could Deficits in Intracellular NADH be Assessed in the Elderly Non-
Invasively and Cost-Effectively?

In Chapters 2 and 3, the declines of NADH levels with age and AD and their rejuvenation
indicate NADH as a potential biomarker that could be used for AD diagnosis, prognosis
and monitor the progression of AD. Additional rationale for the importance of NAD were
reviewed for extension of longevity in model organisms (Yaku et al., 2018). Biomarkers
from CSF, blood, gene and neuroimaging are possible for NADH evaluation. Often, a
combination of biomarkers is needed to achieve a comparatively accurate assessment
and diagnosis on AD. The mechanistic implications for energy generation resistance to
oxidative stress make NADH advantageous as a biomarker. Issues that will need to be
addressed include firstly, which non-invasive and cost-effectively sample source such as
CSF, blood cells or plasma will provide more accurate information for AD prediction and
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diagnosis. Further, the reductive components of redox couples are easily oxidized when
exposed to air, which requires a chemical modification via a redox clamp to maintain in
vivo levels (Klaidman et al., 1995; Jones et al., 2002). Which redox clamp of NADH is
optimal for sample pre-treatment without interference of the NADH levels and properties?
Moreover, measurements of NADH through the skin in vivo may be able to directly image
red blood cells, platelets or lymphocytes (Stringari et al., 2015). Alternatively, plasma
cysteine levels may be usefully measured to reflect intracellular NADH levels, as we have

shown in Chapter 3.

5.2.2 How Could Intracellular NADH be Elevated Orally? Can Intracellular NADH
Levels be Quantitatively Controlled?

Supplements to improve cognitive function in MCI and AD patients by reversing age- and
AD-related oxidized states have been examined by oral supplementation of GSH. 500
mg/day was found remarkably enhanced the GSH levels in erythrocytes and greatly
improved the cognitive score in MCI and AD patients (Mandal et al., 2019).
Supplementations of a NAD* precursor vitamin, nicotinamide riboside (NR) for 500 mg
twice/day, effectively stimulated NAD* metabolism (Martens et al., 2018), redox
homeostasis and exercise performance in healthy elderly people (Dolopikou et al., 2019).
Administrated a combination of NAD+ and NADPH supplements within 2 hours after
reperfusion in mice effectively ameliorated ischemic brain damage (Huang et al., 2018).
As NAD* and NADH can interconvert in the salvage pathways and supplements of NAD*
precursors dramatically improve the cognitive functions in MCI and AD patients, a follow-

up question may rose by if the orally administrate NADH can reverse cognitive
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impairments and pathologically metabolic shifts in MCI and AD patients. Further, as
NADH easily gets oxidized and how to quantitatively control intracellular NADH levels

should also be addressed before NADH administration in clinical trials.

5.2.3 Can Elevated Intracellular NADH Slow Progression of AD, Stall Conversion
from MCI to AD or Improve Cognitive Function in MCI Subjects?

Based on the EORS theory, we hypothesized that an age- and AD-related oxidative shift
in NADH redox states triggers a downstream cascade of metabolic and energetic shifts,
exacerbating cognitive impairments and AD pathologies. Since supplements of NAD
precursors significantly improve mouse cognition (Hou et al., 2018), reversing declines in
elderly NADH levels may improve and ameliorate cognitive function and stall the cognitive
impairment at early stage of MCI before the development to AD (Dolopikou et al., 2019)
Assessments of cognitive function with NADH administration in animals (Huang et al.,

2018), and further on MCI and AD patients are proposed (Mandal et al., 2019).

5.2.4 Will Supplementary Intracellular NADH Rescue the Observed Age- and AD-
Related Metabolic Shifts Implicated in AD?

In Chapter 4, we observed the age- and AD-associated shifts in redox-energy pivoted at
NAD+/NADH redox sensitive sites. This leads to a follow-up study to determine if recovery
of free NADH and total NAD pool re-directs metabolic shifts at NAD*/NADH redox
sensitive sites and if this can reverse the energetic deficits in aged and AD brains. Careful
consideration of the question is critical to determine whether increased energy supplied

by fatty acid oxidation is needed for example to handle a chronic need for age-related
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repairs or whether the oxidation contributes to ensuing pathology. Several approaches
are possible to non-invasively track and evaluate metabolic alterations of AD patients
before and after NADH administration. Blood plasma can be rapidly monitored for lipid
changes by capillary chromatography and mass spec (Mapstone et al., 2014) with
prognostic utility already demonstrated for MCI. Alternatively, brain MRI spectroscopy

after ingestion of '*C-labeled glucose may provide dynamic tracing of certain metabolites.
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