Bond University
Research Repository

The interplay between oxidative stress and bioenergetic failure in neuropsychiatric illnesses:
can we explain it and can we treat it?
Morris, G; Walder, K R; Berk, M; Marx, W; Walker, A J; Maes, M; Puri, B K
Published in:
Molecular Biology Reports
DOI:
10.1007/s11033-020-05590-5
Licence:
Other
Link to output in Bond University research repository.

Recommended citation(APA):
Morris, G., Walder, K. R., Berk, M., Marx, W., Walker, A. J., Maes, M., & Puri, B. K. (2020). The interplay
between oxidative stress and bioenergetic failure in neuropsychiatric illnesses: can we explain it and can we
treat it? Molecular Biology Reports, 47(7), 5587–5620. https://doi.org/10.1007/s11033-020-05590-5

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
For more information, or if you believe that this document breaches copyright, please contact the Bond University research repository
coordinator.

Download date: 09 Jan 2023

The interplay between oxidative stress and bioenergetic failure in
neuropsychiatric illnesses. Can we explain it and can we treat it?

Morris G1, Walder KR1, Berk M1,2,3, Marx W1, Walker AJ1, Maes M1,4*, Puri BK5*

1 Deakin University, IMPACT Strategic Research Centre, Barwon Health, School of
Medicine, Geelong, Victoria, Australia.
2 Deakin University, CMMR Strategic Research Centre, School of Medicine, Geelong,
Victoria, Australia.
3 Deakin University, IMPACT Strategic Research Centre, Barwon Health, School of
Medicine, Geelong, Victoria, Australia; Deakin University, CMMR Strategic Research
Centre, School of Medicine, Geelong, Victoria, Australia; Orygen, The National Centre of
Excellence in Youth Mental Health, the Department of Psychiatry and the Florey Institute for
Neuroscience and Mental Health, University of Melbourne, Parkville, Victoria, Australia.
4 Department of Psychiatry, Chulalongkorn University, Bangkok, Thailand.
5 C.A.R., Cambridge, UK.

*Joint senior authors.
Correspondence:

B. K. Puri

E-mail:

bpuri@cantab.net

ORCID:

0000-0001-6101-0139

1
This is a post-peer-review, pre-copyedit version of an article published in Molecular Biology Reports.
The final authenticated version is available online at: https://doi.org/10.1007/s11033-020-05590-5

Abstract
Nitro-oxidative stress and lowered antioxidant defences play a key role in neuropsychiatric
disorders such as major depression, bipolar disorder and schizophrenia. The first part of this
paper details mitochondrial antioxidant mechanisms and their importance in reactive oxygen
species (ROS) detoxification, including details of NO networks, the roles of H2O2 and the
thioredoxin/peroxiredoxin system, and the relationship between mitochondrial respiration and
NADPH production. The second part highlights and identifies the causes of the multiple
pathological sequelae arising from self-amplifying increases in mitochondrial ROS
production and bioenergetic failure. Particular attention is paid to NAD + depletion as a core
cause of pathology; detrimental effects of raised ROS and reactive nitrogen species on ATP
and NADPH generation; detrimental effects of oxidative and nitrosative stress on the
glutathione and thioredoxin systems; and the NAD +-induced signalling cascade, including the
roles of SIRT1, SIRT3, PGC-1α, the FOXO family of transcription factors, Nrf1 and Nrf2.
The third part discusses proposed therapeutic interventions aimed at mitigating such
pathology, including the use of the NAD+ precursors nicotinamide mononucleotide and
nicotinamide riboside, both of which rapidly elevate levels of NAD + in the brain and
periphery following oral administration; coenzyme Q10 which, when given with the aim of
improving mitochondrial function and reducing nitro-oxidative stress in the brain, may be
administered via the use of mitoquinone, which is in essence ubiquinone with an attached
triphenylphosphonium cation; and N-acetylcysteine, which is associated with improved
mitochondrial function in the brain and produces significant decreases in oxidative and
nitrosative stress in a dose-dependent manner.

Keywords: nitro-oxidative stress; neuropsychiatric disorders; NAD; coenzyme Q 10; Nacetylcysteine.
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1. Introduction
Nitro-oxidative stress and lowered antioxidant defences play a key role in some neuropsychiatric disorders including major depression, bipolar disorder (BD) and schizophrenia
(SZ) (see Table 1). MDD and BD, type 1 (BD1) are characterised by lowered levels of lipidassociated antioxidants including high-density lipoprotein cholesterol (HDL-C), paraoxonase
1 activity, lecithin-cholesterol acyltransferase, vitamin E and coenzyme Q10 (CoQ), indicating
decreased antioxidant defences against lipid peroxidation [1-4]. Moreover, increased
superoxide dismutase (SOD) and production of hydrogen peroxides (H 2O2) and lipid
hydroperoxides (LOOH) together with oxidative stress-induced decreases in omega-3
polyunsaturated fatty acids (EPA and DHA) indicate insufficient antioxidant defences
coupled with potential and consequential damage to lipid structures including membranes in
both MDD and BD [5-8]. The increased lipid peroxidation in both MDD and BD is
accompanied by increased production of aldehydes including malondialdehyde (MDA),
which have toxic properties including damaging DNA. Furthermore, MDD and BD1 are
accompanied by increased nitric oxide (NO) production and nitrosylation of proteins,
indicating increased nitro-oxidative and nitrosative stress in MDD and BD. Another hallmark
of both affective disorders is increased production of advanced oxidation protein products,
indicating oxidative damage to albumin, lipoproteins and fibrinogen [9,10]. Finally, MDD
[11,12], but also BD [10,13], are accompanied by increased (natural) IgM responses to a
variety of oxidative specific epitopes (OSEs) including MDA and azelaic acid. These IgM
antibodies have strong anti-inflammatory, antioxidant and anti-microbial properties and,
therefore, increased IgM levels to OSEs, indicating a compensatory anti-oxidative response
in MDD and BD patients [14].

[Table 1 approximately here please.]
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We previously reviewed how nitro-oxidative stress and nitrosative stress may cause
mitochondrial dysfunction and that combined activities of these pathways may cause
neuroprogression [3,15,16,17]. Neuroprogression is defined as the damage to brain neuronal
circuits (including dysfunctions in neuroplasticity, synaptic functions, synaptic sampling,
neurogenesis, and apoptotic pathways) as a consequence of increased nitro-oxidative and
nitrosative stress and consequent mitochondrial aberrations [3,18].
In addition there is evidence to suggest that neuroprogressive disorders are characterised by
inactivation or downregulation of the thioredoxin (Trx) system [19-25] and the glutathione
(GSH) system [1,26-30] in the periphery and in the brain. There is also evidence to suggest
that the nuclear factor erythroid 2-related factor 2 (Nrf2) system, which enables and
maintains the compensatory cellular antioxidant cascade, is downregulated in at least some
regions of the brain of patients suffering from these illnesses at initial presentation and hence
while drug-naïve [24,31,32]. Sirtuin 1 (SIRT1) signalling also appears to be downregulated in
patients suffering from these illnesses which may also have adverse consequences for the
cellular antioxidant defences and energy production as this deacetylase plays a major role in
modulating ATP production in response to changes in cellular demand and in the activation
of Nrf2 in the cytosol and its subsequent translocation to the nucleus (reviewed by [14]).
There is also evidence to suggest that the activity of nuclear factor kappa B (NFκB), anotherB), another
driver of nitro-oxidative stress, may also be increased in the brains of at least some patients.
NFκB), anotherB activity is upregulated in the brains of individuals suffering from MDD, BD and SZ
[33-35]. This is an important observation as elevated activity of NFκB), anotherB inhibits Nrf2 [36] and
SIRT1 [37]. In addition several research teams have reported a causative association between
elevated NFκB), anotherB and compromised mitochondrial dynamics (reviewed by [38]) and hence the
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increased activity of this transcription factor might explain the existence of this phenomenon
in the brains and periphery of many if not all individuals suffering from these illnesses [3944]. It is also important to note that chronic nitro-oxidative stress can lead to the activation of
NFκB), anotherB [45] and hence nitro-oxidative stress and mitochondrial dysfunction can be a cause of
all the abnormalities cited above, which in turn make a major contribution to a pattern of
spiralling self-perpetuating increases in mitochondrial dysfunction and nitro-oxidative stress
in patients with neuroprogressive disorders.
Given the data considered above it would appear that the sources of pathology in the brain
stemming from nitro-oxidative stress and mitochondrial dysfunction are clearly multifactorial
and any successful therapeutic intervention must be capable of positively modulating many
abnormalities and hence have multidimensional modes of action. This is indeed the case with
CoQ and N-acetylcysteine (NAC) (reviewed by [14]), which have both provided statistically
and clinically significant symptomatic relief in patients with BD and also SZ [46-51]. It is
also noteworthy that combined use of the two preparations has the potential for synergy given
that they target many of the same pathways but also have unique modes of action [14,52-55].
However, it is fair to say that the benefits seen with NAC and CoQ supplementation are
relatively modest as far as SZ and BPD are concerned, and as of yet there is no evidence
showing robust benefit in patients with MDD [48,51].

2. Aims of the study
The search for improved clinical outcomes by alleviating nitro-oxidative and nitrosative
stress and consequent mitochondrial dysfunction in patients with affective disorders
continues. Accordingly, this paper attempts to detail the mechanisms driving the multiple
dimensions of pathology stemming from a vicious circle of ever increasing levels of free
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radical species production and mitochondrial dysfunction with the aim of identifying
therapeutic opportunities. The paper is divided into three parts:
1. The first details the various antioxidant mechanisms in mitochondria and their relative
importance in reactive oxygen species (ROS) detoxification;
2. The second highlights and identifies the causes of the multiple pathological sequelae
arising from self-amplifying increases in mitochondrial ROS (mtROS) production and
bioenergetic failure;
3. The third discusses proposed therapeutic interventions aimed at mitigating such pathology,
building on the relative, if limited, success of CoQ and NAC supplementation.
We will begin with a brief synopsis of the role of the mitochondrial antioxidant defence
system in physiological conditions in order to explain how the dysfunction of this system is
involved in the development of self-sustaining and self-amplifying pathology in the brain and
periphery.

3. The mitochondrial oxidative and antioxidant networks
3.1. Introduction
H2O2 produced and released by mitochondria, NADPH oxidases and, to a much lesser extent,
peroxisomal oxidases, cytochrome P450, the endoplasmic reticulum (ER) and substrate
uncoupled nitric oxide synthase (NOS) play a central role in regulating redox-sensitive
signalling pathways and processes in the brain [56-58]. NADPH oxidases are the main source
of H2O2 regulating the performance of redox-sensitive kinases and phosphatases, which
influence so-called slow signalling in the brain by fine tuning the activity of a plethora of
downstream effector molecules and transcription factors such as p53, NFκB), anotherB, brain-derived
neurotrophic factor (BDNF) and forkhead box O3 (FOXO3a) [59-61]. However, the
regulation of subsecond dynamic changes in multiple dimensions of brain function and
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neuromodulation such as changing relative levels of dopamine, glutamate, gammaaminobutyric acid (GABA) and serotonin is the sole province of H 2O2 dismuted from
superoxide radicals produced by the mitochondrial electron transport chain (ETC) [62-64]
(reviewed by [65]).
From the perspective of cellular function and survival, the production of ROS by
mitochondria is very much a two-edged sword. While physiological levels of synthesis are
needed for normal brain function, their overproduction can damage lipids, proteins and DNA.
This produces a cascade of pathological effects which are associated with the development of
potentially neuroprogressive, neurodegenerative [58,66,67] and neuropsychiatric disorders
[68-70].
Such effects include damage to the enzymes of the ETC which compromises their function,
thus impairing the production of ATP, leading to further increases in superoxide production
causing further damage in lipids, proteins and DNA, which forms the basis of self-sustaining
and self-amplifying pathology [71-74]. The weight of evidence suggests that the peroxidation
of cardiolipin and other phospholipids located in the inner mitochondrial membrane (IMM)
by highly reactive aldehydes, such as 4-hydroxy-2-trans-nonenal (HNE), makes an
independent and potentially synergistic contribution to the impaired performance of the ETC
and mitochondrial damage in an environment of excessive ROS production by inflicting
further damage on ETC enzymes, disruption of super complexes via disturbed membrane
anchorage and loss of iron homeostasis [75,76] (reviewed by [68]).
Excessive levels of H2O2 released into the cytosol lead to disrupted mitochondria-to-nuclear
signalling normally responsible for increasing the activity of cellular antioxidant defences
and promoting mitochondrial repair, often described as mitohormesis [67,70,77] (reviewed
by [14]). The egress of excessive levels of H2O2 and other molecules signalling mitochondrial
stress and damage into the cytosol also provokes the activation of NADPH oxidases [78-80].
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This induces dysfunction in peroxisomes [81,82], which further increases levels of redox
dyshomeostasis by increasing ROS production [83]. Unsurprisingly, this state of affairs
ultimately leads to cell death via mechanisms detailed in [84].

3.2. The mitochondrial NO networks
Mitochondria are also an important source of NO production [85-87]. Overproduction of this
radical species can react with superoxide to form peroxynitrite (ONOO -) whose cytotoxicity
resulting from ready diffusability across membranes and nitration of protein tyrosine residues
cannot be overemphasised [69,73]. Increased levels of NO and ONOO- can contribute to
pathology within mitochondria and in the cytosol. Increased intramitochondrial NO can
inhibit the function of enzymes in the ETC via the S-nitrosylation of functional cysteine
residues, thus making an independent contribution to energetic failure and increased
superoxide production, as reviewed in [45]. ONOO- makes a similar contribution to ETC
impairment and increases in superoxide production by the irreversible nitration of functional
tyrosine residues. This highly reactive species also damages the structural integrity of
mitochondria, which is an effect once again mediated by nitration of tyrosine residues which
in this instance leads to major disturbances in the proteins concerned. The egress of NO, H2O2
and ONOO- into the cytosol is also a major source of pathology. This leads to a loss of redox
homeostasis and compromised redox signalling, normally mediated by physiological levels of
H2O2 and NO, as well as extensive damage to lipids, proteins and nuclear DNA mediated by
ONOO- [58,88] (reviewed by [14]).

3.3. The mitochondrial antioxidant networks
Fortunately, brain mitochondria are well endowed with enzymatic and non-enzymatic
antioxidant defences which are so efficient that they allow these organelles to act as net
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consumers of H2O2 whether generated within the mitochondria themselves or perhaps
surprisingly by several molecular players such as NADPH oxidase in the cytosol [89-91].
The primary antioxidant enzymes housed in mitochondria are thioredoxin 2 (Trx2) which is
specific to mitochondria [92], thioredoxin reductase (TrxR) [93], peroxiredoxins 3 (Prx3) and
5 (Prx5) [94], the glutaredoxins 2 (GLRX2) and 5 (GLRX5) [95], glutathione peroxidase 1
(GPx1) [96], glutathione reductase (GR) [97] and manganese-dependent superoxide
dismutase (MnSOD; also known as superoxide dismutase 2, mitochondrial) [98]. There is
also some evidence to suggest that catalase may play a minor role [99]. The major nonenzymatic antioxidants are GSH [100,101], ubiquinol [102], and vitamins C and E [103,104].

3.4. H2O2, the Trx/Prx system and mitochondria
Briefly, H2O2 may be detoxified to water by electrons transferred from two molecules of GSH
in a reaction catalysed by GPx1 and GPx4, which are the enzyme isoforms located in the
mitochondrial matrix. Oxidised glutathione (GSSG) is then reduced, enabling the recycling of
GSH by the action of GR [97,105,106] (reviewed in [100]). H2O2 may also be detoxified by
the independent but potentially synergistic activity of the Trx/Prx system which relies on the
catalytic properties of Prx3 and Prx5 also located in the mitochondrial matrix [94,107,108].
The activity of these enzymes relies on a peroxidatic cysteine residue located within their
active sites which donates the electron responsible for reducing a molecule of H 2O2, leaving
the cysteine group oxidised to cysteine sulphenic acid before reacting with a cysteine group
in an adjacent Prx, often described as the resolving cysteine, forming a disulfide, or reacts
with another H2O2 molecule becoming hyperoxidised in the process [109,110]. The disulfide
is subsequently reduced by Trx2 in the mitochondrial matrix [90,93,111] leaving the protein
in an oxidised state which is then reduced by TrxR [111-113].
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It is important to note that Prx3 and Prx5 are inactivated by the ‘hyperoxidation’ of the active
site cysteine to Cys-SO2H and are subsequently reactivated via an ATP-dependent reaction
enabled by the enzymatic action of sulfiredoxin translocated into the mitochondrion from the
cytosol [114-117]. The weight of evidence suggests that this reversible hyperoxidation
prevents the premature removal of H2O2 from the mitochondrial, and indeed cytosolic,
environment and maintains a balance between H2O2 production and elimination, and hence
plays an important role in the regulation of redox signalling effected by these organelles
[117-120].
In addition, multiple lines of evidence suggest that the bulk of H2O2 detoxification, possibly
as high as 8o% in brain mitochondria, is effected via the Trx system with the GSH system
playing a relatively minor role [89-91,121,122]. Much of the research in this area has focused
on the relative importance of Trx2 and GPx1 activity in H2O2 clearance by brain
mitochondria, which has revealed that Trx is an indispensable player in clearing H2O2 formed
by mitochondrial respiration [123,124], while GPx1 is less central [125,126]. For example,
impaired activity or genetic ablation of Trx2 results in early onset neurodegeneration or death
owing to a complete failure of H2O2 clearance by mitochondria in the brain [93,123-126]. In
contrast, impaired activity or deletion of GPx1 leaves H2O2 scavenging largely unaltered and
does not appear to be associated with the development of serious or life-threatening
pathology in the study animals concerned [125] (reviewed by [126]). The relative dominance
of the Trx system is further emphasised by the presence of data suggesting that Prx3 may
account for over 90% of all H2O2 clearance by brain mitochondria [89,127].
The role of catalase in H2O2 detoxification in the brain is somewhat uncertain. There is
evidence to suggest that the enzyme plays a role in the cytosol of activated microglia and
astrocytes in vivo [128,129]. However, the weight of evidence suggests that catalase is absent
in brain mitochondria [89,90,122], although the enzyme appears to be present at very low
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concentrations in the mitochondria situated in peripheral organs such as the liver and heart
[130-132].
The presence of highly efficient enzymatic and non-enzymatic antioxidant systems allows
mitochondria to act as net consumers of ROS produced within the organelles and the cytosol
in physiological conditions [112,124,133]. However, several authors have reported that ROS
clearance from mitochondria in the brain and periphery is dependent on optimal levels of
mitochondrial respiration [89-91,125,133,134]. There is also accumulating evidence to
suggest that H2O2 clearance from the cytosol is also dependent on optimal levels of oxidative
phosphorylation and ATP production [89,90,133,134]. In addition, several authors have
reported that NADPH production within mitochondria in the brain is also almost entirely
reliant on their level of respiration [89,135-137]. In this context, the relationship between
ROS clearance and mitochondrial respiration can be understood with reference to data
reporting a dependence of the Trx system and the GSH system on the presence of NADPH as
the ultimate source of reducing equivalents [138-141]. In addition, there is evidence to
suggest that the synthesis and recycling of vitamins E and C is NADPH dependent [142]
(reviewed by [143]). The requirement for NADPH also seems to extend to the recycling of
oxidised CoQ (ubiquinone) and the reduced form (ubiquinol) [144,145]. Finally, several
authors have reported a positive association between the efficiency of catalase-mediated ROS
detoxification and levels of NADPH [99,146].
The reliance of enzymatic and non-enzymatic antioxidants on NADPH clearly presents
serious obstacles as far as devising a therapeutic approach aimed at ameliorating the
significant levels of mitochondrial dysfunction and oxidative stress that are seen in the brain
and periphery of patients with MDD, BPD and SZ [16,17,40,42,69,147,148], as the
mechanisms normally governing cellular ROS clearance may well be seriously compromised
or even inactivated.
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Excessive levels of ROS and reactive nitrogen species (RNS) also compromise the
functioning of the Trx [88,149] and GSH systems [150,151]. There is also evidence to
suggest that MnSOD activity is compromised in such a cellular environment [152]. Chronic
ONS also exerts a heavy toll on non-enzymatic antioxidants by depleting levels of ubiquinol
and preventing the recycling of vitamins C and E [153-155]. Finally, there is an accumulating
body of evidence to suggest that high levels of H2O2, NO and ONOO- can suppress the
activity of Nrf2, partly via the activation of mitogen-activated protein kinases (MAPKs) and
also via the inactivation of parkinsonism-associated deglycase (DJ-1) [68,156].
Another level of complexity may be surmised following a consideration of evidence reporting
an association between impaired mitochondrial function and ever-increasing levels of mtROS
production and bioenergetic failure [157-160]. It seems reasonable to propose that any
attempt at ameliorating such pathology has a better chance of success if the mechanisms
underpinning the relationship between NADPH generation and mitochondrial function is
understood, hence we move on to consider the elements involved.

3.5. Relationship between mitochondrial respiration and NADPH production
3.5.1. Role of nicotinamide nucleotide transhydrogenase
The nuclear encoded nicotinamide nucleotide transhydrogenase (NNT) is a multidomain
within the IMM, which utilises the proton motive force generated by the activity of the ETC
in normally respiring mitochondria. The flow of protons down the electrochemical proton
gradient existing across the IMM is used to transfer a hydride group from NADH to NADP +.
For details of the mechanism and structure and localised thermodynamic effects see [161163]. NNT activity is driven by the electrochemical proton gradient which promotes a
conformational change in NNT from an inactive to active state with catalytic sites for both
NAD(H) and NADP(H) exposed on the matrix side of the IMM [89,135,164]. Importantly,
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the magnitude of the electrochemical gradient across the IMM largely determines the
thermodynamic favourability of the reaction and the shift in the equilibrium of NNT towards
the reduction of NADP at the expense of NADH oxidation and re-entry of protons into the
mitochondrial matrix from the intermembrane space [135,165,166]. Hence, mitochondrial
dysfunction and the relative decline in proton motive force and mitochondrial membrane
potential can have serious if not devastating consequences as far as mitochondrial NADPH
levels are concerned [89,135,137,167]. Moreover, decreased function of NNT secondary to
impaired ETC activity and substrate supply leads to loss of redox homeostasis in
mitochondria in the periphery and in the brain in animals and humans in vivo [135,166,168170]. In addition, the significant decrease in membrane potential seen in severely damaged
mitochondria leads to a reversal in NNT activity. This pumps protons back into the
intermembrane space from the matrix in an attempt to maintain ATP levels, which further
compromises NADPH production and makes an additional contribution to increasing
oxidative stress within mitochondria and throughout the cytosol [136,137,164,165,171,172].
Compromised NNT performance as a result of impaired mitochondrial ETC performance
clearly has the potential to create a significant diminution of NADPH levels but the negative
consequences of mitochondrial dysfunction are not limited to compromised NNT function
but also extend to decreased NADP production by the ATP-dependent NAD + kinase which
we now move on to detail.

3.5.2. ATP-dependent NAD+ kinases and their role in NADPH generation
There are two human NAD+ kinases which phosphorylate NAD+ to produce NADP, one
located in the cytoplasm and the other in mitochondria [173,174]. Crucially, the activity of
these enzymes is the only route to NADP synthesis thus far identified in humans and other
mammals [174-177]. Furthermore, there is evidence to suggest that NAD+ kinase activity
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ultimately determines the size of the NADPH pool in the cytosol and within mitochondria as
far as humans are concerned [128,177-179]. Readers interested in a detailed consideration of
the structure of human NAD+ kinase and the mechanisms underpinning its enzymatic
function are invited to consult the work of [180] and [181] as these areas will not be
discussed further here. However, from the perspective of this paper it is important to note that
several factors are involved in regulating the activity of NAD+ kinase, including levels of
NADH, NADPH, magnesium ions and ATP [182-184]. Importantly, human NAD+ kinase
utilises ATP as the phosphate donor and thus its activity is influenced by the efficiency of
mitochondrial respiration [175,184,185]. Given that this enzyme acts to phosphorylate NAD+,
its activity is clearly dependent on adequate levels of this cofactor being present, which may
not be the case in an environment of bioenergetic failure which may both impair the synthesis
of NAD+ and increase its consumption [186,187].

3.5.3. Bioenergetic failure and reduced NAD+ levels
The detrimental effect of bioenergetic failure on NAD+ synthesis may be explained, at least in
part, by the fact that the first and rate limiting step in NAD+ synthesis from nicotinamide
mononucleotide (NMN) in the so-called salvage pathway requires adequate levels of ATP
[186-188]. The origin of this dependency lies in the mechanism of the enzyme nicotinamide
mononucleotide adenylyltransferase (NMNAT), which catalyses the conversion of NMN to
NAD, as it requires the energy released by ATP hydrolysis to maintain the binding of NMN
to its active site [187,189,190]. There are numerous publications examining this reaction in
considerable detail and readers interested in examining the biochemistry involved are referred
to an excellent treatment of the subject in [191]. Similarly, there is a plethora of publications
examining the role of nicotinamide phosphoribosyltransferase, which, among other functions,
catalyses the condensation of nicotinamide and 5-phosphoribosyl-1-pyrophosphate to form
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NMN, in the development or avoidance of pathology; readers interested in this area are
invited to consult the work of [192]. Spirally decreasing levels of ATP production by
dysfunctional mitochondria are accompanied by ever increasing levels of ONS [157-160],
and the latter can also deplete NAD levels by increasing its consumption as a result of
poly(ADP-ribose) polymerase 1 (PARP1) activation in response to oxidative damage to DNA
[193-195] which hydrolyses NAD+ to ADP-ribose [196-198].
The depletion of NAD+ can further deplete ATP and NADPH levels while promoting further
increases in ONS as a result of its essential role in energy production by supplying reducing
equivalents in the form of NADH to the ETC and regulating the activity of the tricarboxylic
acid (TCA) cycle and glycolysis [199,200]. These additional mechanisms, whereby NAD +
depletion may contribute to the exacerbation of pathology in an environment of
mitochondrial dysfunction, deserve further consideration in the context of seeking a
therapeutic approach aimed at improving ATP production and decreasing oxidative stress and
hence this area will be the focus of the next section of the paper.

4. Causes of pathological sequelae arising from increased mitochondrial ROS
4.1. NAD+ depletion as a core cause of pathology
Inadequate levels of NAD+ also compromise mitochondrial NADPH production by the matrix
enzymes isocitrate dehydrogenase (IDH), malic enzyme 2 (ME2), aldehyde dehydrogenase
(ALD) and methylenetetrahydrofolate dehydrogenase 2 (MTHFD2), which all require this
cofactor to function [143,201]. IDH and ME2 are NAD+-dependent enzymes which play an
indispensable role in maintaining the activity of the TCA cycle in addition to their role in
generating NADPH via well-documented mechanisms which will not be considered here
[202,203]. The role of the mitochondrial NAD+-dependent ALD as a source of NADH is
under-discussed, as is the importance of this enzyme in the mitochondrial antioxidant
15
This is a post-peer-review, pre-copyedit version of an article published in Molecular Biology Reports.
The final authenticated version is available online at: https://doi.org/10.1007/s11033-020-05590-5

armoury because of its ability to detoxify reactive aldehydes produced by lipid peroxidation
[204,205]. Importantly, there is evidence to suggest that reduced levels of ALD, owing to
depleted levels of NAD+ or otherwise, predispose to increased levels of intramitochondrial
oxidative stress and increased susceptibility to the damaging effects of lipid peroxidation
[204,205].
Finally, MTHFD-2 also plays essential roles in mitochondrial, and indeed cytosolic, redox
regulation in addition to the production of NADPH, which in this instance involves the
continuation of mitochondrial folate metabolism which essentially produces formate from
serine [206,207]. This is important from the perspective of redox regulation because
mitochondrial folate is required to stabilise cytosolic tetrahydrofolate, particularly in an
environment of ONS, which is a vital element in the operation of the methylation cycle
whose activity is also compromised in an environment of chronic ONS [100,208,209].
Readers interested in examining details of the biochemistry explaining the association
between disturbed folate metabolism in mitochondria and impaired cytosolic folate
metabolism, and the subsequent adverse effects on the performance of the methylation cycle,
are invited to consult the work of [208] and [209].
It is important to note that isoforms of IDH, ME, ALD and MTHFD exist in the cytoplasm
and make a variable contribution to NADPH generation in that cellular compartment.
However, depleted NAD+ levels do not adversely affect the activity of these enzymes to any
considerable extent, at least in the short term. This is because they are able to utilise NADP
as an enabling cofactor to a far greater level of efficiency than their mitochondrial
counterparts [201]. The production of NADPH by cytosolic MTHFD may be of particular
therapeutic importance as there is evidence to suggest that folate-dependent NADPH
production in the cytosol may rival NADPH production by the pentose phosphate pathway
(PPP) [210] (see Figure 1). The latter relies on the conversion of glucose-6-phosphate (G6P)
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to ribulose-5-phosphate (R5P) by the action of glucose-6-phosphate dehydrogenase (G6PD),
which requires NADP as an essential cofactor and which is in turn reduced to NADPH and
hence is not likely dependent on NAD+ levels. However, prolonged depletion of NAD+ may
lead to depletion of NADP for reasons explained above. Hence denuded levels of this
transcription factor may compromise NADPH production by the enzymes detailed previously
as well as the PPP.

[Fig. 1 approximately here please.]

In addition, a cellular environment of bioenergetic decline and reduced mitochondrial ATP
production at least partly maintained by depleted NAD+ levels may also compromise NADPH
production in the brain and periphery by the cytosolic PPP via impaired activity of
hexokinase (HK) isoenzymes [211,212] (reviewed by [213]). These enzymes catalyse the
first step in glycolysis, which is the conversion of glucose to G6P, which in turn may be
oxidised to R5P by G6PDH as previously discussed. Crucially, the activity of HK-1 is
dependent on adequate levels of ATP in the mitochondrial matrix, which in physiological
conditions is accessed via physical engagement by HKs with voltage-dependent anion
channel 1 (VDAC1) and adenine nucleotide translocase (ANT) [211,212] (reviewed by
[214]).
Clearly, depleted NAD+ levels in mitochondria and the cytosol can seriously compromise
energy production and lead to a scenario of progressively depleted levels of this cofactor
which in turn may lead to progressive depletion of energy production in a vicious circle
accompanied by spiralling increases in mitochondrial and cytosolic ROS and RNS production
[157-160]. Hence, depleted levels of this cofactor could be considered to be a core driver of
pathology [157-160].
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Thus far, we have mainly focused on the role of bioenergetic decline in reducing levels of
NADPH, NADP and NAD+ as a major cause of pathology. This is only ‘one side of the coin’,
however, as increasing levels of free radical production may also produce another dimension
of pathology by further compromising energy production by directly inhibiting the activity of
enzymes driving the activity of the ETC, the TCA cycle and glycolysis. There are several
reviews detailing the detrimental effects of excessive ROS and RNS on the ETC and the
mechanisms involved (e.g. [45] and [215]) and hence the matter will not be considered
further here. However, a perusal of the literature reveals that the detrimental effects of ONS
on the activity of the TCA cycle in terms of reducing carbon flux and directly inhibiting
NADPH-producing enzymes appears to be under-discussed. This would also seem to be true
where glycolysis is concerned. Therefore, these areas will be considered below, beginning
with the inhibition of alpha ketoglutarate dehydrogenase (AKGD).

4.2. Detrimental effects of raised ROS and RNS on ATP and NADPH generation
AKGD catalyses the conversion of α-ketoglutarate, NAD + and coenzyme A to succinyl-CoA,
CO2 and NADH, and its activity is mediated by virtue of a complex tertiary structure. This is
composed of three repeated subunits each containing multiple cysteine residues which
determine the activity of the enzyme [216]. Hence, the enzyme may be inactivated in an
environment of increasing ROS and RNS by oxidation of these key cysteine thiols to form
sulfenic (or sulphenic) acid or via their S-nitrosylation [217-219]. Decreased activity of this
enzyme can have dire consequences as far as energy generation is concerned as AKGD is a
major player in regulating the activity of the TCA cycle and even its partial inhibition can
dramatically decrease TCA cycle flux and hence decrease the concentration of the metabolic
intermediates required for NADPH synthesis [220,221]. Thus the inactivation of AKGD by
ROS and RNS in an environment of low NAD+ may be another element driving increased
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mtROS production and contributing to increased bioenergetic decline and further reductions
in levels of NADPH [219,221].
Aconitase, which catalyses the conversion of citrate to isocitrate, is another regulatory
enzyme influencing TCA cycle activity which is even more vulnerable to ROS- and RNSmediated inactivation than AKGD [219]. In this case the mechanisms involved include ROSmediated oxidative destabilisation of the iron-sulfur (-sulphur) cluster [4Fe-4S]²⁺ at the core at the core
of the enzyme’s active site accompanied by RNS-mediated nitrosylation and nitration of
functional cysteine and tyrosine residues [222,223] (reviewed by [224]). It should be stressed
that this enzyme does not act as a ‘pacemaker’ for the TCA cycle in the same manner as
AKGD. It rather acts to decrease the flux through the TCA cycle via the accumulation of
citrate, which results in the inhibition of citrate synthase [221]. Other points of inhibition of
TCA cycle activity are the oxidative inactivation of pyruvate dehydrogenase kinase by high
levels of H2O2, which impairs the conversion of pyruvate to acetyl-CoA thereby acting as a
‘metabolic roadblock’ [225].
The NADPH-producing IDH also relies on the oxidation state of cysteine groups to maintain
its catalytic activity and hence is vulnerable to inactivation by nitrosylation and/or
glutathionylation [226-228]. ME2, which catalyses the conversion of malate to pyruvate and
NADPH, is something of an exception to the rule compared with the other enzymes discussed
above as its activity is not modulated by any transcriptional modification directly induced by
high levels of ROS and RNS. However, its activity may be inhibited in an ONS environment
by increased levels of p53 which represses the transcription of the enzyme [229,230]. Several
enzymes involved in regulating glycolysis are also redox-sensitive but the oxidative
inactivation enzyme glyceraldehyde-3-phosphate (G3P) dehydrogenase, which metabolises
G3P into 1,3-diphosphoglycerate, appears to be the most important from the perspective of
impaired ATP production as this phenomenon, in an environment of low NAD+ and impaired
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HK activity, is a further element driving the termination of glycolysis [231]. It seems
reasonable to conclude that the direct inactivation of NADPH- and ATP-producing enzymes,
whether involved in the ETC, TCA cycle or in the cytosol, is a potentially significant element
in maintaining or exacerbating pathology; restoring these enzymes to near normal levels of
activity is obviously a desirable therapeutic outcome and could be achieved by reducing
levels of ROS and RNS via increasing the activity of enzymatic antioxidant systems in the
mitochondria and cytosol. However, as previously discussed, these systems rely on NADPH
production by respiring mitochondria which is grossly compromised in the scenario under
discussion in this paper. In addition, the activity of the Trx and GSH systems are redoxsensitive and these enzymes may also be inactivated in an environment of oxidative stress
producing several streams of additional pathology which are generally under-discussed.
Hence the mechanisms driving the inactivation of these enzymes and the pathological
sequelae form the subject of the next section of the paper.

4.3. Detrimental effects of oxidative and nitrosative stress on GSH and Trx systems
The ratio of GSH to GSSG is reduced in an environment of chronic ONS owing to the
oxidation of GSH and depletion of NADPH, which enables its recycling by GR because of
PPP inhibition [232,233]. In addition, the oxidation of NADPH to NAD+ as a result of the
role of the former as a provider of reducing equivalents may be another factor leading to
chronic GSH depletion [150,151]. GR is also inhibited by high levels of ONOO - owing to the
nitration of functional tyrosine groups located in the active site of the enzyme, potentially
impairing the recycling of GSSG to GSH [234,235]. Chronic ONS also induces the activation
of multidrug resistance-associated proteins (MRAPs) which actively extrude GSH from the
cell [236-239]. Activated MRAPs also extrude GSSG and other glutathione conjugates into
the extracellular environment thereby further depleting levels of GSH [240-242].
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Trx possesses several cysteine thiol groups (Cys 69 and 73) which play an indispensable role
in the functions of the protein [235]. Given such information, it should come as no surprise to
learn that several research teams have reported diminished activity of this protein effected by
S-nitrosylation in an environment of excessive NO [244-247] coupled with an inability to act
as a substrate for TrxR [243]. These cysteine groups are also vulnerable to oxidative
inactivation and hence Trx activity can also be greatly diminished in cellular environments of
high ROS levels, most notably by H2O2 [248]. There is also some evidence suggesting that
Trx may be inhibited by high levels of ONOO -, although the mechanism enabling this effect
is not immediately apparent [249].
In addition, the active site of TrxR also relies on reduced cysteine thiols (Cys 32 and 35) and
hence the presence of data demonstrating the inactivation of this enzyme via S-nitrosylation
in an environment of chronic ONS is also unsurprising [250,251]. Furthermore, the binding
of TrxR and NADPH is dependent on a key tyrosine residue [252] and, predictably, there are
data suggesting that nitrative inactivation of this residue may inhibit the activity of the entire
Trx system [253]. Finally, their reliance on functional cysteine groups also renders Trx and
TrxR vulnerable to inactivation by the products of free radical-mediated mitochondrial and
plasma membrane peroxidation, most notably HNE, which form adducts, inducing profound
and detrimental conformation changes in both proteins [149] (reviewed by [254]).
Clearly, the inactivation of Trx and TrxR may have dire consequences as far as ROS
clearance by mitochondria in the brain is concerned for the reasons discussed above. It should
also be noted that the inactivation of TrxR can also have detrimental consequences as far as
activation of cellular antioxidant effects mediated via the action of Nrf2 is concerned because
the activity of TrxR is an indispensable element in enabling activation of this transcription
factor in the cytosol [255,256] and, just as importantly, enables its activation once in the
nucleus [255,257,258]. Briefly, the weight of evidence suggests that, in an environment of
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chronic ONS, the activity of Trx is, somewhat counter-intuitively, required to oxidise
cysteine groups within the Nrf2 inhibitor Keap1 rendering it inactive as an E3 ligase yet
bound to existing Nrf2 thus allowing newly synthesised Nrf2 to translocate into the nucleus
[255,256]. Readers interested in details of the processes involved and the relative importance
of Keap1-bound Nrf2 and newly translated Nrf2 in the cellular antioxidant cascade are
invited to consult the work of [259-261]. See also Figure 2.

[Fig. 2 approximately here please.]

Once translocated to the nucleus, this transcription factor is extremely sensitive to oxidative
inactivation, as its capacity to bind to AU-rich element (ARE) sequences in the promoter
regions of a myriad of antioxidant genes, thereby stimulating their transcription, is dependent
on two cysteine residues (Cys 183 and 506) being kept in the reduced state [255,257,258].
This is of major importance in an environment of elevated ONS as TrxR is a major player in
shielding Cys 183 and 506 from oxidation in physiological conditions [255,257,258].
Impaired Trx system activity may also compromise the activity of another antioxidant system
mediated by DJ-1 as both systems act in concert via a complicated ‘cross talk’ pathway [262].
This is significant as the activity of DJ-1 is another essential element in the stabilisation of
Nrf2 in the cytosol and in the nucleus, and hence the inactivation of DJ-1 can also
compromise the ability of the transcription factor to activate the cellular antioxidant response
[263,264]. It should also be noted that the various functions of DJ-1 are dependent on several
cysteine residues which are exquisitely sensitive to inactivation by oxidation and
nitrosylation and there is evidence that this enzyme is inactive in an environment of chronic
ONS [68,265,266].

22
This is a post-peer-review, pre-copyedit version of an article published in Molecular Biology Reports.
The final authenticated version is available online at: https://doi.org/10.1007/s11033-020-05590-5

Impaired cytosolic Trx activity may also further exacerbate mitochondrial pathology as this
enzyme plays a major role in maintaining pre-import mitochondrial proteins in a reduced
state which allows their passage into the mitochondrial matrix [267,268]. Denuded levels of
mitochondrial Trx2 in the cytoplasm may also be an additional source of pathology as this
protein plays a major role in restraining the activity of NADPH oxidase. Hence its
inactivation is associated with increased ROS production by this membrane-bound enzyme
complex [269,270]. Such increases in cytosolic ROS production may be accompanied by
increased ROS production by mitochondria via a ‘cross talk’ mechanism, which appears to be
facilitated by opening of ATP-dependent potassium ion channels in the outer mitochondrial
membrane [78].
Finally, cytosolic and mitochondrial Trx also act to inhibit apoptosis by binding to apoptosis
signal-regulating kinase 1 (ASK1) thereby inhibiting its capacity to instigate apoptosis in
response to high levels of ROS, RNS and pro-inflammatory cytokines [271]. Unsurprisingly,
there is evidence associating the oxidative inactivation of one or both of the thioredoxins and
the instigation of ASK1-mediated cellular death pathways [271].
Chronic oxidative stress may also lead to depleted levels of ubiquinol and a relative increase
in levels of ubiquinone [153,272-274]. This is of importance as ubiquinol acts as the
antioxidant, along with semiubiquinone, involved in inhibition of lipid peroxidation and
recycling of vitamins E and C. Ubiquinone is also essential to maintain ATP generation and
in some circumstances activation of mitohormetic pathways [275].
The information examined above clearly poses serious challenges when attempting to select
rational therapeutic options aimed at ameliorating ONS and mitochondrial dysfunction as the
antioxidant systems that operate in physiological conditions may well be dysfunctional or
even inactivated. In addition, ROS and RNS production may be increasing in a selfamplifying fashion in concert with self-amplifying bioenergetic decline. Mechanistically,
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depleted levels of NAD+ resulting from significant decreases in ATP production and/or
increasing ONS appear to play a major role in maintaining pathology, owing to decreased
levels of oxidative phosphorylation, TCA cycle activity, glycolysis and NADPH production.
Thus interventions aimed at increasing NAD+ would appear to be rational approaches
attempting to increase energy production. Indeed, there is evidence to support this approach
as several research teams have reported enhanced mitochondrial function and ATP
production following NAD+ replenishment by various approaches including supplementation
with NAD+ precursor molecules [276-278].
Clearly, some of the beneficial effects of increased levels of NAD+ levels on mitochondrial
respiration can be attributed to increased enzyme activity in the TCA cycle and glycolysis
and increasing the supply of NADH to the ETC. However, there is a growing appreciation
that increased NAD+ levels also make a major contribution to decreasing levels of ONS by
activating downstream signalling cascades beginning with the activation of sirtuins (SIRTs),
most notably SIRT3 and SIRT1 [14,279]. We will now turn our attention to this phenomenon
and briefly describe the elements involved with a view to explaining how their actions may
correct some of the specific abnormalities identified above.

4.4. NAD+-induced signalling cascade
4.4.1. SIRT3
SIRT3 is widely regarded as the premier mitochondrial enzymatic deacetylase and is
expressed at high levels in all tissues and may well be the most abundant SIRT in neurones,
astrocytes and microglia. The activity of SIRT3 reduces the levels of lysine acetylation on a
myriad of mitochondrial proteins, especially those regulating energy produced by the TCA
cycle, fatty acid oxidation and the ETC energy production, which generally leads to
significant increases in their activity [280,281].
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There is also evidence to suggest that SIRT3 binds to and deacetylates the enzymes of
complex I of the ETC, specifically NDUFA9 [282,283], the complex II enzyme succinate
dehydrogenase [276] and complex V subunits α and β [285-288], leading to an overall
increase in their levels and activity [283,284,286,288,289]. SIRT3 may also regulate the
performance of complexes III and IV, at least in circumstances of excessive fat intake [290].
Increased SIRT3 activity binds to and deacetylases SOD2 and FOXO3a whose activity is
regulated by post-translational modification with positive effects in reducing oxidative stress
via increased superoxide dismutation and increased transcription of a range of antioxidant
genes [291,292]. SIRT3 can also play a major role in decreasing ONS by upregulating
mitophagy [293], which may be regarded as a form of autophagy aimed at clearing defective
mitochondria and repopulating cells with relatively healthy progeny [294]. The clearance of
damaged mitochondria is of paramount importance as these organelles produce and release
ever increasing levels of ROS and RNS which may be difficult, if not impossible, to reverse
with therapeutic interventions aimed at increasing ROS scavenging [157,158,295].
Several authors have also reported elevation of 5´ AMP-activated protein kinase (AMPK)
activity in the periphery and in the brain following upregulation of SIRT3 [296,297]. This
may also be of therapeutic relevance as evidence suggests that the activation of this kinase
inhibits ROS production by the mitochondrial ETC and NADPH oxidase, with the latter
being effected by preventing the translocation of the p47phox subunit located in the
cytoplasm to calveolae in the plasma membrane [298-300].
AMPK activation also helps to restore redox homeostasis by increasing levels of NADPH
and inhibiting its consumption by inhibiting acetyl-CoA carboxylases. The net effect of such
inhibition is elevating NADPH generation via fatty acid oxidation and reducing NADPH
hydrolysis by fatty acid synthesis [301,302]. Importantly, increases in NADPH levels
mediated by this mechanism take place even when the PPP is inhibited in an environment of
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oxidative stress and/or NAD+ depletion [302]. AMPK also increases mitophagy by inhibiting
mTOR.

4.4.2. SIRT1
SIRT1 activation results in an increase in fatty acid oxidation and decreased levels of
glycolysis via several mechanisms including the upregulation of carnitine palmitoyl
transferase enzymes and hypoxia-inducible factor 1-alpha (HIF-1α) [303,304] (reviewed by
[305]). Readers interested in a detailed consideration of the effects of SIRT1 upregulation on
fatty acid oxidation and glycolysis are referred to the work of [306]. Several authors have
reported an association between increased SIRT1 activity and elevated levels of mitophagy
and mitochondrial biogenesis coupled with increased expression of cellular antioxidant genes
[307,308]. This association is due in part to the SIRT1-mediated deacetylation of the family
of FOXO transcription factors and the peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGC-1α) family of transcriptional coactivators, whose role in
ameliorating mitochondrial dysfunction and excessive ROS and RNS production will be
discussed in turn [309].

4.4.3. PGC-1α
Increased PGC-1α activity plays in important role in increasing mitochondrial ATP
production via oxidative phosphorylation [310-312]. It also stimulates mtROS detoxification
via a number of mechanisms including the upregulation of antioxidant genes encoding SOD2,
catalase, GPx, Trx and TrxR [313,314], with the last of these being secondary to its role as
the ‘master regulator’ of mitochondrial biogenesis [315]. PGC-1α activation and translocation
to the nucleus lead to increased transcription of a myriad of proteins, which play an
indispensable role in mitochondrial structure, energy production and replication.
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Mechanistically, this activation and nuclear translocation may be mediated by SIRT1mediated deacetylation of lysine residues or phosphorylation of serine residues by kinases
such as Akt, MAPK and AMPK [316,317] while the increase in mitochondrial protein
transcription is mediated by forming complexes with Nrf1 and Nrf2 [318,319]. Examples of
upregulated genes include those encoding cytochrome c, cytochrome c oxidase, translocase
of outer mitochondrial membrane 34 (TOMM34) and, most importantly, translocation factor
A of mitochondria (TFAM) [315]. The translocation of TFAM to mitochondria (see Fig. 2)
plays a vital role in mitochondrial biogenesis by binding to mitochondrial DNA (mtDNA)
and stabilising its structure while stimulating transcription [320].
While the action of PGC-1α in the nucleus is clearly a vital element in stimulating and
regulating mitochondrial biogenesis, there is accumulating evidence to suggest that this
protein also plays an important role by translocating to mitochondria and complexing with
TFAM, further stimulating and modulating the process [321-323]. It should also be noted that
there is no evidence suggesting that the activity of PGC-1α as a coactivator may be
compromised in an environment of bioenergetic failure coupled with chronic ONS, and hence
the upregulation of PGC-1α appears to be an attractive therapeutic target when attempting to
reverse or ameliorate these abnormalities.
From a therapeutic perspective it is also important to note that progeny mitochondria
produced in a cellular environment of high PGC-1α are qualitatively superior to their
ancestors in relation to the efficiency of ATP generation and ROS production (reviewed by
[324]). Several authors have reported increased levels of ATP production by mitochondria
‘created’ by PGC-1α-stimulated mitochondrial biogenesis compared with their precursors
which is not accompanied by a corresponding increase in mtROS production by the ETC
[325,326]. The mechanisms underpinning these observations are not fully understood but
evidence points to increased stability of mtDNA and improved coupling between oxidative
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phosphorylation and ATP synthesis [325,326]. The twin benefits of improved ATP
production and reduced production of mtROS have been described as the production of
‘clean energy’, which is clearly a desirable aim from the perspective of devising a therapeutic
approach aimed at reducing mitochondrial dysfunction and excessive ROS production [327].
Readers interested in the role of TFAM in the formation of mtDNA nucleosomes are referred
to excellent treatments of the topic by [328,329].

4.4.4. FOXO family of transcription factors
The activation of the FOXO family of transcription factors, a subgroup of the Forkhead
family of transcription factors, most notably FOXO3a and FOXO1, in the cytoplasm by
SIRT1-induced lysine deacetylation and subsequent translocation to the nucleus also leads to
the transcription of a range of antioxidant genes. This is effected by direct binding of the
protein, probably in tandem with PGC-1α, to their promoter regions [330,331]. Examples of
genes upregulated include those encoding Prx3, Prx5, Trx2, TrxR-2, GPx-1, SOD-1, SOD-2
and catalase (reviewed by [331-333]). FOXO3a and FOXO1 may also be activated via serine
and threonine phosphorylation, which may be effected by a range of ‘stress’ kinases such as
JNK and MAPK as well as AMPK [334,335]. Importantly, the AMPK-mediated
phosphorylation of FOXO3a also allows the molecule to be imported into mitochondria
where it complexes with SIRT1 and mitochondrial RNA polymerase to increase
mitochondrial respiration and the transcription of mtDNA [336].
FOXO3a and FOXO1 also play major roles in combating mitochondrial dysfunction and
oxidative stress by stimulating microautophagy, macroautophagy and mitophagy, enabling
the maintenance of proteostasis and avoidance of the endoplasmic reticulum (ER) stress
response coupled with the clearance of defective mitochondria which are a source of
excessive ROS and RNS production and spiralling bioenergetic decline as discussed above

28
This is a post-peer-review, pre-copyedit version of an article published in Molecular Biology Reports.
The final authenticated version is available online at: https://doi.org/10.1007/s11033-020-05590-5

[294,337-339]. Recent evidence suggests that FOXO1 and FOXO3a upregulate as many as
43 genes involved in instigating and regulating mitophagy [340]. Other authors have reported
upregulation of genes encoding PTEN-induced kinase 1 (PINK1), microtubule-associated
proteins 1A/1B light chain 3B (LC3), autophagy-related protein 9 (ATG9) and BCL2 19 kDa
interacting protein 3 (BNIP3) [313,341,342], which indicates that these FOXO family
members are capable of upregulating the forms of mitophagy mediated by PINK1, parkin,
outer mitochondrial membrane receptor and cardiolipin (reviewed [315,342]). It is also
relevant that an analysis of the three-dimensional structure of FOXO transcription factors
reveals that their binding to DNA mainly involves the activity of threonine and serine
residues whose activity is not impaired by high RNS and ROS levels [343]. In addition, while
evidence suggests that cysteine groups are also involved in maintaining the binding between
FOXO proteins and DNA, unlike the situation with Nrf2 oxidation of these residues increases
their activity, and hence the activity of FOXO transcription factors may be enhanced in an
environment of chronic ONS [331,343].
However, it should be noted that FOXO transcription factors do not act alone when
stimulating mitophagy processes but do so via a physical alliance with SIRT1, SIRT3, PGC1α and AMPK [344]. Moreover, the weight of evidence suggests that continual activity of
SIRT1 and PGC-1α is needed to stimulate and maintain increases in mitophagy and, indeed,
mitochondrial biogenesis [345,346]. It has also been argued that PINK-parkin-mediated
mitophagy is enabled by the concerted action of SIRT1, SIRT3 and FOXO1 [347], while
SIRT3-mediated FOXO3a activation activates PINK-parkin-independent mitophagy, which
would appear to be subsequent to the activation of the mitochondrial unfolded protein
response (UPR) [348]. AMPK, on the other hand, instigates mitophagy via the
phosphorylation of serine residues on unc-51 like autophagy activating kinase 1 (ULK1)
[349]. Finally, PGC-1α also plays a pivotal role in driving mitophagy by increasing the
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expression of transcription factor EB (TFEB), which is a major driver of this form of
mitochondrial clearance [312,350]. TFEB in turn regulates PGC-1α activity to upregulate
compensatory mitochondrial biogenesis to replenish the pool of damaged mitochondria with
healthy and fully functional successors [351].

4.4.5. Nrf1
PGC-1α , FOXO3a, SIRT3 and AMPK also cooperate to activate and maintain mitophagy by
the activation of Nrf1 [316,352,353] via a mechanism which appears to involve the formation
of an Nrf1-PGC-1α complex following phosphorylation of an Nrf1 serine residue by nuclear
translocated AMPK [318,319]. This transcription factor in turn is a major player in regulating
and enabling mitophagy by increasing the transcription of genes involved in the instigation of
the process, such as PINK1 and PARK2 (encoding parkin) [354-357], and plays the dominant
role in stimulating the transcription of TFAM [315,358]. It is also encouraging to note that the
DNA-binding activity of Nrf1 is dependent on the phosphorylation of a serine residue and
subsequent dimerisation, and hence is not reliant on the redox state of functional cysteine
residues as in the previously discussed case with Nrf2. Hence the activation of Nrf1 is less
likely to be impeded in an environment of chronic ONS [358,359].
There are several mechanisms involved in regulating the relationship between mitophagy and
mitochondrial biogenesis. They are of paramount importance in regulating energy and redox
homeostasis by ensuring the clearance of damaged mitochondria before stimulating the
replication of the relatively undamaged survivors (reviewed [317,360]). The importance of
stimulating mitophagy in the context of a therapeutic intervention aimed at ameliorating
mitochondrial dysfunction and oxidative stress in patients with neuroprogressive conditions is
difficult to overemphasise owing to accumulating evidence which associates increases in this
specific form of autophagic clearance with significant decreases in cellular levels of ONS as
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well as large increases in overall levels of ATP production [159,160,361]. In addition, the
regulated interplay between mitophagy and mitochondrial biogenesis is probably the most
important mechanism for maintaining energy and redox homeostasis in the periphery and in
the brain [315,362-364]. Importantly, the mechanisms driving mitophagy are not
compromised in an environment of bioenergetic failure and/or chronic ONS but are
encouraged in such cellular environments. Hence, the stimulation of mitophagy would appear
to be a desirable and achievable therapeutic aim.
While we have cited potential issues with the performance of Nrf2 as a coordinator and
activator of the cellular antioxidant network in an environment of chronic ONS, it must be
emphasised that the upregulation of this network has been achieved in several animal and
human studies via the use of what might be deemed to be nutraceutical approaches, resulting
in objective improvements in symptoms and a significant amelioration in disease processes in
conditions whose pathophysiology is driven, at least in part, by excessive levels of ROS and
RNS coupled with impaired production of ATP. Such conditions include multiple sclerosis
(MS) [365-367]; obesity, metabolic syndrome and type 2 diabetes mellitus [368-370]; animal
models of sepsis [371]; and animal models of Parkinson’s disease [372,373]. In addition, the
upregulation of the Nrf2 would appear to be a highly desirable aim in patients with
neuroprogressive conditions as evidence suggests that the activity of the Nrf2 system is
significantly compromised in the dorsolateral and parietal cortices of patients suffering from
MDD and BPD [31,32]. This would also seem to be the case in at least some brain regions in
drug-naïve patients presenting with first-episode SZ [24].
This is an opportune point to remind the reader that these pathways are discussed as being of
potential therapeutic benefit in the treatment of neuroprogressive disorders in the context of
adequate or even high levels of cytosolic and mitochondrial NAD +. Hence it seems
reasonable to propose that the increased levels of Trx and TrxR generated by the action of
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FOXO3a independently of Nrf2 might restore the function of the transcription factor both in
terms of stability in the cytosol and redox state in the nucleus. There is also an argument that
FOXO3a-mediated upregulation could also restore the activity of DJ-1. In any event, there is
a wealth of data reporting upregulation of Nrf2 activity following the use of plant extracts or
food additives and, indeed, NAD+ supplementation. Therefore we now move on to examine
the potential benefits of Nrf2 activation, generally stimulated by the increased activity of
PGC-1α [374,375], in ameliorating many of the abnormalities caused by oxidative stress and
bioenergetic failure detailed above.

4.4.6. Nrf2
Several authors have reported an association between the activation of Nrf2 and significant
elevations in levels of cytosolic GSH and GSSG via mechanisms which include increased
cysteine/glutamate antiporter (Xc-), increasing levels of the GSH precursor molecule cysteine
and increased activity of glutamate-cysteine ligase (formerly gamma-glutamylcysteine
synthetase), the enzyme which is the rate limiting step in GSH synthesis [376,377]. Increased
entry of recently translated Nrf2 into the nucleus is also associated with increased
transcription and activity of GPx1 [378,379], mitochondrial glutathione transferase 2 [380]
and GR, which all play a role in maintaining levels of GSH and the activity of the glutathione
system [381].
Increased nuclear translocation of Nrf2 and subsequent binding to ARE sequences in the
promoter regions of antioxidant genes also result in the stimulation of the cytosolic Trx
system by increasing the transcription of Trx and TrxR [255,382,383] (see Figure 3).
Moreover, there is evidence to suggest that, once activated, both molecules play an active
role in inducing further increases in Nrf2 activity. This appears to stimulate further increases
in the Trx system in a beneficial positive feedback loop [258,384].
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[Fig. 3 approximately here please.]

Nrf2 also increases the expression of ME isoforms, IDH isoforms, ALD isoforms, MEHFD2,
G6PD, and 6-phosphogluconate dehydrogenase (6PGD), thus aiding generation of NADPH
in the cytosol and possibly within mitochondria via the TCA cycle [385-387]. It is also
noteworthy that Nrf2 activation results in the preferential metabolism of glucose through the
PPP, which provides another vehicle for the upregulation of cytosolic NADPH production
when NAD+ levels are not limiting [388]. Increased Nrf2 activity is also associated with
elevated mitochondrial membrane potential, which offers the prospect of increased
intramitochondrial NADPH production via the improved performance of NNT [386,389].
Clearly, the upregulation of Nrf2 and Nrf1 appear to be therapeutically desirable outcomes,
but it should be noted that proteins produced as a result of the activity of transcription factors
such as SIRT1 and SIRT3 are encoded in the nuclear genome and translocated into
mitochondria [390,391]. This also applies to the mitochondrial isoforms of ME, IDH, ALD,
MEHFD2, all TCA enzymes [392,393], Trx2 [394] and TFAM [395]. This may present a
further therapeutic hurdle in attempting to alleviate mitochondrial dysfunction, as the import
of at least some proteins into the mitochondrial matrix via the translocase of outer
mitochondrial membrane complex (TOM) and the translocase of the IMM (TIM-23) are
dependent on ATP production and a high mitochondrial membrane potential (reviewed by
[396,397]). This may well impede therapeutic interventions aimed at restoring mitochondrial
function when the ATP-producing capabilities of the organelles are seriously compromised.
Readers interested in a detailed explanation of the reliance of mitochondrial protein import,
which applies to 99% of mitochondrial proteins, on optimal oxidative phosphorylation, are
referred to an excellent treatment of the subject by [398].
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It should also be noted for the sake of completeness that efficient entry of proteins into
mitochondria is propelled by association with chaperone proteins, most notably 70-kDa heat
shock protein (HSP70), via a mechanism which also depends on ATP, and which is therefore
potentially compromised in dysfunctional mitochondria (reviewed by [399]). Moreover,
HSP70 may also be inactivated in an environment of ONS owing to conformational changes
stemming from nitrosylation and/or oxidation of cysteine residues whose redox states play an
indispensable role in maintaining the tertiary structure of the molecule [400,401].
However, there is potentially therapeutic utility in upregulating cytosolic Trx and TrxR, as
such upregulation may serve to maintain pre-import mitochondrial proteins in a reduced state,
thereby enhancing their entry into mitochondria and contributing to the reactivation of DJ-1.
In addition, an improvement in redox homeostasis in the cytosol owing to the upregulation of
the Trx and GSH systems in an environment of adequate NAD + levels may allow increased
production of NADPH by the PPP, cytosolic one-carbon metabolism and the cytosolic
isoforms of NADPH-generating TCA enzymes. This is significant, as cytosolic NADPH may
supply reducing equivalents to mitochondria, probably in the form of electrons, via various
shuttle mechanisms, and encourages increased activity of the mitochondrial Trx and GSH
systems [143]. This could conceivably relieve at least some of the inhibition endured by key
enzymes of the TCA cycle and, in alliance with imported NAD +, which may be imported into
mitochondria in the absence of mitochondrial respiration [402], could increase ATP
production via increased activity of the TCA cycle and the ETC. In addition, the weight of
evidence suggests that the import of GSH into mitochondria is not energy dependent
(reviewed by [403]) and may increase mitochondrial antioxidant capacity somewhat,
although this might not be significant as far as brain mitochondria are concerned.
In addition, the potential limitations and benefits of Nrf2 upregulation discussed above
should be viewed in the context of data associating increased activity of the transcription
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factor and the stimulation of mitophagy [385,386,404]. Mechanistically, this would appear to
be achieved by upregulation of PINK1 and parkin as well as a plethora of mitophagyinducing genes in an environment of high ROS and RNS, either directly or by stimulating the
activity of Nrf1 [405] (reviewed by [406]). Clearly, many of the limitations of Nrf2
upregulation in the context of very damaged mitochondria do not apply to relatively healthy
equivalents. In addition, it should be noted that Nrf2 can directly stimulate the respiration of
stressed but still viable mitochondria via direct binding and entry, as described in [14].
We have reviewed data suggesting the therapeutic benefits in terms of increased
mitochondrial function which could be achieved by increasing levels of NAD and the
activation of the NAD+- dependent SIRTs and downstream players such as PGC-1α, AMPK
and Nrf2. The focus of the remainder of this paper will now shift to a review of studies which
have demonstrated objective therapeutic benefits which are at least in part due to the
activation of some or all of these molecules. The studies involved will be limited to those
aiming to upregulate NAD+ levels via the use of the precursor molecules NMN and
nicotinamide riboside (NR), and those involving CoQ and NAC.

5. Therapeutic opportunities
5.1. NMN and NR
There has been renewed interest in increasing levels of NAD+ as a therapeutic option in the
treatment of neurological and neuroprogressive diseases in the last decade [407]. The bulk of
the research in this area has been focused on two NAD+ precursor molecules, namely NMN
and NR. This is unsurprising as evidence suggests that oral supplementation of NMN or NR
rapidly elevates levels of NAD+ in the brain and periphery, often as soon as a few minutes
following their administration [407-409]. Importantly, the results of human and animal
studies have provided robust evidence of tolerability and long-term safety as they appear to
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be free of the serious side-effects associated with other NAD +-elevating supplements such as
nicotinamide [407,410,411].
In vivo, NMN is synthesised from its precursor molecule via the action of NAMPT whose
activity constitutes the rate limiting step in NAD+ biosynthesis in humans, as previously
discussed. However, NMN may also be synthesised from NR in a reaction enabled by several
NR kinases (NRKs), thereby avoiding the energetically costly pathway facilitated by
NAMPT, which is an important point in the treatment of patients with compromised
mitochondrial function and ATP production [408]. NMN and NR would appear to be better
tolerated and free of serious side-effects, such as hepatotoxicity, that bedevil other potential
NAD+-elevating supplements, such as nicotinamide, and the long-term safety profile of each
molecule has been established in animal and human studies [407,410,411].
Several research teams have reported a large and significant elevation in NAD + levels in the
hippocampus and hypothalamus of their study animals following oral supplementation with
NMN, which may be associated with improvements in markers of neural function [412,413].
Such improvements appear to be associated with increased activity of the Nrf2 system and
are accompanied by a concomitant decrease in levels of ONS [414-416]. Research into the
effects of NMN supplementation in the periphery have yielded very similar results, with
increased levels of NAD+, decreased levels of oxidative stress and increases in SIRT1 activity
accompanied by the increased transcription of genes regulating cellular antioxidant defences
being the most commonly reported findings [417,418]. Finally, there is emerging evidence
reporting an association between NMN supplementation increased NAD + levels coupled with
increased SIRT1 activity and increased mitochondrial respiration leading to elevated levels of
ATP production in the periphery [411,419,420] and in the brain [421].

5.2. Coenzyme Q10
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Several authors have reported decreases in levels of ONS and improvements in mitochondrial
function as characterised by increased levels of mtDNA and cytochrome oxidase in the brains
of study animals in vivo following prolonged CoQ supplementation [422-425]. However,
there does not appear to be any published evidence investigating the association between
CoQ supplementation and effects on nitro-oxidative stress in the brain as far as humans are
concerned. This is somewhat surprising given that several recent meta-analyses have
confirmed a significant decrease in peripheral levels of nitro-oxidative stress following CoQ
administration in illnesses such as metabolic syndrome and MS [426-429]. Several research
teams have also reported an association between prolonged CoQ supplementation and
decreased levels of NO, resulting from reduced activity of iNOS and eNOS, which suggests
that the use of this quinone might combat excessive levels of protein nitrosylation [430-432].
The use of animal models of various illnesses has demonstrated an association between
dietary CoQ supplementation and increased nuclear translocation and activity of Nrf2
translocation and subsequent increases in levels of glutathione transferase, GPx, GR, catalase,
SOD2 and haem oxygenase-1 [433-436]. Other positive effects of CoQ revealed in such
studies involve increased transcription and translation of several transcription factors and
cofactors, such as SIRT1, SIRT3, PGC-1α, NAD + and AMPK, coupled with significant
improvements in mitochondrial function and mitochondrial dynamics [52,437,438]. There are
also data from animal studies suggesting that CoQ supplementation inhibits the activity of
NFκB), anotherB [439,440].
When the data are considered as a whole it seems reasonable to conclude that the multiple
benefits of CoQ supplementation offers opportunities of synergy when added to a therapeutic
approach based on NAD supplementation as both approaches do not seem to require supplies
of NADPH. However, entry of CoQ into bioenergetically compromised mitochondria is
likely to be impaired owing to the reliance of the process on ATP-dependent import proteins
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and chaperones (reviewed by [441]). Hence CoQ supplementation aimed at improving
mitochondrial function and reducing nitroxidative stress in the brain would probably be best
achieved via the use of mitoquinone (MitoQ), which is in essence ubiquinone with an
attached triphenylphosphonium (TPP+) cation, which enables the molecule to transverse the
blood-brain barrier and concentrate into mitochondria [442]. Importantly, this phenomenon
occurs in vivo, along with significant improvements in mitochondrial function even when the
organelles are in a state of bioenergetic failure [443]. This may well be of major therapeutic
importance when viewed in the context of studies revealing that supplementation with
conventional CoQ may result in amelioration of depressive symptoms suffered by many
patients with BPD [49,50] and may alleviate the negative symptoms reported by patients with
SZ [444]. It is also noteworthy that CoQ levels appeared to be reduced in patients with MDD
[445]. Finally, and of major importance from the perspective of long-term administration,
there is a wealth of evidence which has established the safety of prolonged CoQ
supplementation in humans even at levels of 2400 mg per day [446,447].

5.3. N-acetylcysteine
Oral NAC supplementation is associated with improved mitochondrial function in the brain
[448] (reviewed by [449]) and produces significant decreases in brain ONS [450-452] in a
dose-dependent manner. Several research teams have also reported reduced levels of ONS in
the periphery following NAC administration [453-457]. In addition, there is evidence to
suggest that oral NAC supplementation leads to a decrease in NO levels in the brain and
periphery, which appears to be mediated by the inhibition of iNOS and NFκB), anotherB [458-460].
Moreover, research teams have also reported an association between oral NAC
supplementation

and

upregulation

of

the

Keap1/Nrf2

system

[461-463].

NAC

supplementation also appears to inhibit the UPR leading to decreased ER stress [464,465],
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and there is also evidence to suggest that NAC may activate mitochondrial survival pathways
via its pro-oxidant properties and exert positive effects on mitochondrial dynamics [466-468].
In addition, it should be noted that the therapeutic effects of NAC supplementation are highly
dependent on the duration of treatment and the amount given on a daily basis [469-471].
These latter observations, coupled with data questioning the ability of NAC to act as a
scavenger of ROS and most RNS in vivo, has led to something of a re-evaluation as far as the
mechanisms driving the obvious therapeutic benefits of NAC are concerned (reviewed
[54,472]). For example, the role of oral NAC supplementation in increasing levels of GSH in
the periphery would appear to be established, but this relationship has not yet been
definitively established in the brain, despite a plethora of papers reporting various
neuroprotective responses following supplementation with this low-molecular weight thiol
[46,473,474]. In addition, the various effects achieved by NAC supplementation cannot
readily be explained via mechanisms stemming from upregulated GSH [46,473,474]. Indeed,
there is a growing body of evidence suggesting that this is achieved via the manipulation of
cysteine levels in mitochondria, possibly by acting as a substrate for 3-mercapto-pyruvate and
upregulating the production of hydrogen sulphide (H 2S)-induced protein sulfenation of
cysteine residues [54,55]. This essentially involves the addition of a sulfur group which can
inactivate or regulate a myriad of signalling pathways which can ameliorate nitro-oxidative
stress and mitochondrial dysfunction (reviewed by [475]). For example, the persulfenation of
Keap1 cysteine groups leads to the upregulation of the Nrf2 system [476-478] (see Fig. 2),
inhibition of the UPR, downregulation of NFκB), anotherB activity [479], increased parkin transcription
[476,480] and increased mitochondrial biogenesis [480]. There is also evidence associating
H2S-mediated persulfenation and increased activity of key enzymes of the TCA cycle and
glycolysis and increased levels of HSP70 (reviewed by [475]).
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These data are intriguing and lend support to the view of NAC as a cysteine manipulator and
generator of H2S, as this concept explains the various results achieved by the administration
of this thiol, which cannot be explained using a model based on GSH upregulation and/or free
radical scavenging. The role of NAC as a vehicle for delivering a relatively controlled dose of
H2S is also significant from a wider treatment perspective as it offers the prospect of
delivering the acknowledged neuroprotective and neurorestorative effects of H 2S without
encountering serious neurotoxicity issues which occur when the very low therapeutic
concentrations of the molecule increase (reviewed by [481]). From the perspective of
attempting to improve ATP levels and decrease ROS production by grossly dysfunctional
mitochondria, it is encouraging to note that H2S produced by increased levels of NAC in the
cytosol can localise into mitochondria, via routes which do not appear to be ATP dependent,
and thereafter stimulate the production of ATP by supplying electrons to the ETC and reduce
ROS levels via its potent scavenging activity [482,483].

6. Conclusions
In this paper, details have been given of key mitochondrial antioxidant mechanisms and their
importance in ROS detoxification. This has been followed by a detailed consideration of the
known mechanisms driving the multiple dimensions of pathological sequelae of a vicious
cycle of increasing levels of free radical species production and mitochondrial dysfunction of
importance in major neuropsychiatric disorders. Finally, this has laid the foundation for the
exploration of potential therapeutic opportunities in such disorders afforded by the use of
NMN, NR, CoQ and NAC. Major large-scale randomised, placebo-controlled trials are
indicated.
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Table 1. Important findings in neuroprogressive disorders. Details and references are given in
the text.

Parameter

MDD

BD

SZ

HDL-C

↓

↓ (BD1)

Paraoxonase 1

↓

↓ (BD1)

Lecithin-cholesterol acyltransferase

↓

↓ (BD1)

Vitamin E

↓

↓ (BD1)

CoQ

↓

↓ (BD1)

SOD

↑

↑

H2O2

↑

↑

LOOH

↑

↑

MDA

↑

↑

NO production

↑

↑ (BD1)

Protein nitrosylation

↑

↑ (BD1)

NF-κB), anotherB in brain

↑

↑

↑

Trx system

↓

↓

↓

GSH system

↓

Nrf2 system activity in brain

↓

↑

↑

↓
↓

↓
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Fig. 1. Interrelations between H2O2, the Trx/Prx system and the GSH system.
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Fig. 2. Roles of Nrf1, Nrf2, Keap1 and PGC-1α (see main text).
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Fig. 3. Relationship between the nuclear translocation of Nrf2, its binding to ARE sequences
in the promoter regions of antioxidant genes, and stimulation of the cytosolic Trx system.
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