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ABSTRACT
Alzheimer's disease (AD) has been the subject of extensive investigation as to its biological
underpinnings. However, this has produced little of therapeutic benefit or indeed provided any
accepted biomarkers that could tailor treatment. This chapter reviews data on the main
pathophysiologic processes that have been widely shown to be altered in AD, including circadian
dysregulation, mitochondrial dysfunction, gut dysbiosis, and immune-glia-platelet activation. It is
proposed that alterations in the gut microbiome, including gut dysbiosis and increased gut
permeability drive changes in mitochondrial function that are intimately associated with significant
variations in sirtuin expression. Both mitochondria-located and nucleus/cytoplasm located sirtuins
can act on mitochondrial function in different cells and body systems to co-ordinate the ageingassociated changes that underpin AD. The sirtuins are therefore key aspect to a developmental
model of AD that is more 'holistic' in perspective, thereby providing a framework for the detection
of earlier biomarkers and more successful treatment for the heterogenous nature of AD
pathoetiology.
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INTRODUCTION

A wide array of biological factors and processes are associated with Alzheimer's disease (AD) risk
and/or pathophysiology. It is generally accepted that genetic factors and epigenetic processes over
the lifespan interact with ageing to drive the pathophysiological changes occurring in
neurodegeneration. Consequently, AD symptomatology may arise from an array of distinct
processes culminating in a common hub of neurodegeneration. This is highly suggestive of a
heterogenous set of pathways, if not distinct conditions. However, within such heterogeneity a
number of key processes seem to be important, including circadian dysregulation, mitochondrial
dysfunction, gut dysbiosis and increased gut permeability, as well as alterations in immune, glia and
platelet activity. Other factors commonly found in people with AD, including increased levels of
amyloid-β42 (Aβ42), hyperphosphorylated tau, ceramide and formaldehyde and decreased levels of
the short-chain fatty acid, butyrate, melatonin, pericytes and taurine may all arise as a consequence,
thereafter contributing to AD pathophysiology.

Circadian dysregulation is an important aspect of AD etiology [1] and pathophysiology [2]. This is
supported by work in preclinical models, where it is proposed that circadian dysregulation leads to
an increase in the oxidant/antioxidant ratio, thereby contributing to neuronal apoptotic susceptibility
[3]. The decrease in the night-time secretion of pineal gland melatonin in AD contributes to elevated
oxidative damage, although this seems a two-way interaction, as oxidative damage and associated
immune-inflammation contribute to the suppression of pineal melatonin secretion [4]. Orexin, the
wake-promoting factor, is also profoundly decreased in AD, contributing to the loss of a sleepactive rhythm [5].

A large body of data also shows mitochondrial dysregulation in AD, with mitochondrial dysfunction
mooted as a viable AD treatment target [6], as in many other conditions [7,8]. Targeting
mitochondrial function in an AD preclinical model prevents classical AD indicants, viz tangle and
plaque formation [9]. Notably, the circadian rhythm drives changes in mitochondrial function and
mitochondrial rate-limiting enzymes [10], suggesting that circadian dysregulation impacts core
aspects of metabolic function. This is especially important in immune and glia cells, where nighttime melatonin switches metabolism in reactive cells from glycolysis to oxidative phosphorylation
(OXPHOS), and thereby from a reactive to quiescent state. Again, this is a two-way interaction as
mitochondria function and redox regulation can modulate circadian proteins and the circadian
rhythm [11,12].
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Recent data indicates a role for gut dysbiosis and increased gut permeability across a wide array of
medical conditions [13-5], including AD [16]. Gut dysbiosis and gut permeability are also important
in the shift from mild cognitive impairment (MCI) to AD [17]. The gut contributes to AD via two
main mechanisms: 1) increased gut permeability leads to elevated levels of circulating
lipopolysaccharide (LPS) and exosomal high-mobility group box (HMGB)1 [18], with both LPS
and HMGB1 mediating their effects via toll-like receptor (TLR)4, in association with heightened
levels of oxidative stress and immune-inflammatory activity; 2) gut dysbiosis is invariably
associated with a decrease in the short-chain fatty acid, butyrate. Butyrate seals the gut barrier,
suppresses immune and glia cell reactivity and optimizes mitochondria functioning, including
within immune and glia cells, reviewed in [14]. These are the two important routes whereby the gut
interacts with AD etiology and pathophysiology, with relevance to a host of other diverse medical
presentations. It is also important to note that the gut is an integral aspect of the circadian rhythm.

An increased levels of inflammation, from the activation of immune and glia cells, has long been
associated with AD, highlighting the relevance of systemic processes and their interactions with
CNS regulation. Variations in the platelet activity are another systemic factor associated with the
circadian rhythm and showing alterations in AD and other neurodegenerative conditions [7],
including as arising from the regulation of mitochondrial function [19]. As with immune and glial
cells, platelet mitochondria can be regulated by histone deacetylase (HDAC) inhibitors, such as the
gut microbiome-derived, butyrate [20]. As such, platelets, like glia and immune cells, are another
important hub for gut-mitochondria interactions, with consequences that include the production of
thrombin and fibrin(ogen), both of which can drive neurodegenerative processes in AD [21-2], as
well as contribute to AD risk factors, such as cardiovascular disorders and ischaemic stroke [23-4],
as well as increasing the risk of cerebral amyloid angiopathy [25]. Overall, immunity, glia and
platelets contribute to AD pathophysiology partly via changes that are regulated by the circadian
rhythm and gut driven changes in mitochondrial function.

Other pathophysiological changes in AD may be linked to this, including the increased levels of
ceramide that are evident in AD and other neurodegenerative conditions. For example, increased gut
permeability leading to LPS and HMGB1 activation of microglia and the production of
peroxynitrite (ONOO-) and tumor necrosis factor (TNF)-α. ONOO- activates acidic
sphingomyelinase (aSMase) leading to long-chain ceramides, with ceramide and TNF-α decreasing
levels of daytime orexin and night-time melatonin, resulting in the loss of orexin and melatonin
optimization of mitochondrial OXPHOS and contributing to circadian dysregulation. Ceramide also
increases Aβ42 levels via the stabilization of beta-site amyloid precursor protein-cleaving enzyme
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(BACE)1 [26]. The lower butyrate levels also contribute to suboptimal mitochondria functioning,
including in glia and immune cells, thereby dysregulating immune-inflammatory activity. Lower
butyrate levels also attenuate its suppression of ceramide. LPS and HMGB1, via TLR4, can also
regulate platelet activity as can ceramide and aSMase, whilst decreased levels of butyrate will
attenuate its inhibition of platelet activation, leading to increased levels of thrombin and
fibrin(ogen) in AD pathoetiology. Such data can be linked in an integrative, developmental model,
comprised of a gut-mitochondria-(platelet-immune-glia)-circadian axis, that incorporates an array of
diverse and previously disparate data on AD.

This chapter reviews data on the circadian dysregulation, mitochondrial dysfunction, gut dysbiosis,
and immune-glia-platelet activation in AD, proposing an important role for alterations in sirtuin
function in all of these processes and their interactions. First, we shall briefly review the sirtuins,
before integrating sirtuins in the processes and their interactions underpinning AD pathophysiology.
We then show that this can provide a more integrative model of AD, with future research and
treatment implications.

THE SIRTUINS

The sirtuins are a family of nicotinamide dinucleotide (NAD)+-dependent class III histone
deacetylases. The sirtuins are important to metabolic and circadian regulation, with epigenetic
impacts on a host of physiological and pathophysiological processes. Mammals have seven sirtuins
(SIRT1–7), with SIRT1, SIRT6 and SIRT7 being predominantly expressed in the nucleus, whilst
SIRT3, SIRT4 and SIRT5 are primarily mitochondria-expressed. SIRT2 is expressed in the
cytoplasm. The sirtuins regulate a wide array of core cellular processes, including mitochondrial
metabolism, DNA repair, adipocyte differentiation, neurogenesis, insulin sensitivity, and fatty acid
oxidation, as well as inflammation, and aging-associated processes. All of these processes have
been linked to AD pathophysiology.

SIRT1 has classically been referred to as the 'longevity protein', given its association with the
increased lifespan in yeast and rodents. Lower SIRT1 levels are evident in insulin-resistant cells,
with the induced cellular expression of SIRT1 improving insulin sensitivity. This is important in
AD, which has been referred to as type III diabetes, due to the role of type II diabetes in AD
pathoetiology [27]. SIRT1 also deacetylates peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGC1α), which is commonly referred to as the mitochondria 'master regulator',
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highlighting the important role of SIRT1 in mitochondrial metabolism. SIRT1 also deacetylates and
deactivates the pro-apoptotic protein, p53, with p53 being intimately linked to the effects of
hyperphosphorylated tau and Aβ42 in AD-associated neuronal death [28].

SIRT2 is more highly expressed in the brain and heart than other organs. SIRT2 has some similar
effects to SIRT1, including improving insulin sensitivity and deacetylating PGC1α. However,
SIRT2 can also have pro-apoptotic and pro-ageing effects, with the inhibition of SIRT2 in AD
preclinical models decreasing AD-like symptomatology [29]. However, recent data shows SIRT2 to
deacetylate the NLR family pyrin domain containing (NLRP)3 inflammasome, which the authors
propose to indicate a role in reversing, and not simply slowing, ageing [30].

SIRT3 is mitochondria matrix-located and has generated a lot or research interest due to the
suboptimal mitochondrial function that is evident in AD. SIRT3 increases mitochondrial respiration,
with its over-expression in cells leading to a decrease in reactive oxygen species (ROS) production.
SIRT3 deacetylates, activates and complexes with acetyl-coA synthetase (AceCS2), As acetyl-CoA
is an important component of the tricarboxylic acid (TCA) cycle and OXPHOS, the induction of
acetyl-CoA drives core aspects of mitochondrial metabolism. As acetyl-CoA is also a necessary cosubstrate for aralkylamine N-acetyltransferase (AANAT) and therefore the activation of the
mitochondrial melatonergic pathway, SIRT3 may be intimately linked with mitochondrial melatonin
regulation. As the effects of mitochondrial melatonergic pathway activity include the upregulation
of SIRT3 and superoxide dismutase (SOD)2 [31-2], the interactions of SIRT3 with melatonin and
mitochondrial metabolism may be of some importance in AD, as highlighted below.

SIRT4 seems to have greater catalytic activity for lipoyl- and biotinyl-lysine modifications,
compared to its deacetylation activity [33]. SIRT4 is a significant regulator of mitochondrial PDC,
and therefore of the conversion of pyruvate to acetyl-CoA, and thereby upregulating the TCA cycle,
OXPHOS and the mitochondrial melatonergic pathway. However, the increase in SIRT4 in dermal
fibroblasts is associated with photo-aged cellular senescence [34], whilst data in other cells
indicates its association with ageing-linked suboptimal mitochondrial function arising from a
decrease in mitophagy [35]. In contrast, the knockout of SIRT4 leads to decreased longevity, as
shown in drosophila [36]. Although modulating insulin resistance and susceptibility to diabetes,
SIRT4 has been relatively little investigated in AD [37]. The effects of SIRT4 are complicated by its
apparent diverse effects in different cell types and species [38] and clearly requires further
investigation as to how its interactions can be associated with such diverse effects.
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SIRT5 has been little investigated in AD or AD-associated pathophysiological processes. There is
some evidence to indicate that SIRT5 may compensate the loss of SIRT3 in mitochondria in sepsis
models [39], suggesting impacts on mitochondria modulation of immune responses. Anti-ageing
type effects driven by SIRT1 and nuclear factor erythroid 2-related factor (Nrf)2 in C. Elegans
involve SIRT5 activation [40], paralleling the effects of SIRT1 in the deacetylation and activation of
mitochondria-located SIRT3. The suppression of SIRT5 attenuates mitochondrial ATP production,
as well as promoting AMP-activated protein kinase (AMPK) activation when under energy stress
[41]. SIRT5 suppresses pancreatic β-cells proliferation and insulin secretion, with increased SIRT5
levels evident in type II diabetes patients [42], suggesting a role for SIRT5 in the association of type
II diabetes with AD. SIRT5 desuccinylates and activates SOD1 [43] and mitochondria-located
SOD2 [44], indicating impacts on antioxidant defences. SIRT5 can also regulate PDC activity via
the suppression of pyruvate kinase [45]. Although little investigated in AD, SIRT5 has significant
impacts on AD-associated pathophysiological processes.

SIRT6 knockout in mice produces marked premature aging [46], whereas the over-expression of
SIRT6 extends murine male lifespan by ~20% [47]. The post-translational regulation of SIRT6 is
also important in the recruitment of poly(ADP-ribose) polymerase (PARP)1 to oxidative stressinduced DNA breaks [48]. PARP1 levels are elevated in AD, with a prolonged rise in PARP1 levels
leading to NAD+, and therefore sirtuin, depletion, thereby inducing energy depletion and apoptosis
[49]. As the sirtuins are NAD+ dependent, oxidative stress-induced damage and PARP1 induction,
by using NAD+, will deplete all sirtuins. SIRT6 also has a number of neuroprotective functions,
with SIRT6 levels decreasing over age in association with rising levels of DNA damage [50]. These
authors also showed that the brain-specific loss of SIRT6 leads to an increase in the levels of
phosphorylated tau in preclinical models, as well as showing a suppression of SIRT6 mRNA and
protein in AD patients [50].

SIRT7 has been relatively little explored. SIRT7 expression is highest in the liver and spleen and
relatively low in the brain compared to other sirtuins. The SIRT7 knockout rodent shows
accelerated aging [51], with cellular data showing SIRT7 to regulate DNA repair and decrease
glycolytic metabolism. The association of SIRT7 with slowed aging would indicate that SIRT7
could have a role in AD pathophysiology, perhaps especially via non-CNS effects.

We now look in more detail as to the sirtuin roles in the different areas of AD research.
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GUT, SIRTUINS AND ALZHEIMER'S DISEASE

Gut dysbiosis and gut permeability have been at the cutting edge of AD research over the past five
years [52], in association with an emphasis on wider systemic processes. Such work has
significantly and etiologically elaborated, if not challenged, the classical neuron-centric models of
AD, which have emphasized the role of central Aβ42 and hyperphosphorylated tau. Elevations in
low-level systemic inflammation are evident in AD [53], to which gut dysbiosis and increased gut
permeability can contribute. The gut may therefore be seen as an important aspect of a more
systemic 'holistic' perspective as to the biological underpinnings of AD. The gut has two primary
ways of modulating central and systemic processes relevant to AD pathophysiology: increased gut
permeability-mediated LPS and HMGB1, leading to TLR4 activation; and gut dysbiosis-driven
suppression of butyrate levels. Both of these processes can interact to drive many of the diverse
aspects of AD pathophysiology, including increased ceramide levels and glia and immune cell
activation as well as wider systemic processes that can be relevant to AD, including alterations in
platelet function.

Alterations in sirtuins seem important as to how gut-associated changes may modulate AD.
Probiotics efficacy in suppressing high-fat diet impacts on the gut microbiome and gut permeability
are mediated via the upregulation of SIRT1 in intestinal epithelial cells and the liver [54]. SIRT1
knockout, specifically in intestinal epithelial cells, highlights the importance of SIRT1 in the
regulation of gut dysbiosis and inflammatory activity [55]. These authors showed intestinal
epithelial cell SIRT1 to modulate nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-κB) levels in association with heightened levels of spontaneous inflammation (colitis),
dramatic changes in the composition of the gut microbiome and significant alterations in bile acids,
coupled to significant changes in mitochondrial metabolism and gene expressions [55]. Colitis is an
AD risk factor [56], as are many other immune-mediated disorders. Wellman and colleagues also
showed that Paneth and goblet cells are significantly increased when SIRT1 is knocked out [55].
Goblet cells are classically associated with providing the protective mucus lining to the gut.
However, they also act as importance sensors through antigen presentation to dendritic cell
function, thereby influencing the patterning of the mucosal immune response [57]. As such, SIRT1
is a key regulator of not only gut permeability, but also adaptive structural changes in the gut that
can impact on mucosal immune regulation.

Such data on the role of gut SIRT1 in the regulation of the intestinal epithelial cells may be of some
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note. There is a growing recognition as to the importance of the interactions of the gut microbiome,
intestinal epithelial cells and mucosal immunity in determining how the gut modulates such a wide
array of diverse medical conditions. Intestinal epithelial cell SIRT1 ko decreases the Lactobacillus
gut bacterial species and butyrate production [55]. Butyrate is an important positive regulator of
mitochondrial function, with consequences for immune and glia reactivity and thereby on a wide
array of systemic and central processes [58]. Sirtuin-driven changes in the gut can then impact on
wider body processes via alterations in butyrate production, with consequences in the mitochondria
of diverse body cells, including via sirtuin changes in these cells.
Decreased fecal butyrate correlates with elevated Aβ42 in MCI patients [17], indicating the
pathophysiological relevance of suppressed butyrate levels in prodromal AD. Butyrate's regulation
of mitochondrial function includes via PDC disinhibition [59], with PDC also being regulated by
the mitochondrial sirtuins [33,60]. SIRT3 interacts with PDC to increase its enzymatic activity
mediated by protein deacetylation [60]. This would suggest that gut SIRT1, via butyrate regulation,
may then impact on the regulation of mitochondrial metabolism via alterations in SIRT3 and
perhaps other mitochondrial sirtuins, in distant organs and tissues. As to whether butyrate's PDC
disinhibition involves the regulation of mitochondrial sirtuins in different cell types requires
investigation, including in glia and immune cells as well as in neurons.

Butyrate can act via its receptor as well as via HDAC inhibition. PDC disinhibition by butyrate not
only increases acetyl-CoA for the TCA cycle and OXPHOS, but also for the mitochondrial
melatonergic pathway [61]. The activation of the mitochondrial melatonergic pathway is proposed
to underpin the shift in reactive glia and immune cells to a more quiescent phenotype via the
autocrine effects of melatonin [14,62]. Melatonin can upregulate different sirtuins and may
contribute to butyrate's induction of sirtuins [63]. This will be important to determine as it would
suggest that a decrease in melatonin availability may attenuate the influence of gut microbiomederived butyrate on sirtuin induction and mitochondrial function in distant cells, including immune,
glia and CNS cells. For example, lower levels of serotonin as a precursor, or decreased 14-3-3
protein for the stabilization of AANAT or decreased acetyl-CoA induction will impact on the
melatonergic pathway and therefore may attenuate butyrate's modulation of mitochondria and
sirtuins. This would also suggest that other factors acting on such processes will regulate sirtuins
and mitochondria, such as ceramide's suppression of 14-3-3 proteins or the decreased serotonin that
is often evident in depression.

The interactions of mitochondrial sirtuins and the mitochondrial melatonergic pathway clearly
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require further investigation. The above would suggest their mutual induction, with excess acetylCoA production acting to negatively feedback on this via PDC inhibition. Recent work proposes
that mitochondrial sirtuins and the melatonergic pathway have been intimate partners over the
course of evolution [64], suggesting that mitochondrial sirtuins and melatonin are closely coordinated in the regulation of mitochondrial function. Melatonin also increases SIRT1 in many cell
types, with the protective effects of melatonin against Aβ42 requiring the induction of SIRT1 [65].
These authors also showed that SIRT1 is required for melatonin's effects on mitochondria
biogenesis in an AD model. As SIRT1 contributes to the deacetylation and activation of SIRT3, this
would suggest melatonin effects on both cytoplasmic and mitochondrial sirtuins, with consequences
for mitochondrial function. Clearly, the effects of butyrate on the melatonergic pathway may have
significant impacts on sirtuins, which may be necessary for the cellular and mitochondrial effects of
butyrate.

Melatonin's regulation of mitochondria is partly driven by its induction of the circadian gene,
Bmal1 [66]. Bmal1 mediates exogenous melatonin's disinhibition of PDC, thereby allowing
melatonin to increase the TCA cycle and OXPHOS, as well as inducing the mitochondrial
melatonergic pathway. It is also of note that Bmal1 and SIRT1 can mutually induce each other, as
shown in different cell types [67-8], with SIRT1 deacetylating Bmal1 and increasing its activity
[67]. SIRT1 is therefore a component of the circadian rhythm with important interactions with other
circadian factors. This may be particularly important in reactive cells, including glia and immune
cells, as these cells are shifted to a quiescent state at night via pineal melatonin, thereby
dramatically suppressing the night-time immune response. By releasing pro-inflammatory
cytokines, required ongoing night-time inflammation suppresses pineal melatonin production,
thereby forming the immune-pineal axis [69]. Heightened levels of immune-inflammatory activity
and glia activation are core aspects of AD pathophysiology and will contribute to the circadian
dysregulation associated with AD [70]. Inflammation-driven suppression of pineal melatonin will
therefore attenuate melatonin's night-time suppression of immune and glia activation [71]. Future
research should clarify the specifics of melatonin, Bmal1 and SIRT1/3 interactions in the regulation
of glia and immune cells over the circadian rhythm.

SIRT1-6 can modulate immune and glial cell function, as shown for SIRT1 [72], SIRT2/3 [73],
SIRT4 [74], SIRT5 [75] SIRT6 [76]. As indicated above, such sirtuin-driven changes in
mitochondrial function and associated immune/glia reactivity thresholds and night-time immune
quiescence may be key aspects of the effects of gut microbiome-derived butyrate and pineal
melatonin in the pathoetiology of AD. As mitochondrial metabolism is a major determinant of
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immune and glia cell function, including reactivity thresholds and phenotype [77], alterations in the
levels and regulation of sirtuin will modulate this key aspect of the longer-term course of AD
pathophysiology.

The relevance of butyrate in AD is also highlighted by its impact, via HDAC inhibition, in the
attenuation of hippocampus-associated memory impairments [78]. Notably, the main genetic
susceptibility factor for AD, the apolipoprotein (Apo)E4 allele, is associated with a decrease in
butyrate producing bacteria in AD patients [79]. As ApoE4 decreases mitochondria SIRT3 in
neurons [80], the interactions of butyrate and SIRT3 with ApoE4 in other cell types will be
important to determine. As such, decreases in gut microbiome-derived butyrate are correlated with
the main AD genetic risk factor, with effects that seem mediated via alterations in mitochondrial
sirtuins.

Butyrate and Ceramide

Heightened levels of circulating and central ceramide are evident in many neurodegenerative
conditions, including AD [7,81]. Ceramide mediates its detrimental effects via mitochondrial
dysfunction, and at higher levels via mitochondria-driven apoptosis. Ceramide also decreases 14-33, suggesting that it may contribute to a decrease in the stabilization of AANAT, and therefore
decrease the activation of the melatonergic pathway [7]. Butyrate also decreases ceramide levels,
including via the addition of glucosyl moiety to ceramide, leading to the glucosylceramide [82],
with the administration of glucosylceramide to a preclinical AD model ameliorating memory
deficits [83]. As well as directly acting on mitochondria, butyrate attenuates the negative effects of
ceramide on mitochondrial function, including mitochondria circadian regulation by orexin and
melatonin. However, this may be of transient benefit in preventing AD pathophysiology, as
glucosylceramide is the precursor for ganglioside formation, with some gangliosides contributing to
AD pathophysiology via promotion of Aβ fibril formation in the presynaptic membrane in
ganglioside-enriched lipid domains [84]. As some gangliosides afford protection in AD models [85],
whilst some are detrimental [86], it will be important to determine how factors that differentially
regulate ganglioside formation interact with butyrate-induced glucosylceramide. Data indicates that
gangliosides at the core of Aβ plaques differ from those in the Aβ plaque periphery, suggesting
dynamic regulation of ganglioside in Aβ plaques [87]. The effects of butyrate in the intercellular
environment of such Aβ plaques will be important to determine.

Ceramide is a major determinant of immune and glia cell reactivity, including via the suppression of
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mitochondrial OXPHOS [88-9]. Gut permeability-driven ceramide is further increased by the
suppression of butyrate in AD, with consequences for glia and immune cell reactivity. As ceramide
can drive down wake-promoting orexin and pineal melatonin, ceramide can also change the
circadian regulation of immune and glial cells, with both orexin and melatonin increasing OXPHOS
in these cells, reviewed in [7]. Ceramide, like the gut microbiome and sirtuins, also exhibits a
circadian rhythm [90-1], highlighting the relevance of ceramide to the alterations in the circadian
rhythm that occur over the course of AD.

Clearly, the role of sirtuins in modulating gut microbiome-derived butyrate will modulate ceramide
levels and effects in AD. This requires future investigation as some data indicates that under
conditions of ischaemia-reperfusion, SIRT3 deacetylates ceramide synthase, leading to an increase
in ceramide synthesis [92]. The interactions of the sirtuins with the regulation of ceramide at
different sites will be important to determine

Gut Permeability

As well as gut dysbiosis and associated changes in short-chain fatty acids, such as butyrate, an
increase in gut permeability is another aspect of altered gut function that impacts on wide
pathophysiological processes, including AD. Gut permeability arises from a slackening of intestinal
epithelial cell tight junctions, leading to the transfer of LPS from the gut to the general circulation.
Coupled to this is an increase in intestinal epithelial cell exosomes containing HMGB1, with both
LPS and HMGB1 triggering inflammatory responses via the TLR4 [18]. The activation of TLR2/4
in microglia increases inducible nitric oxide synthase (iNOS) and superoxide, which readily interact
to form ONOO- [93]. ONOO- is the major inducer of aSMase and ceramide [94]. As such, the
heightened levels of central ceramide that are evident across diverse CNS conditions, including
multiple sclerosis and AD [7,81], may be contributed to, if not driven by, increased gut
permeability.

As noted, ceramide is damaging to mitochondria via a number of mechanisms, including decreasing
mitochondrial Complex III, PDC and OXPHOS [92]. Recent work shows all factors and enzymes
of the melatonergic pathway to be expressed in mitochondria [64], including AANAT,
acetylserotonin methyltransferase (ASMT), 14-3-3 and acetyl-CoA, reviewed in [8]. 14-3-3 is
necessary for the stabilization of AANAT, whilst acetyl-CoA is a necessary co-substrate for AANAT
[95]. Exogenous melatonin increases OXPHOS, SIRT3 and SOD2, which is proposed to parallel the
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effects of mitochondrial melatonin [32,96]. The mitochondria-located SIRT3 is protective against
ceramide effects in brain cells [97], indicating that any suppression of the mitochondrial
melatonergic pathway will sensitize cells to ceramide-induced suboptimal mitochondrial function
and decreased OXPHOS. This supported by data showing SIRT3 to suppress levels of tau
accumulation in AD patients as well as in preclinical models [98], paralleling the similar effects of
melatonin [99]. It is also of note that 14-3-3 suppression sensitizing cells to ceramide's apoptotic
effects [100]. Ceramide's suppression of the mitochondrial melatonergic pathway will decreases
melatonin's induction of, and interaction with, sirtuin-3 [64], thereby contributing to classical AD
pathophysiological changes, including tau-associated tangles [98] and Aβ-associated plaques [65].
This is given some support by data showing that cerebrospinal fluid level of total tau and brain
atrophy correlate with ceramide levels in AD patients [101].

The sirtuins are positive regulators of barrier maintenance, including in the gut, but also in the lung
and blood-brain barrier [102-4]. As well as being a secondary bile acid, lithocholic acid is a vitamin
D receptor agonist, with its effects at the vitamin D receptor in intestinal epithelial cells maintaining
the gut barrier via SIRT1 upregulation [103]. The association of decreased vitamin D with AD risk
has classically been seen as a consequence of vitamin D effects on immune cell function. However,
such data highlights vitamin D to be a significant regulator of gut permeability, with effects that are
mediated via an upregulation of SIRT1. There is a paucity of studies looking at the role of the other
sirtuins in the regulation of gut permeability, although data on the role of suboptimal mitochondrial
function and mitophagy in the gut permeability would indicate a role for the mitochondria-located
sirtuins in its regulation [104].

Stress, Gut and AD

Heightened levels of stress have long been associated with AD etiology and pathophysiology.
Classically, this was thought to be mediated by an increase in activation of the HPA axis and the
effects of heightened cortisol on neurons and neurogenesis, crystalized in Sapolsky's cortisol
cascade model and subsequent revisions [106]. Recent work indicates that stress quickly activates
hypothalamic and amygdala corticotropin releasing hormone (CRH), with CRH acting on mucosal
mast cells to increase TNFα, thereby increasing gut permeability [107]. Mucosal mast cell TNFα
increases gut permeability via the downregulation of SIRT1 [103]. This is likely to be of some
significance to AD pathophysiology, including as to how AD risk is increased by other medical
conditions, including recurrent depression, migraine and inflammatory bowel diseases [108-9]. As
well as via pathophysiological overlaps, the stress that is associated with such conditions will
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contribute to alterations in the gut, in turn impacting on AD pathoetiology [110]. Such processes
underpin how stress may contribute to symptom exacerbations across such seemingly diverse
conditions. Stress-induced decreases in intestinal epithelial cell SIRT1 seems an important
component of such trans-diagnostic processes.

Alterations in SIRT1-6 have been associated with psychological stress in a wide array of preclinical
models [37,111-4], with the effects of long-term stress in the regulation of depression proposed to
be mediated by a decrease in SIRT3-SOD2 [115]. Much of this work has focussed on changes in
neurons, reflective of a neuron-centric model of many disorders that may be better framed within a
more holistic, developmental perspective of wider interacting systemic processes [58]. However, as
indicated above, the pathophysiology of stress may be intimately associated with immune activation
and gut permeability, with alterations in sirtuins at these sites contributing to, if not underpinning,
stress pathophysiology.

Gut and Platelets

There is a growing interest in platelet function in AD, especially as to whether platelets can provide
biomarkers that are relevant to diagnosis, progression and treatment [116]. Platelets can also be a
significant source of Aβ [117]. The transfer of platelets from an AD preclinical model to control
animals leads to breakdown of the BBB and microglia activation, with the authors proposing a role
for AD platelets in cerebral amyloid angiopathy [118]. Both aSMase and ceramide increase platelet
activation and thrombin formation [119], with aged platelets producing higher levels of aSMase and
ceramide [120], thereby potentially contributing to AD pathophysiology. LPS can activate platelets,
with low-dose LPS inducing an M1 phenotype in macrophages [121], indicating that gut
permeability may not only activate platelets but also decrease the threshold of transition to an M1type macrophage that can regulate platelet function. As butyrate shifts M1 macrophages to an antiinflammatory M2-like phenotype [122] its decrease in AD will contribute to alterations in plateletmacrophage interactions. However, low-dose LPS activated platelets may also decrease immune
responses, which may be dependent on specific TLR4 ligands [123]. This requires clarification in
future research.

The raised levels of oxidized low-density lipoprotein (ox-LDL) in AD can also activate platelets via
TLR4 [124], indicating that the association of a high fat diet with AD risk may be mediated not only
via increased gut permeability [125], but also with concurrent platelet activation. HMGB1 is
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released from, and can activate, platelets [126], suggesting that HMGB1 may modulate the
interactions of the gut and brain via platelets. Such processes may be relevant to AD pathoetiology.
Recent data shows AD platelets to have lower levels of adhesion and activation in AD patients at
initial diagnosis [127]. These authors showed that the alpha 7 nicotinic receptor (α7nAChR) levels
are significantly higher in AD platelets, with the α7nAChR contributing to the alterations in platelet
function in AD patients. The α7nAChR can be expressed on the plasma membrane and
mitochondrial membrane, with activation of the latter suppressing apoptotic processes in
mitochondria [128]. This could suggest that there is a compensatory upregulation of the α7nAChR
in AD platelets and requires further investigation. Other work shows that mitochondrial function is
significantly altered in AD platelets, with citrate synthase and Complex IV activity decreased,
compensated by increases in other Complexes [129]. Although platelet count positively correlates
with blood Aβ42 levels, platelet count is not correlated with central Aβ levels nor does the altered
mitochondrial function in AD platelets correlate with the blood Aβ levels [129].
Overall, significant changes occur in AD platelets, but it is still unclear as to the significance of this
in regard to AD diagnosis and management. Changes in platelets seem regulated by gut dysbiosis
and increased gut permeability.

Although not extensively investigated, SIRT1-3 can regulate platelet function [124,130-1]. The
relatively recent finding of an important role for acetylation in the regulation of platelet function has
highlighted the need for further research on platelet sirtuins [132]. The inhibition of platelet sirtuins
leads an aged-like phenotype [133], suggesting that some of the metabolic alterations in AD
platelets may be intimately linked to changes in the regulation of different sirtuins and their
interactions with the mitochondrial melatonergic pathway. It is also of note that aged platelets have
increased production of aSMase and ceramide [120], which may be important to AD
pathophysiology, including BBB breakdown and the early white matter loss that is evident in AD,
as in many other CNS disorders [7]. De novo ceramide synthesis, like decreased sirtuins, can
accelerate neuronal ageing [134]. The raised levels of ox-LDL in AD activate platelets via processes
that include the downregulation of SIRT1, with the addition of resveratrol, a SIRT1 inducer,
preventing platelet activation, aggregation and adhesion [124]. Transferring AD and MCI platelet
mitochondria into other cells to form a hybrid results in decreased SIRT1 coupled to metabolic
changes that are commonly seen in AD neurons [135]. Such data highlights the significant role of
altered mitochondrial metabolism in AD and the importance of sirtuin regulation, including from
the consequences of increased ceramide. Clearly, the interactions of raised levels of platelet
activating ligands, altered mitochondrial function, sirtuins and ceramide over the course of AD
requires investigation.
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CIRCADIAN DYSREGULATION: MITOCHONDRIA, BUTYRATE AND CERAMIDE

There is a growing appreciation of the relevance of circadian dysregulation in AD, as shown
clinically and preclinically [1,3]. A decrease in the sleep-promoting effects of melatonin and the
wake promoting effects of orexin contribute to this [5], with effects mediated by alterations in
mitochondrial function. Gut microbiome-derived butyrate and ceramide differentially modulate the
mitochondrial changes over the circadian rhythm in AD.

Alterations in mitochondria functioning may be at the heart of the circadian rhythm, with the effects
of circadian melatonin mediated via Bmal1-SIRT1/3 [45] leading to PDC disinhibition and
activation of the mitochondrial melatonergic pathway across diverse cell types [96]. This may have
particular relevance in immune and glial cells [58]. As noted above, the switching of reactive cells
to a quiescent phenotype at night is driven by pineal melatonin-induced Bmal1-SIRT1/3, and the
switching to OXPHOS, coupled to an increase in PDC, the TCA cycle and acetyl-CoA [32,64].
Exogenous melatonin is taken up into mitochondria by active transport via the peptide transporters
(PEPT)1/2, and not only by passive diffusion as previously assumed [136]. The attenuated pineal
melatonin production in AD will therefore suppress this night-time dampening of immune activity
and the inflammatory nature of immune mitochondria. Such circadian processes may better explain
the widespread mitochondrial dysregulation that is evident in a host of diverse clinical
presentations, including depression, schizophrenia, endometriosis [137], multiple sclerosis [7], and
Parkinson's disease [15], all of which are associated with gut dysbiosis, circadian dysregulation,
mitochondrial dysfunction and heightened immune-inflammation.

Ceramide not only dysregulates mitochondrial function, but also inhibits and induces apoptosis in
the positive regulators of mitochondria OXPHOS, including melatonin and orexin neurons,
respectively. Orexin levels are dramatically decreased in AD [5], coupled to a decrease in pineal
melatonin. As such, the inhibition of orexin and melatonin by ceramide and pro-inflammatory
cytokines [138] will contribute to the circadian dysregulation in AD. Although melatonin and orexin
have opposing effects on wakefulness, data in sheep show orexin to increase pineal AANAT, and
therefore pineal melatonin production [139]. This requires investigation in humans, including as to
whether the orexin-induced melatonergic pathway activation occurs in mitochondria and whether
this is mediated by increases in acetyl-CoA and/or 14-3-3. This will be important to determine, as it
suggests that the dramatic orexin loss in AD may contribute to decreased pineal melatonin and the
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associated circadian dysregulation of mitochondrial function and immune/glia reactivity that
ensues. Overall, gut permeability-mediated elevations in ceramide can be associated with circadian
dysregulation via the suboptimal mitochondrial functioning arising from ceramide and cytokine
suppression of daytime orexin and night-time melatonin, being driven by decreased PDC, acetylCoA and mitochondrial melatonergic pathway activity (see Figure 1).

As butyrate converts ceramide to glucosylceramide, the decreased butyrate levels in AD will
contribute to heightened ceramide effects on mitochondria, including in immune and glial cells as
well as such mitochondrial effects underpinning the suppression of circadian melatonin and orexin
[7]. Interestingly, there is a circadian variation in platelets, which may be predominantly determined
by pineal melatonin [140], with the inhibition of pineal melatonin occurring prior to dysregulation
in wider sleep parameters in mild/moderate AD patients [141]. Notably, PDC disinhibition
significant attenuates platelet activation by known activators [142]. This indicates that the
utilization of pyruvate and increased production of acetyl-CoA in mitochondria decreases platelet
activation, suggesting that the potentiation of the mitochondrial melatonergic pathway may be a
relevant determinant of platelet activation threshold. Notably, 14-3-3ζ significantly modulates
platelet mitochondrial metabolic activity and thereby metabolic activation [143]. As 14-3-3ζ also
stabilizes AANAT, 14-3-3ζ regulation may be one way of modulating platelet function via the
mitochondrial melatonergic pathway. It requires investigation as to whether ceramide effects in
platelets are associated with a decrease in 14-3-3ζ and thereby with alterations in AANAT
stabilization and associated mitochondrial function as well as the role of the platelet mitochondrial
melatonergic pathway in the platelet circadian rhythm.

Sirtuins and the Circadian Rhythm

SIRT1 regulates both the central and peripheral clock genes [144]. The dimerization of the core
clock genes, CLOCK and BMAL1, drives the circadian expression of a wide array of genes,
including their own negative regulators, viz periods (PER) and cryptochromes (CRY). Likewise, the
accumulation of daytime PER and CRY, along with casein kinase 1 (CK1), repress their own
transcription. SIRT1 protein has a circadian rhythm, and promotes the circadian rhythm of Bmal1,
Per2, and Cry1, as well as PER2 deacetylation and degradation. There is a proposed negative
reciprocated interaction between PER2 and SIRT1 [145]. As a consequence of such circadian gene
regulation, decreased SIRT1 in AD will contribute to alterations in mitochondrial function and
associated changes in the activity of reactive cells, including immune and glial cells.
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SIRT3 is also a powerful regulator of mitochondrial function, including via the modulation of
mitochondrial quality control [146]. SIRT3 also has a circadian rhythm, partly driven by an increase
in SIRT1 and its deacetylation of SIRT3, with both SIRT1 and SIRT3 having their circadian rhythm
regulated by NAD+ [147]. As such, nicotinamide phosphoribosyltransferase (NAMPT)-mediated
NAD+ biosynthesis as an important driver of the sirtuin circadian rhythm [148]. As the sirtuins may
be key regulators of AD pathophysiology, the regulation of NAD+ level is of some importance.
Consequently, oxidative stress-induced DNA damage and the induction of PARP1, by driving down
NAD+ availability, will desynchronize the complex interactions of gut, LPS, ceramide, butyrate,
circadian rhythm, inflammation and stress in AD pathophysiology [see Figure 1].

{INSERT Figure 1 about here}

INTEGRATING SIRTUINS INTO AD PATHOPHYSIOLOGY

As shown in Figure 1, a complex series of interactions across different organs and body systems
will contribute to AD risk and pathophysiology. Gut dysbiosis/permeability and its regulation of
mitochondrial function, especially in glia and immune cells, seems of particular importance. This is
a two-way interaction as glia and immune cells can modulate gut mitochondria to regulate gut
dysbiosis/permeability. Such homeostatic-like interactions of mitochondria across organs and body
systems is powerfully regulated by variations in the expression of different sirtuins. Sirtuins are an
integral aspect of mitochondrial function, including via their interactions with PDC, OXPHOS,
acetyl-CoA and the mitochondrial melatonergic pathway, especially in co-ordinating the role of the
circadian rhythm in its powerful modulation of mitochondrial function in immune and glial cells.
Gut permeability increases ceramide, which is further contributed to by a decrease in butyrate.
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Changes in the gut are also relevant to platelet alterations in AD, and the potential role of platelets
in AD pathophysiology and AD risk factors, such as stroke. The main genetic susceptibility for AD,
the ApoE4 allele, may be having its impacts not only in the brain but also in the gut where it is
associated with a decrease in sirtuins. The contribution of stress in AD may also be via gut dysbiosis
and increased gut permeability, with stress interacting with ApoE4 in the regulation of emerging
cognitive deficits [149]. It would seem highly likely that such stress-ApoE4 interactions involve
changes in intestinal epithelial cell sirtuins, with consequences for sirtuins, Bmal1 and the
melatonergic pathway in the mitochondria of central and systemic cells, including glia and immune
cells. Such a perspective provides a physiological framework for a longer-term, developmental
model of AD that can readily incorporate the effects of diet and lifestyle.

The above model has a number of research and treatment implications.

FUTURE RESEARCH DIRECTIONS

Longer-term, prospective studies should provide information as to the lifestyle and diet interactions
with genetic and epigenetic factors in the etiology of AD. Clearly, the earlier a biomarker can be
detected, the more likely that an intervention will be successful. This may require a different
orientation of AD, whereby there is a focus on wider systemic physiology and a decreased emphasis
on the end-point CNS changes. It would seem clear that the interactions of the sirtuins with
mitochondrial Bmal1 and melatonin is important to this, especially in immune and glial cells.

Clearly further research is needed on how SIRT1-7 interact with wider cellular and intercellular
processes over the course of ageing. SIRT1 and SIRT3 have been most extensively investigated.
However, all sirtuins seem to have impacts on what seem core AD pathophysiological processes.

What sirtuins show alterations in intestinal epithelial cells under conditions of gut dysbiosis and
increased gut permeability?

Does butyrate induction of melatonin [61] contribute to the induction of different sirtuins, including
in immune and glia cells? This could give a more direct link of the gut to the sirtuin regulation of
distant cells and systems. This could also suggest that the autocrine effects of melatonin in
suppressing immune cell reactivity may involve sirtuin induction [62].
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How do melatonin, Bmal1 and SIRT1/3 interact in the regulation of glia and immune cells over the
circadian rhythm?

Does the main AD susceptibility factor, ApoE4, contribute to sirtuin suppression in the gut, as well
as in CNS cells [80]? Given that decreased SIRT3 increases gut permeability [18], this could
suggest that ApoE4, as the main AD risk factor, may be at least partly acting via suppressed SIRT3
in intestinal epithelial cells and thereby via increased gut permeability and associated gut dysbiosis.

How does butyrate's conversion of ceramide to glucosylceramide regulate specific gangliosides,
given the opposing effects of different gangliosides on AD neuro-pathophysiology?

Increased ceramide seems to contribute to AD pathophysiology. However, under conditions of
ischaemia-reperfusion, SIRT3 deacetylates ceramide synthase, leading to an increase in ceramide
synthesis [92]. Clarification as to the interactions of the sirtuins with circadian rhythm of ceramide
synthesis is required, including the impact of different sirtuins on the ceramide/sphingosine-1phosphate ratio [81].

Does ceramide decrease mitochondrial 14-3-3, thereby inhibiting the stabilization of AANAT and
the activation of the mitochondrial melatonergic pathway?

How does ApoE4 interact with stress-induced decreases in SIRT1 in the regulation of gut
permeability? Would this parallel the data showing ApoE4 to potentiate the effects of military
trauma stress on cognitive dysfunction [149]?

How relevant are platelets to AD pathophysiology? Do butyrate and LPS regulate platelet sirtuins?

Does orexin increase pineal, and perhaps mitochondrial, melatonin via PDC disinhibition and the
upregulation of acetyl-CoA and/or 14-3-3?

Does resveratrol mediate its efficacy partly by increasing SIRT1 and SIRT3 in intestinal epithelial
cells?

TREATMENT IMPLICATIONS
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Sodium butyrate

Preclinical AD models have shown benefits of probiotics in decreasing AD-like symptomatology,
including decreasing Aβ deposits, cognitive impairment, and microglia activation, as well as
lowering TNFα and IL-1β levels [150-1]. These effects seem mediated via an increase in butyrate.
This is supported by data showing the benefits of the early administration of sodium butyrate in the
prevention of AD-like symptoms and Aβ levels [150]. Likewise, the effects of chronic noise stressinduced senescence are mediated via alterations in the gut microbiome [152], which may be
attenuated by sodium butyrate.
As noted above, the deleterious effects of ApoE4 may be partly mediated via its suppression of gut
butyrate levels [79], suggesting that the early screening of people for the ApoE4 allele should lead
to advice on how to optimize their gut microbiome, if not to take sodium butyrate supplements. This
may also be of importance for people with type II diabetes, with butyrate having utility in the
management of metabolic heart disease, with efficacy mediated via an increase in mitochondrial
ATP [153]. As noted, AD is sometimes referred to as type III diabetes, highlighting the overlapping
changes in metabolism as well as the potential utility of sodium butyrate. As indicated throughout,
the effects of butyrate include sirtuin upregulation [154]

Ketone Diet

Although originally developed to treat refractory epilepsy, the ketogenic diet has proved to have
utility across a number of medical conditions. The ketogenic diet aims to modulate metabolism,
with parallels to calorie restriction. Decreased butyrate in MCI inversely correlates with
cerebrospinal fluid levels of Aβ42, with the ketogenic diet having utility in reversing this [17]. This
is supported by other work showing the ketogenic diet to decrease cerebrospinal fluid levels of tau
[155] and to improve cognition in a mild AD and metabolic syndrome patient [156]. Although
larger controlled studies are clearly needed, it seems likely that the ketogenic diet will have some
utility in MCI and AD, with effects that include an increase in gut microbiome-derived butyrate.
Notably, the ketogenic diet improves mitochondrial biogenesis and bioenergetics via an increase in
PGC1α-SIRT3 [157]. This seem driven increased NAD+ within a couple of days [158], with these
authors showing the ketogenic diet to elevate the mRNA and protein levels of nuclear sirtuins. Such
changes are associated with a decrease in PARP1 and indicants of oxidative stress [158], suggesting
that the increase in NAD+ may arise partly as a consequence of a decrease in oxidative damage to
DNA and therefore a decrease in NAD+ utilization by PARP1.
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Resveratrol

Resveratrol is a natural polyphenol, found at high levels in grapes and red wine, with efficacy
across a number of medical conditions via its capacity to increase SIRT1. Resveratrol, via SIRT1,
can decrease Aβ deposits and inflammation by increasing Th2 anti-inflammatory cytokines and
suppress neuronal apoptosis by p53 [159]. Resveratrol can also increase SIRT3 and antioxidant
enzymes, as shown in AD lymphocytes [160]. The effects of resveratrol, like the ketogenic diet, on
mitochondrial function also has parallels to calorie restriction [161]. Resveratrol disinhibits PDC,
thereby increasing acetyl-CoA and OXPHOS, as shown in the rodent cortex [162], indicating that it
will activate the mitochondrial melatonergic pathway.

Interestingly, resveratrol seems in a two-way interaction with the gut microbiome [163], with
preclinical data showing resveratrol to increase gut butyrate production [164]. As to whether this is
mediated by an increase in SIRT1 and SIRT3 in intestinal epithelial cells will be important to
determine.

Melatonin

It has been long appreciated that the antioxidant, anti-inflammatory and mitochondrial optimizing
effects of melatonin [165], would allow it to have clinical utility in AD. Melatonin decreases tau
levels and aggregation [99] as well as changing the composition of exosomes from cells challenged
with Aβ [166]. Importantly, melatonin resets immune and glia cells in a circadian manner via it
impact on mitochondrial function, including via its induction of, and two-way interactions with, the
sirtuins. Lower pineal gland volume and pineal calcification are evident in AD, being accompanied
by cognitive decline and dysregulated sleep circadian patterns [167]. Melatonin is cheap, readily
available and side-effect free and is markedly underused across a host of conditions, including AD
and MCI where it has shown efficacy [168]. The suppression of melatonin may be an important
early event in MCI and AD.

Taurine

Taurine is one of the most common free amino acids in the brain. Brain taurine levels are
significantly decreased in AD, thereby preventing taurine's binding to oligomeric Aβ and its
cognition-enhancing effects [169]. Taurine also attenuates Aβ42-induced mitochondrial dysfunction
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via SIRT1 induction [170] as well as modulating the gut microbiome and its influence on the
immune system [171]. Clearly, the role of taurine in AD can be readily incorporated into the
integrated model above.

It should be noted that many factors that modulate AD risk or pathophysiology, including green
tea's epigallocatechin-3-gallate, exercise, zinc, walnut and sesame seeds, can activate the
melatonergic pathway and elevate sirtuin levels as well as modulate the gut microbiome [172].

CONCLUSION

AD may be better conceptualized as a lifespan developmental disorder, involving a complex series
of interactions across different organs and body systems, will contribute to AD risk and
pathophysiology. Gut dysbiosis/permeability and its regulation of mitochondrial function in glia and
immune cells is a crucial aspect of the biological underpinnings of AD. This involves a two-way
interaction, given that glia and immune cells can modulate gut mitochondria and thereby gut
dysbiosis/permeability. Alterations in the regulation of SIRT1-6 are integral to such gut-systemic
mitochondria interactions. A decrease in gut microbiome-derived butyrate and increase in gut
permeability-associated LPS will increase ceramide, with detrimental effects mediated via a
decrease in mitochondrial function and the mitochondrial melatonergic pathway. The importance of
a more holistic perspective is highlighted by the effects of the main AD susceptibility allele, ApoE4,
which impacts not only on CNS but also gut function, including via a decrease in sirtuins. Such a
perspective also readily incorporates the effects of stress and highlights the powerful role for the
circadian regulation of glia and immune cell mitochondrial function in the course of AD
pathophysiology. This provides a physiological framework of reference for a lifespan
developmental model of AD, which can readily incorporate the impacts of diet, stress and lifestyle
on biological systems rather than endpoint levels of brain Aβ42 and hyperphosphorylated tau.

ABBREVIATIONS
α7nAChR

alpha 7 nicotinic receptor

AANAT

aralkylamine N-acetyltransferase

Aβ

amyloid-beta

AD

Alzheimer's disease

Apo

apolipoprotein

aSMase

acidic sphingomyelinase
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CRH

corticotropin releasing hormone

CRY

cryptochromes

HDAC

histone deacetylase

HMGB

high-mobility group box

LPS

lipopolysaccharide

MCI

mild cognitive impairment

NAD+

nicotinamide dinucleotide

NF-κB

nuclear factor kappa-light-chain-enhancer of activated B cells

NLRP

NLR family pyrin domain containing

Nrf

nuclear factor erythroid 2-related factor

OXPHOS

oxidative phosphorylation

ONOO-

peroxynitrite

oxLDL

oxidized low-density lipoprotein

PARP

poly(ADP-ribose) polymerase

PER

periods

PGC

peroxisome proliferator-activated receptor gamma coactivator

SIRT

sirtuin

SOD

superoxide dismutase

TCA

tricarboxylic acid

TLR

toll-like receptor

TNF

tumor necrosis factor
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LEGEND Fig 1
Stress, ApoE4, diet and lifestyle can all increase gut dysbiosis/permeability, leading to an increase
in ceramide and decreased pineal melatonin, thereby negatively regulating Bmal1-sirtuins-PDC
interactions and therefore mitochondrial OXPHOS. This is especially important in reactive glia and
immune cells, where the circadian rhythm acts to reset cells to a quiescent phenotype via
mitochondrial OXPHOS. This provides a model of AD as a common end-point to a heterogenous
series of genetic, epigenetic, diet and lifestyle interactions over the lifespan.

