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Abstract

Once considered passive cells of the central nervous system (CNS), glia are now known to actively
maintain the CNS parenchyma; in recent years, the evidence for glial functions in CNS physiology and
pathophysiology has only grown. Astrocytes, a heterogeneous group of glial cells, play key roles in
regulating the metabolic and inflammatory landscape of the CNS and have emerged as potential
therapeutic targets for a variety of disorders. This review will outline astrocyte functions in the CNS
in healthy ageing, obesity, and neurodegeneration, with a focus on the inflammatory responses and
mitochondrial function, and will address therapeutic outlooks.



List of abbreviations

Abbreviation | Full term

5X-FAD Five-familial AD

ACC Acetyl-coenzyme A carboxylase

AD Alzheimer's disease

ALS Amyotrophic lateral sclerosis

AMPA a-amino-3-hydroxy-5-methyl-4-isoxazoleproprionic acid
AMPK Adenosine monophosphate-activated protein kinase
ANGPTL-4 Angiopoietin-like 4

ApoE Apolipoprotein E

AQP4 Aquaporin 4

ATP Adenosine triphosphate

AB Amyloid beta

BAT Brown adipose tissue

BBB Blood-brain-barrier

BMI Body mass index

Clqga Complement component 1 subcomponent Q alpha polypeptide
ca** Calcium ion

CD36 Cluster of differentiation 36

CNS Central nervous system

CREB cAMP response element-binding protein
DAMP Damage-associated molecular pattern(s)
DNA Deoxyribonucleic acid

Drpl Dynamin-related protein 1

DVC Dorsal vagal complex

EAATs Extracellular amino acid transporters

ECM Extracellular matrix/matrices

ER Endoplasmic reticulum

ERK Extracellular signal-regulated kinase

Fisl Fission protein 1

GABA y-aminobutyric acid

GFAP Glial fibrillary acidic protein

GLUT1 Glucose transporter 1

GTP Guanosine triphosphate

HFD High fat diet

HFHSD High-fat high-sucrose diet

Ibal lonized calcium-binding adapter molecule 1
IGF-1 Insulin-like growth factor 1

IKKB Inhibitor of kappa B kinase B

IL-1a Interleukin 1a

IL-1B Interleukin 1B

IL-6 Interleukin 6

IR Insulin receptor

IRS1 Insulin receptor substrate 1

JAK-STAT Janus kinase-signal transducer and activator of transcription




Katp Potassium-sensitive ATP

KO Knockout

MBH Mediobasal hypothalamus

Mf1,2 Mitofusin 1,2

MIF Macrophage migration inhibitory factor

MRI Magnetic resonance imaging

NAFLD Non-alcoholic fatty liver disease

NFkB Nuclear factor kappa B

NMDA N-methyl-D-aspartate

NTS Nucleus tractus solitarius; nucleus of the solitary tract
OB-R, LEP-R Leptin receptor

Opal Optic atrophy 1

PD Parkinson's disease

PGC-1a Peroxisome-proliferator activated receptor gamma co-activator 1-alpha
PPARy Peroxisome-proliferator activated receptor gamma
Raf Rapidly accelerated fibrosarcoma

ROS Reactive oxygen species

SOCS Suppressor of cytokine signalling

SOD1 Superoxide dismutase 1

STAT3 Signal transducer and activator of transcription 3
T2DM Type 2 diabetes mellitus

TNF Tumour necrosis factor

VEGF Vascular endothelial growth factor

WAT White adipose tissue




Introduction

The number of people with obesity is increasing, particularly in young people’, presenting a global
health and economic burden affecting more than 2 billion people worldwide?. In addition, cases of
associated metabolic diseases such as type 2 diabetes mellitus (T2DM), hypertension, and non-
alcoholic fatty liver disease (NAFLD) have increased in the period from 2000 to 2019°. Obesity has
profound effects on the whole body, including the central nervous system. As healthcare improves,
and younger people with obesity age, this may expose added risk to age-related diseases with
shared pathological mechanisms. Indeed, the global population as a whole is ageing, with estimates
projecting that there will be 2 billion people over the age of 60 by the year 2050*. Ageing is the
largest risk factor for neurodegenerative diseases which are similarly increasing, with estimates
projecting that there will be ~14 million people in Europe with neurodegeneration by 2040°.
Understanding the differences between a healthy ageing brain and what occurs during
neurodegenerative disorders is essential to improving the limited therapeutic options for these
debilitating diseases. Glia, non-neuronal cells of the nervous system, support brain function during
health and disease. Despite pressures on maintaining energy balance, neuronal activity, and the
immunologic state of the central nervous system, glia maintain homeostasis, underscoring the
importance of these cells to maintaining cognitive function. Glial responses to environmental
pressures (e.g. caloric surplus) and ageing are likely comprised of both protective and maladaptive
responses. The purpose of this review is to summarise and explore the way glia intersect the disease
pathologies of obesity and dementia. This review will discuss the molecular and cellular changes that
occur as a result of obesity and compare them to healthy ageing to understand more about the
relationship between obesity and neurodegeneration. Whilst glia serve pleiotropic roles in the brain,
this review will focus primarily on astrocytes, the predominant glial cell type in the mammalian brain
whose roles span all aspects of CNS function.

A brief glossary of terms

Throughout this review, the roles of astrocytes in the context of pathophysiological states will be
discussed. While clinically relevant, this area of study has been subject to considerable debate and
has historically suffered from a lack of clarity concerning astrocyte ‘reactivity’. Attempts to delineate
different astrocyte subtypes within specific pathological states have been misinterpreted as
generalised astrocyte subtypes (for example, the A1/A2 nomenclature proposed by Liddelow et al. in
the context of the specific responses of cortical forebrain astrocytes to neuroinflammation and
ischaemia®’). Indeed, recent evidence suggests that changes to astrocytes in pathological states
occur on a spectrum, as a progressive transition®. Thus, the most recent consensus statement on
astrocyte reactivity (for full details, readers are referred to Escartin et al.®) encourages a movement
away from binary definitions and towards more appropriate nomenclature. Therefore, within this
review we employ the recently-proposed definitions of astrocyte reactivity as “broadly equivalent to
reactive astrogliosis... emphasising the capacity of astrocytes to adopt distinct state(s) in response to
diverse pathologies”®. When used, in this review, “gliosis” also attempts to adhere to the definition
laid out in the consensus statement (“the process whereby, in response to pathology, astrocytes
engage in molecularly-defined programs involving changes in transcriptional regulation, as well as
biochemical, morphological, metabolic, and physiological remodelling, which ultimately result in gain
of new function(s) or loss or upregulation of homeostatic ones”?). In addition, our usage of “gliosis”
may also refer to the loss of astrocyte morphological/functional plasticity, along similar lines to the
hypothesis of glial asthenia’, whereas we would add the caveat that astrocyte “reactivity”, in
contrast to “gliosis”, is characterised by a retention of plasticity. Where used, “inflamed” refers to



the generic, uncharacterised, response of astrocytes to a non-specific inflammatory stimulus, which
(rightly or wrongly) may or may not encompass stimulus-specific responses (i.e., a general theme
that may be found within astrocyte responses to potentially damaging stimuli). When used, “pro-
inflammatory” refers to stimuli associated with cellular/tissue damage that a) convey a damage
signal throughout the cellular milieu and b) promotes the astrocyte to assume a pro-inflammatory
response (regardless of whether this is temporarily or permanently), typically characterised by a
metabolic shift towards glycolysis'®'* and predominant secretion of pro-inflammatory cytokines (i.e.
tumour necrosis factor, interleukin-6'°), which may or may not encompass increased hypertrophy
and loss of morphological complexity. Similarly, here we use the term “anti-inflammatory” in
reference to an action opposing that of a pro-inflammatory stimulus, typically geared towards the
resolution of damage/trauma/inflammation.

Glia: an overview

Glia have gained increasing appreciation in recent years as a heterogeneous class of cells which
collectively support the nervous system from development to decline. Along with epithelial cells, glia
form the blood-brain-barrier (BBB)**™ which facilitates the compartmentalisation of the CNS from
the periphery. Due to their integral role in the BBB, glia dynamically control blood flow with regional
specificity™ ¢ in the brain in response to changes in energetic or nutrient requirements. Glia are also
responsible for the inflammatory responses of the nervous system'’*?, detecting and responding to
insults'® and repairing damage, as well as preventing inappropriate access to the CNS by peripheral
immune cells®®. During development, glia are responsible for the myelination of neurons®2* and
influence the formation of synapses®* %, enabling rapid bidirectional communication across the
brain and between the brain and the periphery. Thus, the scale of functions influenced by glial cells
ranges from molecular to behavioural®™",

Broadly, glia can be divided into three ‘classes’ of cells, each working to fulfil the roles briefly
described above. These are the astrocytes, oligodendrocytes, and microglia. Astrocytes and
oligodendrocytes share a developmental lineage (being derived from radial glial cells**) and are
commonly thought to differentiate from radial glial cells after neurogenesis has taken place. Despite
their shared developmental lineage, oligodendrocytes and astrocytes serve distinct functions:
generally speaking, oligodendrocytes myelinate neuronal axons®. In contrast, astrocytes are
commonly thought to provide support for neurons®**> and are responsible for maintaining
homeostasis in CNS tissue through various mechanisms>>>'. Unlike astrocytes and oligodendrocytes,
microglia do not differentiate from radial glial cells and instead differentiate along a similar lineage
to peripheral macrophages. Around the time of neurogenesis (a phenomenon which predates
astrocyte and oligodendrocyte differentiation®®*?’), microglial progenitor cells migrate into the
developing neural tissue from the yolk sac prior to further differentiation and proliferation, thus
populating the CNS as microglia. This distinction from the developmental lineage of astrocytes and
oligodendrocytes likely belies the specialist function of microglia as the resident immune cells of the
CNS: microglia are principally responsible for controlling the inflammatory response of the CNS and
repairing damage®® and, in concert with astrocytes, play a key role in synaptic pruning during CNS
development®. The roles of astrocytes, which will be the focus of this review, are explored in finer
detail below. For the purposes of this review, the term ‘astrocytes’ refers to the broad class also
known as ‘astroglial cells’*’, and not a particular subpopulation of astroglial cell.

Astrocytes

Astrocytes are a group of heterogenous glial cells, typically of a stellate morphology, intimately

involved with maintaining CNS homeostasis** ™. In conjunction with pericytes and vascular



endothelial cells, astrocytes are part of the BBB. Astrocytic endfeet line the BBB and regulate the
uptake of nutrients from the blood; they express transporter proteins such as glucose transporter 1
(GLUT1)**, fatty acid binding proteins***’, and apolipoprotein E (ApoE)*™*, enabling the uptake of
glucose and fats into the CNS to control CNS energy balance and substrate supply. This is facilitated
by a close relationship between astrocytes and neurons, wherein a single astrocyte can extend
structures termed ‘fine processes’ to interact with multiple neurons®™>*. Thus, astrocytes are readily
positioned to sense and respond to neurotransmission and associated neuronal demands via fine
processes and the expression of receptors such as extracellular amino acid transporters (EAATs) in
addition to various neurotransmitter receptors (such as a-amino-3-hydroxy-5-methyl-4-
isoxazoleproprionic acid [AMPA]*®, N-methyl-D-aspartate [NMDA]*’™° and y-aminobutyric acid
[GABA]® receptors), and potassium-sensitive ATP (Karp) channels®’. Astrocytes, along with
oligodendrocytes and microglia, modulate neural activity through the release of molecules known as
‘gliotransmitters’. Gliotransmitters include molecules such as lactate®®*® and ATP®”®® and amino
acids such as D-serine and glutamate®. These molecules have recently gained attention for
facilitating interglial communication in addition to the arguably better recognised hemichannel-
facilitated Ca** waves’® more traditionally associated with interglial communication” . Alongside
secretion of gliotransmitters, astrocytes are also responsible for the secretion and maintenance of
the CNS extracellular matrix via the secretion of glycoproteins such as laminins’®, collagens’,
hyaluronic acid’®, in addition to matrix metalloproteinases’”””® providing an important contribution
to preserving and modulating CNS tissue integrity.

Beyond these functions, in concert with microglia, astrocytes also participate in the resolution of
CNS injury, trauma, or inflammation as part of their homeostatic functions. To facilitate this,
astrocytes express a variety of cytokine’®! and chemokine® receptors. Like microglia, astrocytes
are highly plastic cells and can adopt a variety of morphologies in response to stimuli; indeed, the
true extent of astrocyte heterogeneity is an emerging field and may have relevance to pathological
states as recently evidenced'®*®. There is evidence to suggest that astrocyte morphology may
underlie a functional ‘priming’®*®%, i.e., biasing an astrocyte towards one function over others, and
that future study of astrocytes may require further sub-categorisation of glial cell populations that
are not yet fully defined. Astrocyte function can also be impacted by pathological conditions, such as
brain inflammation, which has been linked to astrocyte reactivity'*®>*° and altered ECM secretion®”
% A similar increase in astrocyte reactivity has been observed in age-associated pathologies such as
Alzheimer’s disease®*® and other neurodegenerative conditions®®®’. In obesity a similar process
occurs, beginning with the insidious accumulation of low levels of pro-inflammatory signalling
molecules (such as tumour necrosis factor (TNF)**%°, interleukin 1B (IL-1B)*, macrophage migration
inhibitory factor (MIF) ***° and IL-6*° [for review see Ellulu et al. 2017*°]), which gradually begin to
promote CNS inflammation. Because astrocytes are part of the BBB, they are exposed to these
noxious stimuli before the rest of the brain in early, prodromal disease stages and respond to the
gradually increasing pro-inflammatory signals, which has been linked to a deterioration of astrocyte

function, increased astrocyte activation, and subsequent cognitive decline associated with obesity®.

In this review and beyond

The focus of this review will be the intrinsic changes to astrocyte biology from the perspectives of
normal healthy ageing, neurodegeneration, and obesity. The mechanistic overlap between each
state will be compared and the differentiating factors from the literature identified. Other glia such
as oligodendrocytes and microglia play critical roles in these processes and may have as much
bearing as astrocytes on these outcomes. Where possible, the roles of these cells in relation to
astrocyte functionality under these conditions will be acknowledged, but for a more extensive



review of microglia and oligodendrocyte functions readers are referred to Li and Barres™®* (microglia)
and Simons and Nave'® (oligodendrocytes).

Mechanistic factors at the intersection of glia,
nutrition, obesity, and ageing

Inflammation

Astrocyte inflammatory responses

Though it is not considered their primary function, astrocytes have an arsenal of inflammatory
responses to preserve the integrity of the CNS parenchyma. Expressing receptors for damage-
associated molecular patterns (DAMPs)'®, astrocytes can detect and respond to inflammatory
signalling within the CNS to maintain homeostasis. This is achieved by secretion of pro-inflammatory
cytokines such as TNF and IL1B (which may be induced by DAMP receptor signalling or by reactive
microglia®®) and results in changes to astrocyte function, morphology, and phenotype'®*'%.
Notably, following exposure to pro-inflammatory stimuli, astrocytes generally increase expression of
glial fibrillary acid protein (GFAP)*>'®'%  Acutely, the astrocyte response to inflammation is
accompanied by a shift in the metabolic phenotype of astrocytes, upregulating glycolysis in a nuclear
factor kappa B (NFkB)-dependent manner'”’, whereas prolonged inflammatory responses increase
mitochondrial oxidative phosphorylation'® and add to intracellular reactive oxygen species (ROS)

generationlos.

Astrocyte inflammatory responses in healthy ageing

1.2 used an

Evidence suggests that ageing modulates astrocyte functionality: in 2018, Boisvert et a
aged mouse model (4 months vs 2 years of age) to demonstrate that astrocytes in the aged mouse
showed upregulation of various inflammation-associated genes across the brain, including Gfap,
Serpina3n (a serine protease of the Serpin superfamily) and C4b (a member of the complement
cascade involved with synaptic pruning), suggesting that aged astrocytes show increased reactivity
and may contribute to age-associated cognitive decline by degrading synapses. The authors further
showed that, in the cerebellum, aged astrocytes expressed greater levels of genes associated with a
pro-inflammatory state such as caspase-1, caspase-12, Cxcl5, and toll-like receptors'®, which have
similar functions to DAMPs. In a separate study, Clarke et al.''® demonstrated that aged mouse
astrocytes showed increased expression of the complement pathway genes C3 and C4b, the
chemokine Cxcl10, as well as Serpina3n and genes associated with antigen presentation such as H2-
K1, which the authors interpreted as markers of increased astrocyte reactivity in the aged model.
Most of the observed astrocyte reactivity was induced by pro-inflammatory cytokines (IL-1a, TNF,
C1qa®) secreted by pro-inflammatory microglia present in the aged brain — though this failed to
account for enhanced Serpina3n levels, which remained enhanced even in aged astrocytes isolated
from IL-1a, TNF, and Clga triple-knockout (KO) mice™° suggesting that other mechanisms may be at

play.

In addition, Pan et al.*** have shown that aged (12 month) mice compared to young (2 month) mice
exhibited increased expression of genes such as C4b and Serpina3n in addition to downregulation of
genes such as Gprl7 (involved in sensing damage to myelin sheaths) and Tnr (linked to neuronal
adhesion, neurite outgrowth, and synaptic plasticity)''!. This suggests that aged astrocytes adopt a
phenotype which may compromise their ability to support neuronal and synaptic integrity. While



intriguing, the data presented by Pan et al. and Boisvert et al. are applicable only to male mice;
moving forward, it would be highly beneficial to explore changes to astrocyte reactivity in a mixed
sex cohort of mice and determine any sexual dimorphism therein. Indeed, sexually dimorphic
responses have been recorded in peripheral immune cells, suggesting that a similar mechanism may
be at play in the brain'**'*2,

Alongside this, Gatto et al. have shown that astrocytes directly converted from human fibroblasts
retain hallmarks of ageing (e.g. telomere length and mRNA expression of telomerases) and show a
dysregulated inflammatory response to IL-1B and increased nuclear translocation of NFkB™*.
However, the cellular functions regulated by NFkB go beyond inflammatory responses and are
generally accepted as including proliferation and metabolism'®***™_ If the findings from Gatto et
al. are confirmed, this may signify that loss of NFkB regulation in astrocytes may lead to prolonged
activation of inflammatory signalling pathways from these cells. Tight control of the inflammatory
response of the CNS is critical to maintaining structural integrity and cognitive functioning, as
inflamed astrocytes struggle to provide homeostatic support to the CNS'*™®. Thus, one may
speculate that aged astrocytes are subject to impedance of intrinsic homeostatic mechanisms that

may underlie the reduced astrocyte functionality observed in studies of ageing.

Considered together, the existing literature suggests that aged astrocytes adopt pro-inflammatory
phenotypes which may be detrimental for neuronal survival and which contribute to cognitive
decline observed in healthy ageing.

Astrocyte inflammatory responses during obesity

Obesity is a condition characterised by excessive fat accumulation. This fat is largely stored in the
periphery, typically in white adipose tissue, resulting in chronic low-grade inflammation™. This
inflammation originates in the adipose tissue, increasing over time and culminating in systemic
inflammation™. The increased levels of circulating pro-inflammatory cytokines released during
obesity are detected by the CNS, promoting a reactive phenotype in astrocytes and microglia,
leading to the loss of CNS homeostasis®®*19618120121 " Actrocytes express a range of receptors for
cytokines and chemokines’®*, as well as nutrient sensors (e.g., GLUT1*'%?2 ApoE*®>%12312%) gnd
hormonal receptors (leptin, oestrogen'®). This allows astrocytes to integrate and respond to
changes in energy balance and inflammation, which are both altered in obesity. As mentioned, pro-
inflammatory signalling molecules are secreted by the peripheral immune system and detected by
astrocytes, leading to increased astrocyte reactivity'®'?°. This drives further release of CNS-
originating pro-inflammatory signals from microglia and has been linked to impaired functioning of

oligodendrocytes, contributing to demyelination and cognitive impairment**®.

Via magnetic resonance imaging (MRI), Kullmann et al.*”’ demonstrated that male and female
participants with greater accumulation of visceral fat displayed increased water content in the
hypothalamus, an area of the CNS critical for maintaining homeostasis and regulating food intake.
This may be due to increased astrocyte reactivity, which has been shown to modulate expression of
aquaporin-4 (AQP4). AQP4 is expressed on astrocyte endfeet (which help form the BBB) and is used
to draw water from the blood into the CNS. Via genetic ablation of AQP4, murine studies have
demonstrated that AQP4 is involved in memory formation'?, and astrocytic AQP4 expression is
regulated via the NFkB pathway, as recently demonstrated in a recent study by Lu et al**°. In this
study, mouse primary astrocytes were treated with TNF for 6h, resulting in increased cell volume
(implying increased water uptake); intriguingly, AQP4 expression increased from as little as 3h
treatment with TNF, and pharmacological blockade of NFkB signalling attenuated AQP4 expression
in response to TNF'?. Because the homeostatic capabilities of astrocytes are impaired during



chronic inflammation, this may represent a potential mechanism by which altered astrocyte
reactivity induced by obesity contributes to changes in brain water content and may partially explain
the cognitive deficits associated with obesity. However, it must be noted that other glial cells almost
certainly play a role in the manifestation of these phenotypes and that this observation likely cannot
be attributed to astrocytes alone.

Further evidence for the role of astrocyte inflammation during obesity can be drawn from rodent
studies. For example, previous evidence from Buckman et al. has shown that chronic high fat diet
(HFD) administered for 20 weeks increases GFAP immunoreactivity in the hypothalami of obese
mice'®, implying an increase in astrocyte reactivity. Similarly, Popov et al. showed that in young (2
months) mice, one month of HFD is sufficient to induce enlargement of hippocampal astrocytes
without an increase in GFAP expression™°. This was accompanied by increased glutamate uptake,
which Popov et al. interpreted as a metabolic shift in astrocytes**. In these young mice, provision of
HFD improved long-term potentiation (a marker of improved memory formation) and reduced
anxiety-like behaviours as measured in the open field test'*. However, there are fundamental
differences between these studies: the work of Buckman et al. focussed on changes to the
hypothalamus, a region of the CNS involved that plays a critical role in regulating homeostasis and
energy intake, whereas the work of Popov et al. focussed exclusively on the hippocampus, an area of
the brain associated with memory formation. Together these studies suggest that there may be
regional differences in the astrocyte response to inflammatory stimuli which perhaps reflects recent
advancements in our understanding of astrocyte heterogeneity. Crucially, Popov et al. used animals
younger (2 months) than those in the work of Buckman et al. (3-4 months) — and, as shown by Pan et
al™!, astrocytes in 4-month-old mice have a different age-related transcriptome, and presumably
behavioural phenotype, to 2-month-old mice. The work of Buckman et al. is also supported by a
study from Douglass et al."*', which demonstrated that genetic ablation of inhibitor of kappa B
kinase B (IKKB), a regulator of NFkB activation, attenuated the inflammatory phenotype of astrocytes
in response to HFD. Furthermore, in 2017 Balland et al.”*> demonstrated that 10 days of HFD was
sufficient to alter astrocyte morphology and upregulate GFAP immunoreactivity in the arcuate
nucleus of the hypothalamus (a hypothalamic region concerned with regulating hunger and satiety
signalling), which showed a similar level of both GFAP immunoreactivity and signal transducer and
activator of transcription 3 (STAT3) activity (measured by phosphorylated STAT3 expression) to mice
exposed to HFD for 20 weeks. Taken together, these data suggest that obesity may have age- and
region-dependent effects on astrocyte reactivity within the CNS. Ultimately, regardless of potential
transient benefits to cognition, prolonged exposure to an obesogenic diet has been linked to
reduced cognitive performance in diverse populations of humans™*™®, This is likely mediated, at
least in part, by increased astrocyte reactivity in response to the peripheral inflammation associated
with obesity which likely impairs the homeostatic properties of astrocytes.

Mitochondrial dysfunction

Astrocyte mitochondrial dysfunction

Contrary to historical perspective, mitochondria are not just the energy-producing units of cells; they
are now understood to have complex functions linked to a variety of cellular processes. For example,
mitochondria are closely involved with the production of ROS, which serve a variety of functions in
cellular inflammatory responses and ageing'®*****. Furthermore, mitochondria are understood to
have complex interactions with other organelles — they can undergo fusion or fission with other
mitochondria in response to the energetic requirements of cells™®® and form close associations with
other organelles*® to facilitate the supply of ATP required for proper organelle function.
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As cells tightly involved with regulating energy use and nutrient uptake within the CNS, and which
provide trophic support to neurons, conservation of proper mitochondrial function is important to
maintain astrocyte functionality. Indeed, mitochondrial dysfunction in astrocytes has been linked to
the development of Parkinson’s disease'*! and is linked to a loss of motility in astrocyte cilia'*.
Moreover, repeated exposure to environmental pollutants, such as titanium dioxide, is associated
with reduced mitochondrial functionality and glutamate uptake in primary astrocytes'*?, highlighting

the importance of mitochondrial functionality in maintaining astrocyte functionality.

Astrocyte mitochondrial dysfunction in healthy ageing

Though a causal relationship has yet to be ascertained, ageing is associated with systemic chronic
low-grade inflammation and increased astrocyte reactivity'®, resulting in metabolic dysregulation in
astrocytes, an increase in mitochondrial ROS production, and oxidative stress. The work of Gatto et
al™* demonstrated that, in addition to dysregulation of the astrocyte inflammatory response
discussed above, induced astrocytes from aged donors were less able to regulate ROS levels — likely
due to lower superoxide dismutase 1 (SOD1) expression. This may translate to increased astrogliosis
during ageing and a reduction of the ability of astrocytes to meet their homeostatic requirements.
This is supported by the findings of Pan et al.'*, who demonstrated that genes associated with
mitochondrial complex, membrane, and matrix formation were downregulated in aged astrocytes,
suggestive of impaired mitochondrial biogenesis and integrity.

Senescent astrocytes, induced by hydrogen peroxide, are less able to support neurons in a co-culture
model compared to non-senescent astrocytes'*. Astrocytes can shuttle mitochondria to neurons to
preserve or restore neuronal functioning following CNS trauma or inflammation'*>. Whilst this was
initially studied in the context of ischaemia, these findings may also extend to ageing. For example,
using a direct co-culture model, Morales-Rosales et al. recently showed that aged astrocytes
reduced the mitochondrial membrane potential of neurons, which in turn exhibited greater
oxidation'*. Impaired mitochondrial function is a key source of oxidative stress in neurons'*®, thus it
is plausible that intercellular mitochondrial transfer from astrocytes to neurons explains the
observations from Morales-Rosales et al.: the experimental model allows the formation of direct
intercellular connections, thereby facilitating the exchange of cellular contents (e.g.,
mitochondria™®, vesiclesw).

In a murine model of neurodevelopment, peroxisome-proliferator activated receptor gamma co-
activator 1-alpha (PGC-1a) expression has been linked to mitochondrial development and the
functional maturation of astrocytes in synapse formation in mice aged 1-7 weeks'*. Downregulation
of PGC-1a via conditional KO impaired astrocyte proliferation and maturation, resulting in a less
complex cellular morphology, and in an earlier study PGC-1a deficiency was linked to increased body
fat accumulation in mice'®. In the periphery, PGC-1a expression is reduced during ageing (for review
see Vernier et al.”™°) and has been linked to the development of Parkinson’s disease™". Aged mice
show reduced retinal PGC-1a expression, and in human primary astrocytes enhanced PGC-la
signalling has been shown to protect against oxidative stress'**; thus, the clinical potential of PGC-1a
likely extends beyond applications to neurodegenerative conditions. Restoration of mitochondrial
function in astrocytes via enhancement of PGC-1a expression in aged astrocytes may represent a
tangible therapeutic target to reverse the cognitive decline associated with healthy ageing by
restoring mitochondrial functionality in astrocytes.

Together, these studies highlight the importance of proper mitochondrial functions in astrocytes and
the contribution of aberrant astrocytic mitochondrial function to the loss of CNS homeostasis and
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integrity observed in ageing, mediated at least in part by increased astrogliosis in the aged brain,
doubtless contributing to the mild cognitive decline observed in healthy ageing.

Astrocyte mitochondrial dysfunction during obesity

Mitochondria are highly dynamic organelles, adapting in response to cellular state via processes
termed ‘fission’ (i.e., division) and ‘fusion’ (i.e., the merging of distinct mitochondria into a single
mitochondrion). These dynamics are governed by a set of GTPases: mitochondrial fusion is regulated
by optic atrophy 1 (Opal) and mitofusins 1 and 2 (Mf1l, Mf2) which govern inner and outer
mitochondrial membrane fusion, respectively. In contrast, mitochondrial fission is regulated by
dynamin-related protein 1 (Drpl) and fission protein 1 (Fisl). During obesity, mitochondrial
dynamics become impaired and have been linked to these proteins®®*™® (for review of
mitochondrial fission and fusion dynamics in obesity, see references Mitochondrial
fission:fusion ratios are linked to the energetic states of cells™ " and mitochondrial functions in
astrocytes during obesity have been subject to recent attention. A study from Filippi et al.**® showed
that HFD exposure increased mitochondrial fission within the dorsal vagal complex (DVC; a region of
the brainstem). Because astrocytes have been linked to regulation of feeding behaviours, this may
represent a therapeutic target for managing obesity. However, this study did not explore the effects
of Drpl inhibition on the cognition of HFD mice. Given that mid-life obesity may associate with
cognitive decline'® ™, hypothetically, Drp1 inhibition would ameliorate these effects. Exploring this
hypothesis throughout the age of the rodents may also prove beneficial for exploring the
longitudinal effects of Drpl inhibition as a therapeutic intervention, and would allow the interplay
between obesity, timeliness of interventions, and cognitive decline during ageing to be further
explored. On the other hand, there is evidence from a range of ethnic backgrounds to suggest that
obesity may not affect cognitive decline in healthy ageing'®, so it is plausible that Drp1 inhibition
may have no effect on cognition in obese rodents. Regardless, it is evident that mitochondrial
function in astrocytes plays a key role in regulating bodyweight and food intake.

154—156)

Recent research from Fozzato et al.'®® followed up on the earlier work of Filippi et al."®® and instead
focused on the nucleus of the solitary tract (NTS; a region of the DVC) in HFD-fed rats, showing that
2-week HFD exposure is sufficient to reduce glucose uptake in peripheral brown adipose tissue (BAT;
measured via ®F-fluorodeoxyglucose uptake). Importantly, astrocyte-specific inhibition of Drp1 via
adenoviral transfection partially attenuated this phenotype and partially restored glucose sensitivity
in BAT, though this effect did not translate to white adipose tissue (WAT). Moreover, NTS astrocyte-
specific inhibition of Drpl prevented large fat droplet accumulation in BAT. Rats with astrocyte-
specific Drpl inhibition also showed reductions in enzymes involved with lipolysis (adipose
triglyceride lipase, hormone-sensitive lipase) and increased cluster of differentiation 36 (CD36)
expression, a receptor for long-chain fatty acids. In contrast, overexpression of Drpl in NTS
astrocytes reduced BAT innervation and expression of CD36s'®. This reinforces the link between
mitochondrial dynamics and metabolic substrate utilisation, and more widely emphasises the role of
astrocytes in facilitating CNS-periphery communication.

Complementing this, work from Varela et al. has shown that the availability of metabolic substrates
to astrocytes is also linked to obesity’®. The authors reported enhanced fatty acid availability
(confirmed by lipoprotein lyase activity) in multiple brain regions and increased phosphorylation of
adenosine monophosphate-activated protein kinase (AMPK; signifying activation of AMPK) and
acetyl-coenzyme A carboxylase (ACC; signifying inactivation of ACC) in the mediobasal
hypothalamus, inferring enhanced fatty acid oxidation, in a tamoxifen-inducible angiopoietin-like 4
(ANGPTL-4) KO in hypothalamic astrocytes'®®. The authors also reported that mitochondria in
ANGPTL-4-deficient hypothalamic astrocytes were unchanged following exposure to HFD, unlike in
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wild-type controls. Together, these data suggested a phenotype protected from HFD-induced
obesity. In contrast, conditional deletion of peroxisome proliferator-activated receptor gamma
(PPARy, which is regulated by ANGPTL-4) had the reverse effect and increased the likelihood of HFD-
induced obesity in mice'®. Following HFD exposure, PPARy-deficient hypothalamic astrocytes
showed increased reactivity and hypertrophic mitochondria versus wild-type mice also exposed to
HFD, in addition to significantly greater bodyweight gain, food intake, and reduced physical activity,
implying greater susceptibility to HFD-induced obesity™. It would be intriguing to see how the
phenotype of aged mice with either PPARy-or ANGPTL-4-deficient astrocytes respond to HFD, which
presents a potential avenue for future research. Regardless, promotors of astrocytic PPARy and
ANGPTL-4 may hold promise as therapeutic targets for metabolic disorders. Unfortunately, changes
to the expression of Opal, Mfn1/2, Drpl or Fisl were not addressed by this research. Based on the
observed phenotypes, one may predict altered activity or expression of these GTPases, but
experimental evidence of this would be beneficial and could complement the study in aged mice.
Importantly, both PPARy and PGC-la regulate mitochondrial biogenesis®® and the NFkB
pathway'®®'®°: therefore, modulation of this signalling cascade may present a promising therapeutic
target for suppressing mitochondrial dysfunction during obesity.

Together, these data highlight the critical role astrocyte mitochondrial fragmentation plays in
susceptibility to obesity. Given that obesity may play either a neuroprotective or neurodegenerative
role in healthy ageing, further research is clearly needed to better understand the nature of obesity
throughout an individual’s lifespan in the context of a diverse and fluctuating genetic and phenotypic
environment to draw conclusions on the net effects for CNS health.

Regulation of bodyweight by astrocytes

As explored above, obesity and ageing have similar effects on astrocytes, notably by promoting
astrocyte reactivity and mitochondrial dysfunction. In addition to being affected by obesity and
ageing, astrocytes may also drive these processes by influencing nutritional intake throughout an
individual’s lifespan. As key regulators of food intake, the contribution of these astrocytes to
bodyweight-associated disorders may represent a key therapeutic target for refining treatment
strategies for disorders associated with dysregulation of these processes.

Obesity

Obesity has detrimental effects on astrocytes ranging beyond the promotion of astrocyte reactivity
and mitochondrial dysfunction. Notably, astrocytes express receptors for the hormone leptin. Under
normal conditions, leptin is released by adipocytes and its signalling mediates satiety and decreases
food intake via neurons in the arcuate nucleus of the hypothalamus. This includes neuropeptide Y
and agouti-related peptide neurons as well as astrocyte-mediated leptin signalling, which regulate
neuronal transmission in the hippocampus'’®. Moreover, obesity has been associated with increased
leptin receptor expression in hypothalamic astrocytes’’*™”, and Jayaram et al. showed that
astrocyte-specific leptin receptor deficiency ameliorates the effects of leptin resistance in obese
mice'”®. Together, these studies suggest that astrocytes play a crucial role in regulating bodyweight
via the leptin pathway. Furthermore, leptin is associated with pro-inflammatory cytokine release
from hypothalamic astrocytes'’>*’®, mediating feeding behaviour'’””"”°. Although Jayaram et al.'’*
did not examine cytokine secretion from leptin receptor-deficient astrocytes, one may anticipate
that this would be reduced during obesity. This is because leptin stimulates pro-inflammatory
cytokine release via the activation of the Janus kinase-signal transducer and activator of
transcription (JAK-STAT) pathway™***#%, which drives the secretion of various pro-inflammatory
signalling molecules. Furthermore, leptin resistance is a hallmark of various neurodegenerative
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conditions which is well recapitulated by animal models® ™%, and may contribute to

neuroinflammation via chronic activation of the JAK-STAT pathway. Alongside leptin resistance,
obesity is associated with resistance to insulin. Insulin, released from pancreatic B-cells in response
to high plasma glucose levels, and also locally within the CNS from the choroid plexus, acts on many
cells including astrocytes to regulate glucose uptake'®. Prolonged exposure to insulin promotes
insulin resistance in astrocytes and results in reduced expression of insulin receptors on these cells.
In line with this, insulin-receptor KO astrocytes (a model of insulin resistance) show reduced glucose
uptake and increased ROS production'®®, alongside reduced mitochondrial respiration, and reduced
mitochondrial DNA'. This suggests that insulin-resistant astrocytes may provide poorer trophic
support to the CNS parenchyma. Importantly, recent evidence suggests that insulin resistance in the
brain is mediated by increased astrocyte reactivity and inflammatory signalling'®®, highlighting the
complex interplay between these processes and suggesting a mechanism by which insulin resistance
may contribute to cognitive decline in obesity. However, the contribution of insulin resistance to the
onset of CNS pathophysiology in the context of neuroinflammation remains unclear. Thus, when
considered together these data provide an intriguing potential therapeutic angle for the treatment
of obesity and management of associated neuroinflammation, which may influence food intake and
contribute to weight gain.

Frailty

Frailty is a hallmark of ageing associated with marked loss of tissue, particularly adipose and muscle
tissue, and is linked to age-related reductions in physical activity’®***>. While frailty is associated
with neurodegenerative conditions, it is important to emphasise that it also forms a part of normal
ageing that is not associated with specific pathologies’®”'**. In contrast with obesity, frailty is
associated with low leptin levels which correlate with poorer health outcomes'®. Frailty is also
associated with leptin resistance™'*® possibly linked to greater adiposity in earlier life*>*®.
Additionally, frailty is characterised by increased levels of circulating pro-inflammatory
cytokines™®>?° %3 This likely reflects an inflamed environment within the CNS parenchyma'®,
possibly contributing to a reduced ability of astrocytes as homeostatic and energy-sensing units.
Elevated leptin in earlier life, and the associated increases in pro-inflammatory cytokine secretion
and glial reactivity, may thus contribute to cognitive decline. Moreover, one may postulate that the
subsequent effects of enhanced leptin levels and leptin resistance on feeding behaviours may
predispose individuals to the development of frailty as key homeostatic mechanisms fail. This is
potentially typified by the detrimental effects of enhanced cytokine secretion on hypothalamic
function and the hypothalamic-pituitary-adrenal axis, alongside disrupted functionality of feeding-
associated signalling molecules such as insulin-like growth factor 1 (IGF-1)**2%. Likewise, insulin
resistance is associated with frailty’”’, and disruption of the IGF-1 pathway in astrocytes under
oxidative stress was recently shown to impair neuronal support’®, potentially suggesting that
disrupted insulin signalling during frailty may contribute to age-related cognitive decline.
Importantly, insulin resistance increases circulating insulin levels, which contributes to continued
activation of inflammatory signalling mechanisms such as the JAK-STAT and NFkB pathways*® and
may contribute to increased astrocyte reactivity during ageing. A cascade of events may, therefore,
impede the homeostatic functions of astrocytes that are key for the regulation of food intake, thus
contributing to frailty in later life.
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Contributions of obesity to cognitive decline and
neurodegeneration at the level of the astrocyte

Ageing is the largest risk factor for the two most prevalent neurodegenerative disorders, Alzheimer’s
disease (AD) and Parkinson’s disease (PD)*’°. Similarly, obesity also contributes to
neurodegeneration and cognitive decline®***'?, and even in young people (aged 12-35 years) obesity
negatively correlates with cognitive performance®***. However, it is unclear what drives the
relationship between impaired cognition and obesity. Despite this, it is known that episodic memory
impairments are associated with higher body mass index (BMI), and it is thought that this aspect of
memory is particularly relevant for appetite control*>*’. Furthermore, higher cognitive scores are
predictive of weight loss following bariatric surgery”*®**°, further underscoring the notion that
cognition influences bodyweight regulation. Moreover, deliberate weight loss has a low order
improvement on cognition220 indicating that obesity causes at least some cognitive impairment.
Taken together, these studies suggest that there may be a bidirectional relationship between obesity
and cognitive impairment.

In addition to cognitive impairment, people with obesity also have grey matter brain atrophy
patterns that closely resemble that in AD***, and mid-life obesity is associated with an increased risk
of AD***”*** further reinforcing the link between bodyweight and CNS health. Obesity shortens life
expectancy, however, improvements in healthcare provision suggest that the detrimental effects of
obesity on life expectancy will be mitigated in the near future. Thus, as rates of obesity increase and
the population ages, neurodegeneration may occur at an increased rate. The exact mechanisms by
which obesity contributes to cognitive impairment are not well established and would benefit from
further research. However, obesity has several effects on glial function that may relate to
neurodegenerative risk, which are explored further below.

Inflammation

The peripheral inflammation marker c-reactive peptide is increased in people with obesity***** and

levels of inflammation and oxidative stress in the CNS are increased by high fat diets***>*°. At a
cellular level this can be observed as elevated gliosis: GFAP and Ibal (a microglial marker) levels are
elevated in mice fed a HFD for 8 weeks compared to chow-fed mice?’. In humans, there are also an
increased number of Ibal-positive cells in the hypothalami of people with a BMI greater than 30
compared to a BMI below 25°*', demonstrating that this relationship is conserved. Mechanistically,
the inflammatory response of astrocytes is required for diet-induced obesity and hypothalamic
inflammation in mice as evidenced in 2017 by Douglass et a/**'. This study used an inducible IKKB KO
mouse model to demonstrate that GFAP-positive cell ramification was decreased in response to HFD
exposure (with no change in cell number), with decreased hypothalamic expression of cytokine
genes I/1b and /16"*. Furthermore, Npy (an orexigenic signal) was significantly lowered and Bdnf (an
anorexigenic signal) significantly increased by suppressing GFAP-cell NFkB signalling™!. These
changes occurred without changes to the ramification or number of microglial cells or the expression

of key microglial cytokine genes Tnfa and Ccl2"*".

Inflammation also increases AQP4'* as discussed earlier, and changes to hypothalamic water

balance have also been described in obesity*?’. Similarly, aquaporin dysregulation occurs in both AD
and PD, amyotrophic lateral sclerosis (ALS), and traumatic brain injury among other CNS
conditions®**>**. Crucially, in the CNS, AQP4 is exclusively expressed in astrocytes> and is
particularly relevant for glymphatic clearance of waste products (e.g. protein aggregates) from this
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region!. As obesity alters AQP4 expression and increases CNS water, particularly in the
hypothalamus'®’, indicating impaired glymphatic action, it is plausible that this coincides with
impaired CNS-waste clearance thus increasing pathological accumulation of amyloid-p (AB) and
other proteins.

A key regulator of cellular inflammatory responses is the NFkB signalling pathway™>******, Alongside

their key roles in regulating mitochondrial biogenesis, PPARy and PGC-1a have emerged as key
regulators of NFkB signalling'®” which highlights the multifaceted functionality of NFkB signalling and
the various modalities which influence activation of this pathway®***?%%5  poor expression of
PPARy and PGC-1a in the periphery correlates with increased inflammation®’, suggesting that a
similar mechanism might underlie or correlate with prolonged neuroinflammation. This likely
correlates with altered mitochondrial metabolism observed during chronic neuroinflammation,
where the brain parenchyma develops a predominantly glycolytic profile without the subsequent
elevations in mitochondrial respiration one would anticipate following the proper resolution of the
inflammatory response.

Considered together these studies show that astrocytic inflammatory signalling is required for
central inflammation and propagating obesogenic signalling, and highlight that HFD and obesity
synergistically create a pro-inflammatory environment in the brain parenchyma which is well
established to contribute to central inflammation. Chronic exposure to inflammatory stimuli and re-
activation of pro-inflammatory signalling pathways ultimately culminates in impairment of astrocyte
functionality, contributing to gradual cognitive decline throughout an individual’s lifespan (Figure 1).
Loss of CNS homeostasis is also posited as a major contributing factor to the onset of
neurodegeneration, with many of the facets of CNS impairment in obesity being mirrored in these
pathologies.

Astrocyte-BBB dysregulation in neurodegeneration

The BBB regulates the transfer of molecules between the brain and periphery. In AD and obesity, the
integrity of the BBB is impaired, meaning that the CNS is infiltrated by peripheral cells and
inflammatory molecules. As a key brain region heavily involved with energy homeostasis, the
hypothalamus is closely linked with the BBB, thus changes to BBB permeability are noted to affect
this area. A region of the hypothalamus, the mediobasal hypothalamus (MBH, found close to the
third ventricle) is known to be subject to gliosis following HFD exposure as discussed above'% 3%,
Moreover, a high-fat high-sucrose diet (HFHSD) induces angiogenic processes in the MBH, increasing
blood vessel length and density, and concomitantly reducing in BBB integrity in mice”*. Importantly
this hypothalamic vascular remodelling also occurs in both rodents and humans with type 2
diabetes®">%, Separate work from Paula et al. demonstrated that, within 48 hours of HFD exposure,
the permeability of the murine BBB transiently increases before returning to normal®®. However,
this study also reported that following one and four weeks’ HFD exposure, BBB permeability
significantly increases”. Together these findings are indicative of complex temporal control of BBB
dynamics in response to hypercaloric diets, which potentially warrants further investigation. As
mentioned above, astrocytes form part of the BBB and regulate the ‘neurovascular unit’, a complex
multicellular macrostructure comprised of neurons, astrocytes, pericytes and blood vessel
endothelial cells. Astrogliosis in the hippocampus®® and hypothalamus®® is elevated after several
weeks of HFD and HFHSD, respectively, indicating a chronic role for astrocytes in regulating and
responding to high caloric intake. Separate work has shown that, acutely, hypothalamic mouse
astrocytes in vivo have elevated morphological complexity and GFAP immunoreactivity 24 hours
after HFD induction®®. Thus, while astrocytes react to caloric excesses induced via both HFD and
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HFHSD, the potential mechanisms by which astrocytes alter BBB permeability in response to these
stimuli have yet to be fully elucidated. It has been touted that this may be due in part to increased
astrocytic release of vascular endothelial growth factor (VEGF), increasing hypothalamic
angiogenesis236 potentially detrimentally. Conversely, in AD, low VEGF levels are associated with
disease severity**!, and VEGF supports neuronal survival and neurogenesis®®, suggesting that, in AD
pathology, reduced angiogenic potential contributes to cognitive decline. Together, this suggests
that astrocytic VEGF signalling, which is altered by both obesity and AD, needs strict regulation in a
brain region-dependent manner and complicates therapeutic efforts aimed at modulating this
pathway. Additionally, the anti-inflammatory TNF monoclonal antibody infliximab decreases HFD-
induced BBB permeability”*®. While microglia are the primary immune cell in the brain, astrocytes
are also capable of secreting and responding to TNF**2*, Astrocytes are more closely linked to
regulation of BBB function than microglia, so hypothetically the BBB response to HFD is regulated by
astrocytic inflammatory signalling over multiple time scales and may act as a tangible therapeutic
target.

Hormonal dysregulation

Beyond directly indicating nutrient levels in the body, leptin and insulin contribute to neuronal
health and synaptic plasticity and memory****®. Both leptin and insulin levels are chronically
elevated in long-term obesity, and hormone resistance can occur which may contribute to impaired
synaptic plasticity**®!. Mechanistically, it is unclear how hormone resistance occurs, but
inflammatory signalling (TNF, IL-1B, and MIF) can directly cause insulin and leptin resistance®.
Components of the leptin signalling pathway such as suppressor of cytokine signalling (SOCS)
proteins, ER-stress, and NFkB, are all reported to contribute to insulin resistance®. Hyperleptinaemia
caused by obesity also impairs BBB integrity via VEGF-mediated angiogenesis without complete
coverage of tight junction presence, which is integral to BBB control of permeability®*®. Furthermore,
in obesity, leptin receptor expression on hypothalamic astrocytes' is elevated which may
exacerbate leptin-mediated and inflammation-mediated insulin resistance. Additionally, AB can
impair astrocyte insulin signalling in primary mouse astrocytes'®, indicating that there may be a
positive feedback loop between impaired metabolic signalling and worsening AB accumulation
leading to further impairments of metabolic function and so on.

As discussed previously, obesity causes a chronic pro-inflammatory state throughout the whole
body, including in the CNS, with profound impacts on astrocyte functionality. This extends to
hormonal sensing — HFD exposure in mice impairs insulin signalling via insulin receptor (IR), IR-
substrate 1 (IRS1) and Ras/Raf/ERK signalling pathways, decreases glucose transporter presence at
the cell membrane (potentially impairing glucose uptake), and reduces ERK/CREB signalling, which
could all contribute to the observed impairments to long term potentiation®” and thus advance the
pathology of AD. Brain glucose uptake is partly dependent on intact astrocytic insulin receptor
signalling, as IR deficiency in several astrocyte subtypes has been shown to impair glucose uptake®>.
Furthermore, in AD and T2DM, cognitive function and brain connectivity are associated with reduced
insulin action in the brain®”. In the 5xFAD mouse model of AD (containing five AD-linked mutations),
loss of insulin signalling in astrocytes exacerbates the AD-like phenotype'®’. Moreover, intranasal
insulin therapy may improve memory and mood in people with AD, though mixed effects have been
reported from larger scale clinical trials of this method®*>. Nonetheless, these bodies of evidence
strongly suggest that promotion of insulin signalling in the CNS may ameliorate cognitive decline, or
at the very least, serve as a potential adjunct therapy for AD pathology. Conversely, other studies
suggest that disrupting insulin/IGF1 signalling may improve cognitive healthspan. For example, in
1993, Kenyon et al. demonstrated that a disruptive mutation to Daf-2 (an IGF-1 receptor homologue)

17



in the nematode Caenorhabditis elegans increases longevity two-fold**®. Moreover, using drosophila,

in 2017 Augustin et al. showed that the disruption of insulin signalling both systemically and in
central neural circuits prevents age-related decline and increases life expectancy®’. In contrast to
the bodies of evidence above, together these studies suggest that, at least in invertebrates, targeted
disruption of insulin signalling may have beneficial effects on cognition. In agreement with this,
studies in human cells®® and mouse models of AD**%? suggest that disruption of the insulin/IGF1
signalling pathways improves outcomes and suggest that whilst insulin therapies may serve as a
therapeutic intervention for neurodegenerative conditions, further study is required to understand
the potential effects of modulating insulin signalling in the CNS prior to clinical adoption. Indeed,
despite the potential benefits of disrupting insulin signalling to ameliorating cognitive decline,
multiple studies indicate that disrupted insulin signalling in human pathologies is detrimental to
health. For example, promoting insulin signalling via the sensitiser metformin is a first-line treatment
for T2DM**7%*, a disorder characterised by loss of insulin sensitivity?*®. One potential explanation
for these conflicting data may be that the insulin and IGF signalling pathways serve functionally
distinct purposes across developmental stages and locations, such as in the brain and peripherally®®*”~
%9 For example, insulin signalling is important for proper organismal development?’®?’%, suggesting
that the timeliness, dose, and duration of insulin signalling may be key. It is a false dichotomy to
categorise insulin/IGF1 signalling as “good” or “bad”; instead, there is likely an optimal amount of
signalling that is at neither end of a spectrum?®”. Proper consideration of the potential role of insulin
signalling in neurodegenerative pathologies and the history of the patient is likely to crucial to
proper clinical employment of insulin modulation for the management of cognitive decline during
ageing.

Another important metabolism-regulating hormone is leptin. Astrocytes express leptin receptors
(OB-R, LEP-R) in the various brain regions (for review see McGuire et al.”’*), and conditional KO of
OB-R in astrocytes prevents leptin-induced decreases in feeding and decreases astrocytic association
with neural feeding circuits’”. In opposition to frailty, as discussed previously, in healthy ageing
leptin levels correlate with preservation of cognitive function®’®. Furthermore, in AD transgenic mice
(Tg2576 and ApoE4), there are normal leptin levels but impaired leptin signalling®”’. Leptin signalling
resistance is also inducible in primary astrocytes in vitro exposed to amyloid-B1-42%"’. Together, this
suggests that the disruption of that astrocytic hormonal sensing and signalling as seen in obesity
mirrors that observed in AD and potentially other neurodegenerative conditions, and therefore likely
contributes to their progression.

Thus, the functions of insulin and leptin signalling during normal physiology are relatively well
understood in the processes of regulating energy balance. Moreover, roles in memory formation are
emerging for these proteins, highlighting the multifaceted nature of these potent signalling
pathways. However, there are knowledge gaps in the understanding of how their dysregulation
occurs or how this contributes to neurodegeneration. It is well established that glucose
hypometabolism is a pathological hallmark of several neurodegenerative disorders, and there is
some evidence showing a negative correlation between body mass index and cerebral glucose
metabolism?’®?”°. One may hypothesise that these are connected to the changes in the homeostatic
roles of insulin and leptin in energy balance. While it is known that astrocytes respond and
contribute to integration of hormonal signals, their intrinsic changes in obesity and
neurodegeneration require further exploration to facilitate their therapeutic modulation.

18



Conclusions

Astrocytes and other glia, long overshadowed by neurons, have emerged as central players in
maintaining CNS homeostasis, and with multifaceted functions ranging from regulating blood flow to
modulating CNS inflammatory responses and synaptic integrity. In the context of healthy ageing,
astrocytes respond to the accumulation of insoluble plaques and changes in CNS tissue by adapting
their metabolic and inflammatory profiles to support neural maintenance, energy supply,
neurotransmission, and maintenance of the BBB. Obesity has profound effects on the CNS at
structural and signalling level. Elevated inflammatory and altered energy states impair astrocyte-
neuron communication and metabolic substrate exchange. This review presents evidence that the
changes caused by obesity may advance brain ageing in part by impacting astrocyte function. For
example, in neurodegeneration, appropriate inflammatory responses are impaired (glial paralysis'*®
and bystander injury at different disease stages) which overlap with obesity-mediated chronic low-
grade inflammation. Secondly, the metabolic and mitochondrial changes caused by obesity may
contribute to the immunometabolic context that accelerates neurogenerative processes. The
literature shows that chronic inflammation occurring from excessive fat accumulation and circulating
hormone levels in obesity, and toxic protein aggregates in neurodegeneration, contribute to
cognitive impairment beyond normal decline in healthy ageing. What differentiates obesity and
neurodegeneration is the source of inflammatory stimuli; in neurodegeneration these can also
include environmental pollutants and immune responses to infiltrating pathogens (Figure 1).
Regardless, the overlapping signalling responses between these apparently distinct pathways may
contribute to the development of the other. One aspect which remains unclear is the balance
between impaired glucose metabolism in the brains of people with obesity and/or
neurodegeneration and the increased demand for glycolysis as a part of mounting robust glial
inflammatory responses. What, then, distinguishes neuroinflammation in healthy ageing from that
observed in obesity or neurodegenerative conditions? While similar mechanisms are observed
across all three states, and thus noxious stimuli may accumulate in the brain parenchyma during
healthy ageing, current evidence suggests that (unlike during CNS pathologies or metabolic
disorders) inflammatory responses are able to reach the important resolutory phase and thus
prevent the chronic immunometabolic stress of the CNS that is associated with obesity and
neurodegenerative conditions (Figure 1).

Thus, this review underscores the roles of astrocytes in obesity and neurodegenerative pathologies
and the complexity of changes therein (Figure 1). While these conditions have a complex web of
pathological mechanisms, the presence of astrocytes in so many strands of these webs suggests that
astrotherapeutics may facilitate profound changes to the pathology onset or procession. While there
are significant limitations to implementing this into clinical practice, progress has been made at the
level of basic research to better understand key astrocyte functions and more precisely identify
astrocytic subpopulations.

Data availability statement

There is no applicable data to share.
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Figure 1. Astrocytic signalling during healthy ageing, obesity, and neurodegeneration.

Healthy ageing: inflammatory signalling is proportionate and anti-inflammatory processes result in resolution to noxious stimuli mediated by nuclear factor kappa B
(NFkB). Thus, cytokine signalling is at normal levels. The brain and astrocytes are metabolically active and reliant on glycolysis and mitochondrial respiration. Hormonal
signalling such as leptin and insulin is proportionate to energy balance with intact receptor sensitivity. Blood brain barrier (BBB) integrity is normal. Glymphatic activity
via aquaporin 4 (AQP4) is appropriate. Obesity: elevated levels of pro-inflammatory cytokines and NFkB signalling result in an increase in glycolytic activity, astrocyte
hypertrophy and ramification, leptin and insulin receptor insensitivity, and VEGF levels increase causing inappropriate angiogenesis and impaired BBB integrity. AQP4
activity is increased causing cell swelling and water accumulation. The chronic inflammatory stimuli lead to incomplete resolution of the inflammatory cycle.
Neurodegeneration: cytokine levels are further elevated which exacerbates the aforementioned NFkB signalling outcomes. While leptin levels are typically lower than in
obesity, the outcome is similar in that there is low functional leptin signalling. Insulin resistance also occurs partly mediated by cytokine activity and amyloid-p (AB). This
impairs insulin-mediated glucose uptake and glycolytic activity. While NFkB signalling is high during neurodegeneration, increasing glycolysis, it is unclear how this
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integrates with cerebral glucose hypometabolism. Ultimately, pro-inflammatory processes dominate the anti-inflammatory/repair process leading to incomplete
resolution of noxious stimuli.
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