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Abstract: Alzheimer’s disease (AD) is the main type of dementia and is a disease with a profound
socioeconomic burden due to the lack of effective treatment. In addition to genetics and environmental
factors, AD is highly associated with metabolic syndrome, defined as the combination of hypertension,
hyperlipidemia, obesity and type 2 diabetes mellitus (T2DM). Among these risk factors, the connection
between AD and T2DM has been deeply studied. It has been suggested that the mechanism linking
both conditions is insulin resistance. Insulin is an important hormone that regulates not only
peripheral energy homeostasis but also brain functions, such as cognition. Insulin desensitization,
therefore, could impact normal brain function increasing the risk of developing neurodegenerative
disorders in later life. Paradoxically, it has been demonstrated that decreased neuronal insulin
signalling can also have a protective role in aging and protein-aggregation-associated diseases, as is
the case in AD. This controversy is fed by studies focused on neuronal insulin signalling. However,
the role of insulin action on other brain cell types, such as astrocytes, is still unexplored. Therefore, it
is worthwhile exploring the involvement of the astrocytic insulin receptor in cognition, as well as in
the onset and/or development of AD.
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1. Introduction

Alzheimer’s disease (AD) affects 27 million people worldwide and is the most common
type of dementia [1]. Indeed, AD makes up 60 to 70% of all dementia cases [2]. The impact
on the life of a patient’s family as well as the financial cost to society of the occurrence
of the disease is very large, especially due to the fact that, to date, there is no curative
treatment for AD [3]. Although AD is a public health issue, to date, only two classes of
drugs have been approved for its treatment: cholinesterase enzyme inhibitors (rivastigmine,
galantamine and donepezil) and NMDA receptor antagonists (memantine). Even though
these two classes of drug show therapeutic effects, they are only effective at treating AD
symptoms not preventing the disease [4–6]. Regrettably, a low number of clinical trials on
AD were launched in the last decade and their outcome was a big failure. A plethora of
treatment options are now being intensively studied [6]. However, it is crucial to identify
the risk factors involved in the disease as the control of these factors may help to prevent
and probably combat the course of the disease. The definition of risk factors can radically
change the treatment and diagnosis of AD from conventional approaches towards precision
medicine, offering a personalized approach to disease management [7].

The main and earliest manifestation of the disease is the memory impairment that
evolves over several years. During the disease progression, intellectual skills deterio-
rate, behavioural problems and delusion appear, while the patient loses control over
essential body functions. Pathologically, the main AD hallmarks are the accumulation
of beta-amyloid peptide (Aβ) outside neurons and the hyperphosphorylation and Tau
protein aggregation inside neurons [3,6,8,9]. Anatomically, AD patients present a profound
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brain atrophy, especially at the hippocampal and the neocortical areas [10]. Moreover, in
AD brains, reduced levels of acetylcholine, norepinephrine and dopamine have been de-
tected [11,12]. Furthermore, in light of epidemiological and experimental evidence, several
pathological events that are not specific to AD have been identified, including brain energy
deregulation [13–15], synaptic dysfunction [16], oxidative/ER stress [17], mitochondrial al-
terations [16], autophagy deterioration [18], inflammation [19] and the blood–brain barrier
(BBB) [20] and neurovasculature breakdown [21]. In this point, a fundamental question is
the following: are these dysfunctions directly connected to the amyloid and Tau pathology?
In contrast, are these pathological features occurring parallel to Aβ and Tau? Even more
importantly, how are these pathological events induced? Notably, many of those alterations
have been directly associated to AD risk factors, pointing towards the importance of the
deep study of risk factors that precipitate AD pathology.

This review summarizes our current understanding of the impact of metabolic syn-
drome in the development of dementia, especially AD. We mainly focus on mechanisms
and clinical outcomes of type 2 diabetes mellitus (T2DM), address the apparent paradox of
how impaired neuronal insulin can protect from the development of neurodegenerative
disorders and propose astrocytic insulin signalling as a new target to explore.

2. Association between Metabolic Syndrome and Alzheimer’s Disease

Genetic variants as well as environmental or non-genetic factors have been linked to
the onset and/or the progression of AD [22–28]. Some of the most studied environmental
risk factors include aging, cardiovascular disease [29–31], T2DM [26,32], obesity [33],
depression, dyslipidaemia [23], substance abuse or smoking. These risk factors may lead to
the above-mentioned pathogenic features, i.e., reduced glucose utilization, oxidative stress,
chronic inflammation, mitochondrial dysfunction or brain energy metabolism breakdown
among others, that could cause or aggravate AD development [33–36].

Environmental AD risk factors rarely exist alone. Obesity, hypertension, dyslipidemia
and diabetes often coexist, and their effects are hard to tease apart. Usually, most of the stud-
ies focus on one factor, neglecting the possibility that different risk factors could increase the
risk of AD in an additive or synergistic manner. Therefore, a more accurate approach is the
study of a cluster of risk factors such as the metabolic syndrome, defined as the coexistence
of obesity, hypertension, hyperlipidemia and diabetes (Figure 1) [33]. The association of
these risk factors to AD development is described in the following subsections.

2.1. Hypertension

It has been suggested that the association between hypertension and AD occurs
through cerebrovascular disease. Specifically, hypertension alters the vascular walls leading
to hypoperfusion, ischemia and cerebral hypoxia, triggering AD development. According
to the literature, cerebral ischemia precipitates the accumulation of Aβ and induces the
expression of presenilin that is involved in Aβ synthesis. Moreover, hypertension promotes
BBB breakdown, a feature intimately linked to AD pathology [37].

According to epidemiological studies, an association between hypertension and de-
mentia has been described [38]. Notably, the most compelling evidence is obtained when
hypertension is present in middle age and precipitates AD and vascular dementia 15 to
20 years later [39].

2.2. Hyperlipidemia

Previous studies have already demonstrated that patients with AD show 10% higher
cholesterol levels compared to healthy individuals [40], proposing cholesterol as a risk
factor for the development of AD.
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Figure 1. Metabolic syndrome as a risk factor for Alzheimer’s disease. Metabolic syndrome is de-
fined as the coexistence of obesity, hypertension, hyperlipidemia and diabetes. Specifically, hyper-
tension alters the vascular walls leading to hypoperfusion, ischemia and cerebral hypoxia, trigger-
ing AD development. Hyperlipidemia compromises BBB integrity, increases Aβ peptide deposition, 
promotes Tau hyperphosphorylation and induces neuroinflammation compatible with AD. The in-
volvement of obesity as a risk factor for AD development is still under debate, although some stud-
ies have demonstrated that obesity in middle age is a risk factor for dementia. The association be-
tween diabetes mellitus (DM) and AD has been extensively studied. The suggested mechanisms 
underlying this association include, among others, insulin resistance, insulin receptor impairment, 
hyperglycaemia-induced toxicity, advanced glycation end products (AGEs)-induced adverse ef-
fects, inflammation and cerebrovascular damage. 
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haemorrhages and is compatible with AD [42,43]. 

Observational studies have pointed out that statin users show a reduced incidence of 
AD or even an improvement in the disease progression [44–46]. However, most clinical 
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Figure 1. Metabolic syndrome as a risk factor for Alzheimer’s disease. Metabolic syndrome is defined
as the coexistence of obesity, hypertension, hyperlipidemia and diabetes. Specifically, hypertension
alters the vascular walls leading to hypoperfusion, ischemia and cerebral hypoxia, triggering AD
development. Hyperlipidemia compromises BBB integrity, increases Aβ peptide deposition, promotes
Tau hyperphosphorylation and induces neuroinflammation compatible with AD. The involvement
of obesity as a risk factor for AD development is still under debate, although some studies have
demonstrated that obesity in middle age is a risk factor for dementia. The association between diabetes
mellitus (DM) and AD has been extensively studied. The suggested mechanisms underlying this
association include, among others, insulin resistance, insulin receptor impairment, hyperglycaemia-
induced toxicity, advanced glycation end products (AGEs)-induced adverse effects, inflammation
and cerebrovascular damage.

Elevated levels of cholesterol compromises BBB integrity [41], consequently increas-
ing AD risk. Moreover, investigations in experimental animal models have shown that
hypercholesterolemia increases Aβ peptide deposition, Tau hyperphosphorylation, neu-
roinflammation, cognitive deficiency, cholinergic neuron dysfunction and cerebral micro-
haemorrhages and is compatible with AD [42,43].

Observational studies have pointed out that statin users show a reduced incidence of
AD or even an improvement in the disease progression [44–46]. However, most clinical
studies have not demonstrated the efficacy of statins against AD onset and/or progression
at various stages of the disease [47–51], in contrast to the study conducted by Song et al. [52]
that observed a lower risk of AD in statin users.

Apart from cholesterol, chronic high free fatty acid levels have been shown to in-
duce pernicious outcomes, including low-grade inflammation that could lead to insulin
resistance. Although the capacity of fatty acids to pass through the BBB is limited [53],
PET studies have demonstrated fatty acids uptake by the brain [54]. Notably, metabolic
syndrome induces the brain’s uptake and accumulation of fatty acids that can be reversed
by weight reduction [54]. Interestingly, it has been extensively reported that the exposure to
a high fat diet promotes AD pathogenesis, and diets enriched in polyunsaturated fatty acids
such as docosahexaenoic acid (DHA) show a protective effect against AD [55]. Saturated
fatty acids could promote the brain inflammatory response through TLR4 activation [56].
Indeed, the loss of function of TLR4 protects against high-fat-diet-induced deleterious
effects [56]. Moreover, the molecular link between high levels of fatty acids and AD could
be beta-amyloid and Tau, as free fatty acids have been shown to stimulate the assembly of
both amyloid and tau filaments in vitro [57] leading to cognitive dysfunction.
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2.3. Obesity

The prevalence of obesity and overweight is exponentially increasing, with an esti-
mation of the existence of 1.35 billion overweight and 573 million obese people around
the world by 2030 [58]. The risk of suffering dementia is significantly increased upon
obese conditions. Indeed, in a longitudinal study where participant’s sagittal abdominal
diameter was measured, a larger diameter was directly correlated with nearly a three-fold
risk of developing dementia [59]. In the same line, another study demonstrated that a
lower hippocampal volume is observed in subjects with higher waist–hip ratio [60]. The
connection between midlife obesity and the risk of suffering dementia in the elderly has
been investigated by several authors [59,61–64]. In the study performed by Xu et al., midlife
overweight (BMI > 25–30) and obese (BMI > 30) individuals showed a higher dementia
probability [65]. Another cohort study demonstrated that while obesity in midlife signif-
icantly increases the risk of suffering dementia later in life, this risk is decreased when
obesity occurs in old age [66]. Remarkably, a cohort projection model based on an Aus-
tralian population demonstrated that if midlife obesity is decreased by 20%, dementia in
aging could be lowered by 10% [67]. In contrast with all the above-mentioned studies that
suggests a direct link between midlife obesity and late life dementia, a cohort study showed
that being underweight in middle age carries an increased risk of dementia in later life [68].
Based on these conflicting results, the possible connection between obesity and dementia
needs a deeper investigation. It is worth mentioning that it has been proposed that the
linking mechanism between obesity and AD could be obesity-induced insulin resistance.

2.4. Diabetes Mellitus

The association between diabetes mellitus (DM) and AD has been extensively studied,
with most research showing a clear link between T2DM and a higher risk of developing
AD. The suggested mechanisms underlying this association include, among others, insulin
deficiency, insulin resistance, insulin receptor impairment, hyperglycaemia-induced toxic-
ity, advanced glycation end products (AGEs)-induced adverse effects, inflammation and
cerebrovascular damage [69].

The connection between T2DM and AD has been studied using different approaches,
extensively described in Section 4 of the present review. For instance, post-mortem
brains of AD patients present a deregulation of the insulin receptor (IR) intracellular
signalling [70–72]. The exposition of AD transgenic mouse models to a high fat and/or
high sugar diet exacerbates the AD pathology [73–77]. Upon antidiabetic treatment, a
slight cognitive improvement, as well as the alleviation of inflammation, apoptosis and
synaptic failure, has been described in human and AD mouse models [78,79]. Finally, DM
murine models recapitulate the alteration in glucose metabolism, IR signalling, neuroin-
flammation, Tau hyperphosphorylation and Aβ aberrant processing characteristic of AD
pathology [80,81]. However, the extensive literature, employing very different approaches,
has produced conflicting results based on variables such as the model used, the type of
diet, the duration of the study, etc. Thus, it is still difficult to have a definite idea of how
T2DM is linked to AD. This conundrum will be discussed below.

3. Insulin Action in the Brain

Traditionally, it has been thought that the brain is an insulin-insensitive organ. How-
ever, during the last few years, new evidence showing a high concentration of insulin in
brain extracts, and expression of IR throughout the brain, supports that it is actually an
organ that responds to this hormone [82]. Insulin is an important regulator of glucose
homeostasis and metabolism. Nevertheless, its role in the central nervous system is a field
that is not yet fully known. It has been suggested that it can modulate central functions
such as feeding, depression and cognitive behaviour [83].
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3.1. Insulin Transport and Regional Distribution in the Brain

It has been proposed that insulin reaches the brain in two ways: across the BBB or
synthesizing de novo in the brain. However, whether insulin can be locally synthesized in
the brain remains under debate since the synthesis of insulin in the central nervous system
(CNS) seems to depend on the animal species under study. In vitro experiments have
shown that insulin can be synthesized and secreted by rabbit CNS neuronal cells in culture
but not in glia [84]. Moreover, the expression of insulin mRNA has been detected in rat and
mouse brains [85–87]. In humans, peptide C (by-product of insulin synthesis) has also been
observed in several brain regions [88,89]. However, these studies have been questioned
and others have not been able to demonstrate the presence of insulin mRNA in appreciable
amounts in the brain. In general, there is a lack of data suggesting that the human brain
produces and secretes significant amounts of insulin locally, and it is widely believed that
the insulin found in the brain parenchyma comes primarily from the pancreas [90].

Insulin enters the brain across the capillary endothelial cells of the BBB via selective,
saturable transport. Insulin levels in cerebrospinal fluid (CSF) are much lower than in
plasma. Even so, there is a connection between both since the increase in peripheral insulin
concentration acutely increases concentration in the brain and CSF, indicating that most of
the insulin that reaches the brain derives from circulating pancreatic insulin [91,92]. This
transport can be modulated by a vast array of factors such as DM, inflammation, obesity
and circulating triglyceride levels.

IRs are widely distributed throughout the CNS, following a selective regional pattern.
In rodents, the highest IR expression is found in the olfactory bulb, hypothalamus, cerebral
cortex, hippocampus and cerebellum [93,94]. Thus, IRs are present in brain areas related to
glucose and energy homeostasis as well as cognitive processes (i.e., the hypothalamus and
the cortex/hippocampus, respectively) [95].

3.2. Brain Insulin Actions in Peripheral Energy Homeostasis

Studies that have been carried out on insulin and IRs in the brain demonstrate a key
role of central insulin signalling in the regulation of peripheral functions [96]. Insulin
acts within the hypothalamus to regulate various processes of metabolism such as en-
ergy homeostasis (body weight and food intake), glucose metabolism and the regulation
of reproduction.

3.2.1. Energy Homeostasis

Insulin acts in two neuronal populations in the arcuate nucleus of the hypothalamus
(ARC): the orexigenic neurons (coexpressing neuropeptide Y, NPY, and agouti-related
peptide, AgRP) and the anorexigenic neurons (which produce proopiomelanocortin, POMC,
and cocaine- and amphetamine-related transcript, CART). In the ARC, the role of insulin
signalling on neuronal activity seems to be complex, as it acts by hyperpolarizing both
anorexigenic POMC neurons and orexigenic AgRP/NPY neurons [97].

Intracerebrovascular administration of insulin has an anorexigenic effect; it inhibits
food intake, resulting in a reduction in body weight. By contrast, inhibition of insulin
signalling in the brain has an orexigenic effect, it increases food intake, and as a result
increases the body weight [98].

At a cellular level, insulin regulates transcriptional events, by inducing Pomc tran-
scription, and decreasing Agrp expression, resulting in an increase in the anorexigenic
tone upon feeding [99]. Furthermore, in the postprandial state, the precursor protein
POMC is converted into α-melanocyte-stimulating hormone (α-MSH) and released from
POMC neuron synaptic endings located in ARC to paraventricular hypothalamic nucleus
(PNV) where it activates melanocortin 3 and 4 receptors (MC3/4-R). Melanocortin recep-
tor (MC-R) activation decreases food intake, increases energy expenditure and regulates
glucose metabolism [100].
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3.2.2. Glucose Metabolism

In addition to its anorexigenic effect, insulin plays an important role in the CNS-
dependent regulation of peripheral glucose metabolism. Central insulin infusion results
in a decrease in hepatic glucose production (HGP) [101,102]. This effect is not observed
in neuronal IR knockout mice (NIRKO mice), nor in AgRP-restricted IR knockout mice,
suggesting that insulin action in AgRP-expressing neurons is required for the suppression
of HGP [101].

The anorexigenic effect and ability to suppress HGP of insulin are mediated by the
phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT) pathway, mainly through
forkhead box protein O1 (FOXO1) and the activation of the adenosine triphosphate (ATP)-
dependent potassium channel [95,97,98]. Nuclear exclusion of FOXO1 increases the tran-
scription of POMC and decreases AgRP and G-protein-coupled receptor 17 (GPCR17).
GPCR17 might control food intake and HGP by the modulation of ion channel activity
and the resultant increase in orexigenic neuropeptide release [103]. Insulin also acts via
activation of the ATP-dependent potassium channel, leading to neuronal hyperpolarization
and inhibiting the secretion of neuropeptides [95,97,98].

3.3. Brain Insulin Actions in CNS Functions

It has been shown that insulin is involved in the CNS and brain function. However,
the role it can play is not yet fully understood. Some studies pointed out the effects of
insulin on learning and memory due to insulin and IRs presence in the hippocampus and
cerebral cortex [104]. Indeed, it has been proposed that insulin regulates cognition modu-
lating synaptic plasticity, synapse density and neurotransmission, and even by regulating
adult neurogenesis [105].

3.3.1. Neuronal Plasticity

Neuronal plasticity encompasses all the processes through which neurons adapt
to changes in functional demands, and insulin-like peptides (ILPs) act by modulating
these processes [105]. ILPs affect synaptic efficacy by modulating various components
of the synapse and their expression. In the past decades electrophysiology studies have
revealed the importance of synaptic signalling in long-term potentiation (LTP) and long-
term depression (LTD) [106]. In vitro experiments using cultured neurons showed that ILPs
could modulate LTP and LTD, regulating the synthesis of glutamate and GABA receptor
subunits and changing the phosphorylation of glutamate receptor subunits [107,108].

Insulin can regulate the AMPA receptor that underlies synaptic transmission and
synaptic plasticity [109]. It is seen that insulin induces glutamatergic AMPA receptor
internalization leading to LTD [110]. Moreover, LTD induced by AMPA receptor internal-
ization has been demonstrated to regulate the extinction of the fear-conditioned memory
process [111], thereby linking the insulin-involved synaptic activities to cognition.

Conversely, the downregulation of hippocampal IR function impairs LTP and spatial
memory [112]. Insulin also potentiates NMDA receptor activity by expressing NMDA
receptors to the cell surface [113] and through NMDA receptor phosphorylation [114],
processes that may induce long-lasting changes.

In addition to AMPA and NMDA receptors, insulin has been shown to be a regula-
tor of GABA(A) receptors. Specifically, it increases inhibitory synaptic transmission by
recruiting β2 subunits of GABA(A) receptors at the postsynaptic level [108]. Moreover,
ILPs contribute to modulating synaptic strength by regulating the synthesis and release of
neurotransmitters such as acetylcholine in the hippocampus [105].

3.3.2. Dendritic Arbor Development

PI3K/AKT and mitogen-activated protein kinase (MAPK) pathways include com-
ponents that have been implicated in dendritic arbor formation dynamics. IRSp53, an
IR substrate localized in the postsynaptic density, has been hypothesized to interact and
stabilize the proteins of the cytoskeleton in the postsynaptic density region [115]. Moreover,
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in cell cultures, it has been demonstrated that increased expression of IRSp53 promotes
dendritic arbor development [116], while RNA-interference-treated cells against IRSp53
showed the opposite effect [117].

3.3.3. Neuronal Survival

It is seen that IR signalling promotes cell survival under oxygen and glucose depriva-
tion in rat hippocampal cell culture studies. Although the exact mechanism remains unclear,
the authors proposed increased GABA signalling as a potential mechanism of insulin action
to protect neurons from oxygen–glucose-deprivation-induced cell death [118].

3.3.4. Learning and Memory

Intranasal administration of insulin has shown to improve memory and learning in
rats. Other studies in healthy humans demonstrated that CNS insulin administration via the
intranasal route have beneficial cognitive effects [119,120], indeed this improvement could
even be intensified by the administration of rapid-acting insulin analogue, named insulin
aspart [121]. Furthermore, systemic infusion of insulin in healthy humans improved verbal
memory and selective attention [122]. Gene expression of IR has been increased in the
hippocampal dentate gyrus and CA1 region of the rat after spatial memory training [104].

Although the mechanisms involved in these processes are not fully known, it is seen
that the PI3K pathway is involved since the central administration of insulin increases
memory in a PI3K-dependent manner [123]. Nevertheless, NIRKO mice showed unaltered
spatial learning during a Morris Water Maze task, indicating that the insulin pathway does
not play a primary role in memory formation [124].

4. Controversial Role of Insulin Alterations in Alzheimer’s Disease

Based on the above-mentioned important role of insulin in cognitive functions, the
interaction between DM and AD has gained great attention in the past two decades [36].
Indeed, not only insulin deficiency but also insulin resistance has pernicious consequences
on the brain [125,126].

There are multiple plausible mechanisms that could explain the connection between
insulin resistance and AD. Insulin resistance is defined by the diminished response to in-
sulin that occurs as a response to certain genetic and/or environmental factors [127]. Upon
an insulin resistance state, insulin secretion from the pancreas is increased in an attempt to
achieve normoglycemia. This hyperinsulinemia leads to a vicious cycle that worsens the
insulin resistance [128,129] and could be implicated in AD pathogenesis [34,130,131]. Pe-
ripheral hyperinsulinemia can also affect its own transport across the BBB [125,132]. Once
in the brain, insulin is degraded by the insulin-degrading enzyme (IDE), an enzyme able to
degrade the Aβ protein as well [125,133]. Notably, insulin and Aβ compete for the binding
to the IDE, the insulin affinity being higher compared to Aβ [133]. Therefore, in a state
of hyperinsulinemia, insulin binds the IDE leading to Aβ protein accumulation [125,133].
Moreover, Aβ protein levels in the extracellular space are increased upon high insulin lev-
els [133]. Interestingly, Aβ binds and avoids the insulin binding to IR, exacerbating insulin
resistance [34,36,133,134]. In this line, considering the close link between Aβ and impaired
insulin signalling, it is not surprising that impaired cerebral glucose metabolism usually
precedes AD signs and symptoms by several years [35,135,136]. Notably, hyperglycaemia
as well as insulin resistance induces cognitive deficiencies, one of the core symptoms
of AD [137].

Insulin resistance has also been associated to Tau hyperphosphorylation [138]. Glyco-
gen synthase kinase 3 (GSK3β) is a metalloprotease that acts by phosphorylating the Tau
protein, which, when hyperphosphorylated, precipitates and accumulates in the form of
neurofibrillary tangles (NFTs). Insulin is an inhibitor of GSK3β, thus preventing Tau from
being phosphorylated. Therefore, it is suggested that in situations of insulin resistance,
the activity of GSK3β is increased and leads to the phosphorylation of Tau and formation
of NFTs [139,140].
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Furthermore, insulin resistance reduces acetylcholine levels in the brain leading to
cholinergic perturbations, which are largely involved in AD pathology [11,141,142].

The chronic state of hyperinsulinemia interferes with the saturable transport of insulin
through the BBB. Thus, at some point, brain insulin resistance could be accompanied
by reduced insulin levels at the CNS [36,125,132] and this brain insulin deficiency has
also been associated with AD onset and progression [125,143]. In summary, AD can
be considered a situation in which insulin deficiency as well as insulin resistance are
profoundly implicated [144,145].

Other possible mechanisms linking DM and AD have also been described, such
as chronic inflammation and oxidative stress [25,34,146]. High levels of inflammatory
cytokines, such as interleukin-1 β, interleukin-6 and interferon gamma are located close to
Aβ plaques and macrophage cells suggesting the important role of neuroinflammation in
the pathology of AD. Peripheral hyperinsulinemia leads to the maintenance of inflammation
through its inhibition of AMP-activated protein kinase [147]. These inflammatory processes
could mediate the relationship between T2DM and AD.

Another proposed pathogenic pathway is the alteration of gut microbiota and the
subsequent disruption of the gut–brain axis that occurs upon insulin resistance [148–153].
Gut microbiota disturbance has been associated with AD [154,155].

Finally, another plausible mechanism linking DM and AD could be cerebrovascular
diseases (CVD), as insulin resistance and the subsequent hyperinsulinemia are involved in
CVD [156–159] that could eventually lead to AD pathology.

In the light of all those shared mechanisms between DM and dementia, AD has been
described as type 3 diabetes [160]. However, this concept is still under intense debate, as
many studies in the literature do not support this idea. For instance, Hardy et al. tested
for genetic correlation between T2DM and AD using a genome-wide association study
(GWAS), without finding convincing evidence for a genetic overlap between both disorders.
Specifically, none of the single nucleotide polymorphisms (SNP) found in one disease were
relevant in the other disease genome [161].

Moreover, there are conflicting findings on the neuroprotective effects of the insulin
signalling pathway (Figure 2). Indeed, it has been seen that decreased neuronal insulin sig-
nalling has a beneficial effect on lifespan regulation, and even delay age-related processes.

In Caenorhabditis elegans, the human insulin and insulin-like growth factor 1 (IGF-1)
receptors are codified by a single ortholog, DAF-2 [162]. Dillin et al. showed that adult-
specific RNAi knockdown of DAF-2 increases lifespan [163]. In a similar manner, the group
led by Ewald CY found that using an auxin-inducible degradation system, the depletion
of DAF-2 at post-reproduction stages resulted in a 70–135% lifespan extension without
inducing adverse phenotypes such as growth retardation, germline shrinkage, egg retention
or reduced brood size. Impressively, at geriatric ages, auxin-mediated depletion of DAF-2
protein resulted in a doubling of lifespan [164].

In mammals, it is seen that midlife administration of IGF-1 receptor monoclonal anti-
bodies is sufficient to improve health and increase lifespan, preferentially in females [165].
Furthermore, loss-of-function mutations in genes encoding for insulin receptor substrate
1 and 2 (IRS1/2) [166,167] and IGF-1 receptor [167,168] increased longevity in rodents.
Decreased insulin signalling has also been associated with an improvement in age-related
intracellular and behavioural events that are related to neurodegenerative disorders, and
thus cognition [95]. In particular, IGF-1 deficiency in a genetic model of AD reversed
premature mortality associated with AD and delayed Aβ accumulation [167]. Addition-
ally, deletion of IRS-2 reduces Aβ deposition and rescues behavioural deficits in APP
transgenic mice [169].

Due to the paradoxical effects of insulin signalling, the current state of our under-
standing is insufficient to differentiate clearly between the beneficial vs. negative impact
on aging and neurodegenerative diseases of reduced insulin signalling (Figure 2). Notably,
this debate is fed by results obtained from studies focused exclusively on neuronal insulin
signalling; however, the role of insulin action on other brain cell types, such as astrocytes,
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is still unexplored. Indeed, the possibility that insulin signalling in astrocytes plays a
functional role in cognitive performance and AD has never been studied. Therefore, it is
worthwhile exploring the involvement of astrocytic IR in cognition, as well as in the onset
and/or development of neuropsychopathologies.
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Figure 2. Paradoxical effect of insulin on Alzheimer’s disease etiopathology. Multiple plausible
mechanisms have been proposed to explain the connection between insulin resistance and AD. Insulin
and Aβ compete for the binding to IDE, leading to Aβ protein accumulation. Moreover, cerebral
glucose metabolism usually precedes AD signs. In situations of insulin resistance, the activity of
GSK3β is increased and leads to the hyperphosphorylation of Tau. Furthermore, insulin resistance
reduces acetylcholine levels in the brain. Chronic state of hyperinsulinemia interferes with the
saturable transport of insulin through the BBB. Other possible mechanisms linking DM and AD
have also been described, such as chronic inflammation, oxidative stress, disruption of the gut–brain
axis and cerebrovascular diseases. Strikingly, a plausible protective role of diminished neuronal
insulin signalling has also been proposed. It has been seen that decreased neuronal insulin signalling
has a beneficial effect on lifespan regulation, and can even delay age-related processes. Decreased
insulin signalling has also been associated with reduced premature mortality associated with AD and
delayed Aβ accumulation. Due to the paradoxical effects of insulin signalling, the current state of our
understanding is insufficient to differentiate clearly between the beneficial vs. negative impact on
aging and neurodegenerative diseases of reduced insulin signalling. Notably, this debate is fed by
results obtained from studies focused exclusively on neuronal insulin signalling; however, the role of
insulin action on other brain cell types, such as astrocytes, is still unexplored.

5. Role of Astrocytic Insulin Receptor

There is increasing evidence that non-neuronal cells contribute to the onset, progres-
sion and pathology of diverse neurodegenerative diseases. Interestingly, astrocytes are the
most abundant cells in the brain and they are closely associated to neurons [170]. They pro-
vide an adequate microenvironment to guarantee the correct neuronal function, including
the control and formation of synaptic plasticity. They participate in neurogenesis, regu-
lation of the vascular tone of the brain, maintenance of the BBB and regulation of energy
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homeostasis [171]. Moreover, they can sense neurotransmitters and respond with increases
in intracellular calcium level, and they can also release gliotransmitters to neurons [172].

Astrocytes are altered in neurodegenerative disorders [173,174], where dysregulation
of astrocyte calcium activity, glutamate uptake and mitochondrial respiration could be seen,
leading to damage to neural health [175,176].

5.1. Astrocytic Function in AD

For years, Aβ plaques have been considered the main pathological hallmark of AD
and responsible for triggering astrocytic reactivity, as some studies showed a higher density
of reactive astrocytes around plaques [177].

The glymphatic system participates in a correct fluid clearance where interstitial fluid
is cleared along paravenous routes [178], and astrocytes participate actively in this process.
They contain high levels of aquaporin 4 (AQ4), which facilitates astrocyte clearance of
factors towards the systemic circulation. In AD, there is a downregulation of AQ4 levels,
which can result in decreased clearance of Aβ and the subsequent possible protein accumu-
lation [179]. Indeed, AQ4 knockout in an AD mouse model increased Aβ accumulation in
the brain, and resulted in cognitive impairment [180].

Neurons are isolated from systemic circulation by the BBB and rely on astrocytes to
obtain metabolic substrates [181]. A well described mechanism is the astrocyte–neuron
lactate shuttle (ANLS) [182]. As known, glucose is converted to lactate in astrocytes and
then exported to neurons for energy use or memory function among other things [183].
Based on the evidence that the energy homeostasis required for synaptic activity is altered
in neurodegeneration, a central role of astrocytes in AD is suggested.

In physiological conditions, calcium signalling in astrocytes is associated with multiple
processes, such as neuronal activity or the response to synaptic stimulation [184]. Ca2+

dynamics in astrocytes were studied in a three-dimensional two-photon imaging approach.
It was found that Ca2+ activity in astrocyte processes and endfeet displayed frequent fast
activity, whereas the soma was infrequently active. Astrocytes responded locally to minimal
axonal firing with time-correlated Ca2+ spots [185]. Dysregulation of astrocyte calcium
signalling has been observed in mouse models of AD before the appearance of astrogliosis,
suggesting that this alteration occurs early in the pathology. A study performed in the APP-
PS1 mouse model of AD showed that chronic blockade of the calcium channel TRPA1 was
sufficient to normalize astrocytic activity, avoid perisynaptic astrocytic process withdrawal,
prevent neuronal dysfunction and preserve structural synaptic integrity, thus preserving
spatial working memory in that model. In that study, they also showed that brief exposure
of hippocampal slices to Aβ oligomers failed to induce synaptic dysfunction when calcium
level elevation was blocked in astrocytes, suggesting that astrocyte calcium signalling is
associated with synapses [186].

Astrocytes participate in neurotransmitter uptake and recycling. The main excitatory
neurotransmitter in the brain is glutamate, which is taken up by transporters localized
in astrocytes [187]. Neuronal death caused by excessive postsynaptic receptor activity
at glutamatergic synapses has been proposed to explain the pathogenesis of AD [188].
Neuronal death leads to alteration at synapses, where astrocytes could contribute. The
overactivation of extra synaptic glutamatergic NMDA receptors, which is a consequence of
glutamate release from astrocytes after exposure to Aβ, connects glutamate dyshomeostasis
and the loss of synapses observed in AD [189,190]. Not only the release of glutamate from
astrocytes, but also the release of ATP [191], D-serine [186] and GABA [192] are increased in
AD, suggesting that astrocytes contribute to synaptic alteration and cognitive performance.

5.2. Key Role of Astrocytic Insulin Signalling in AD

The role of insulin in neurons has been widely studied. Nevertheless, the role of
insulin action in astrocytes and neurobehaviours remains less well studied.

In 2016, García-Cáceres et al. reported that insulin signalling in astrocytes co-regulates
behavioural responses and metabolic processes via the regulation of glucose uptake across
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the BBB. On the one hand, astrocytic IR ablation affects hypothalamic astrocyte morphology,
mitochondrial function and circuit connectivity. On the other hand, it reduces glucose-
induced activation of hypothalamic POMC neurons and impairs physiological responses
to changes in glucose availability [171].

In 2018, Cai et al. demonstrated for the first time that a mice model with IR knockout
in astrocytes showed anxiety- and depressive-like behaviours. Mechanistically, the loss of
insulin signalling in astrocytes impairs the tyrosine phosphorylation of Munc18c and ap-
pears to decrease the exocytosis of ATP from astrocytes, leading to a reduction in dopamine
release from the nucleus accumbens among others, affecting neuronal circuits involved in
cognition and mood [193].

It is also suggested that insulin action in astrocytes plays an important role in the
regulation of cognition and mood [194,195]. APP/PS1 mice showed elevated basal and
stimulus-evoked hippocampal glutamate release, astrogliosis and impaired insulin sen-
sitivity that was exacerbated in a high fat diet (HFD). The elevated astrogliotic response
surrounding the plaques in APP/PS1 HFD mice could be a compensatory mechanism to
control Aβ accumulation [196]. Likewise, streptozotocin treatment in a rat astrocytoma cell
line, resulted in an IR mRNA decrease and protein expression, and induced neuroinflamma-
tion and amyloidogenesis [197]. Additionally, other studies support that astrocyte-released
insulin and IGF-1 protect neurons from synaptotoxic Aβ peptide oligomers [198].

Although astrocytes actively coordinate brain energy homeostasis, and there is increas-
ing evidence of the connection between astrocytic insulin signalling and pathophysiological
mechanisms related with AD, many questions still have to be answered [199].

6. Concluding Remarks

AD is a dramatic disease without any effective treatment. In this scenario, it is essential
to tackle the modifiable risk factors such as obesity, diabetes, hypertension and dyslipidemia
(i.e., metabolic syndrome) in an attempt to prevent the onset and progression of AD and
improve the quality of life of patients. In this context, DM has gained central attention in
the last decades. However, acting on neuronal insulin signalling has controversial effects
on the pathogenesis of AD. Therefore, since no current drug intervention can modify the
pathophysiological mechanisms related to the development of this devastating disease, in
order to find an effective treatment, the focus should move towards other brain cells such
as astrocytes, as they could be the main actors in the pathology of AD.

In this regard, targeting astrocytic insulin signalling may be more relevant as a way to
treat AD because this may not only halt disease progression but also bypass the paradoxical
actions of neuronal insulin. In this sense, it is crucial to clarify these discrepancies regarding
the role of neuronal vs. astrocytic insulin signalling in brain function and to delineate the
exact mechanisms that lead independently and synergistically to the onset of T2DM and
AD. This will ultimately open new avenues in the development of more efficient preventive
and therapeutic strategies.
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144. Sędzikowska, A.; Szablewski, L. Insulin and Insulin Resistance in Alzheimer’s Disease. Int. J. Mol. Sci. 2021, 22, 9987. [CrossRef]
145. de la Monte, S.M. Contributions of Brain Insulin Resistance and Deficiency in Amyloid-Related Neurodegeneration in Alzheimer’s

Disease. Drugs 2012, 72, 49–66. [CrossRef]
146. Park, J.-C.; Han, S.-H.; Mook-Jung, I. Peripheral Inflammatory Biomarkers in Alzheimer’s Disease: A Brief Review. BMB Rep.

2020, 53, 10–19. [CrossRef]
147. Ruderman, N.B.; Carling, D.; Prentki, M.; Cacicedo, J.M. AMPK, Insulin Resistance, and the Metabolic Syndrome. J. Clin. Investig.

2013, 123, 2764–2772. [CrossRef]
148. Xie, B.; Waters, M.J.; Schirra, H.J. Investigating Potential Mechanisms of Obesity by Metabolomics. J. Biomed. Biotechnol. 2012,

2012, 805683. [CrossRef]
149. Shan, Z.; Sun, T.; Huang, H.; Chen, S.; Chen, L.; Luo, C.; Yang, W.; Yang, X.; Yao, P.; Cheng, J.; et al. Association between

Microbiota-Dependent Metabolite Trimethylamine-N-Oxide and Type 2 Diabetes. Am. J. Clin. Nutr. 2017, 106, 888–894. [CrossRef]
150. McEntyre, C.J.; Lever, M.; Chambers, S.T.; George, P.M.; Slow, S.; Elmslie, J.L.; Florkowski, C.M.; Lunt, H.; Krebs, J.D. Variation of

Betaine, N,N-Dimethylglycine, Choline, Glycerophosphorylcholine, Taurine and Trimethylamine-N-Oxide in the Plasma and
Urine of Overweight People with Type 2 Diabetes over a Two-Year Period. Ann. Clin. Biochem. 2015, 52, 352–360. [CrossRef]

151. Koh, A.; Molinaro, A.; Ståhlman, M.; Khan, M.T.; Schmidt, C.; Mannerås-Holm, L.; Wu, H.; Carreras, A.; Jeong, H.; Olofsson,
L.E.; et al. Microbially Produced Imidazole Propionate Impairs Insulin Signaling through MTORC1. Cell 2018, 175, 947–961.e17.
[CrossRef]

152. Barrea, L.; Annunziata, G.; Muscogiuri, G.; Di Somma, C.; Laudisio, D.; Maisto, M.; de Alteriis, G.; Tenore, G.C.; Colao, A.;
Savastano, S. Trimethylamine-N-Oxide (TMAO) as Novel Potential Biomarker of Early Predictors of Metabolic Syndrome.
Nutrients 2018, 10, 1971. [CrossRef]

153. Lanz, M.; Janeiro, M.H.; Milagro, F.I.; Puerta, E.; Ludwig, I.A.; Pineda-Lucena, A.; Ramírez, M.J.; Solas, M. Trimethylamine
N-Oxide (TMAO) Drives Insulin Resistance and Cognitive Deficiencies in a Senescence Accelerated Mouse Model. Mech. Ageing
Dev. 2022, 204, 111668. [CrossRef]

154. Fujii, Y.; Khasnobish, A.; Morita, H. Relationship between Alzheimer’s Disease and the Human Microbiome. In Alzheimer’s
Disease; Wisniewski, T., Ed.; Codon Publications: Brisbane, Australia, 2019; ISBN 978-0-646-80968-7.

155. Marizzoni, M.; Cattaneo, A.; Mirabelli, P.; Festari, C.; Lopizzo, N.; Nicolosi, V.; Mombelli, E.; Mazzelli, M.; Luongo, D.; Naviglio,
D.; et al. Short-Chain Fatty Acids and Lipopolysaccharide as Mediators Between Gut Dysbiosis and Amyloid Pathology in
Alzheimer’s Disease. J. Alzheimers Dis. 2020, 78, 683–697. [CrossRef]

156. Kitta, Y.; Nakamura, T.; Uematsu, M.; Sugamata, W.; Deyama, J.; Fujioka, D.; Saito, Y.; Kawabata, K.; Obata, J.; Kugiyama, K.
Insulin Resistance Negatively Affects Long-Term Outcome in Non-Diabetic Patients with Coronary Artery Disease after Therapies
to Reduce Atherosclerotic Risk Factors. J. Cardiol. 2013, 62, 348–353. [CrossRef]

157. Reaven, G.M. Insulin Resistance and Compensatory Hyperinsulinemia: Role in Hypertension, Dyslipidemia, and Coronary Heart
Disease. Am. Heart J. 1991, 121, 1283–1288. [CrossRef]

158. Salonen, J.T.; Lakka, T.A.; Lakka, H.M.; Valkonen, V.P.; Everson, S.A.; Kaplan, G.A. Hyperinsulinemia Is Associated with the
Incidence of Hypertension and Dyslipidemia in Middle-Aged Men. Diabetes 1998, 47, 270–275. [CrossRef]

http://doi.org/10.1016/j.jalz.2017.01.020
http://doi.org/10.1038/tp.2017.118
http://doi.org/10.1016/j.npep.2015.08.009
http://doi.org/10.3389/fnins.2019.00801
http://doi.org/10.3390/ijms23052687
http://doi.org/10.1074/jbc.M306268200
http://doi.org/10.3233/JAD-2005-8304
http://doi.org/10.1016/j.phrs.2022.106062
http://doi.org/10.1186/1750-1326-5-46
http://doi.org/10.3390/ijms22189987
http://doi.org/10.2165/11597760-000000000-00000
http://doi.org/10.5483/BMBRep.2020.53.1.309
http://doi.org/10.1172/JCI67227
http://doi.org/10.1155/2012/805683
http://doi.org/10.3945/ajcn.117.157107
http://doi.org/10.1177/0004563214545346
http://doi.org/10.1016/j.cell.2018.09.055
http://doi.org/10.3390/nu10121971
http://doi.org/10.1016/j.mad.2022.111668
http://doi.org/10.3233/JAD-200306
http://doi.org/10.1016/j.jjcc.2013.05.006
http://doi.org/10.1016/0002-8703(91)90434-J
http://doi.org/10.2337/diab.47.2.270


Int. J. Mol. Sci. 2023, 24, 4354 18 of 19

159. Stern, M.P.; Haffner, S.M. Body Fat Distribution and Hyperinsulinemia as Risk Factors for Diabetes and Cardiovascular Disease.
Arteriosclerosis 1986, 6, 123–130. [CrossRef]

160. de la Monte, S.M.; Wands, J.R. Alzheimer’s Disease Is Type 3 Diabetes-Evidence Reviewed. J. Diabetes Sci. Technol. 2008, 2,
1101–1113. [CrossRef]

161. Hardy, J.; de Strooper, B.; Escott-Price, V. Diabetes and Alzheimer’s Disease: Shared Genetic Susceptibility? Lancet Neurol. 2022,
21, 962–964. [CrossRef]

162. Ewald, C.Y.; Castillo-Quan, J.I.; Blackwell, T.K. Untangling Longevity, Dauer, and Healthspan in Caenorhabditis Elegans
Insulin/IGF-1-Signalling. Gerontology 2018, 64, 96–104. [CrossRef]

163. Dillin, A.; Crawford, D.K.; Kenyon, C. Timing Requirements for Insulin/IGF-1 Signaling in C. Elegans. Science 2002, 298, 830–834.
[CrossRef]

164. Venz, R.; Pekec, T.; Katic, I.; Ciosk, R.; Ewald, C.Y. End-of-Life Targeted Degradation of DAF-2 Insulin/IGF-1 Receptor Promotes
Longevity Free from Growth-Related Pathologies. Elife 2021, 10, e71335. [CrossRef]

165. Mao, K.; Quipildor, G.F.; Tabrizian, T.; Novaj, A.; Guan, F.; Walters, R.O.; Delahaye, F.; Hubbard, G.B.; Ikeno, Y.; Ejima, K.; et al.
Late-Life Targeting of the IGF-1 Receptor Improves Healthspan and Lifespan in Female Mice. Nat. Commun. 2018, 9, 2394.
[CrossRef]

166. Selman, C.; Lingard, S.; Choudhury, A.I.; Batterham, R.L.; Claret, M.; Clements, M.; Ramadani, F.; Okkenhaug, K.; Schuster, E.;
Blanc, E.; et al. Evidence for Lifespan Extension and Delayed Age-Related Biomarkers in Insulin Receptor Substrate 1 Null Mice.
FASEB J. 2008, 22, 807–818. [CrossRef]

167. Freude, S.; Hettich, M.M.; Schumann, C.; Stöhr, O.; Koch, L.; Köhler, C.; Udelhoven, M.; Leeser, U.; Müller, M.; Kubota, N.;
et al. Neuronal IGF-1 Resistance Reduces Abeta Accumulation and Protects against Premature Death in a Model of Alzheimer’s
Disease. FASEB J. 2009, 23, 3315–3324. [CrossRef]

168. Holzenberger, M.; Dupont, J.; Ducos, B.; Leneuve, P.; Géloën, A.; Even, P.C.; Cervera, P.; Le Bouc, Y. IGF-1 Receptor Regulates
Lifespan and Resistance to Oxidative Stress in Mice. Nature 2003, 421, 182–187. [CrossRef]

169. Killick, R.; Scales, G.; Leroy, K.; Causevic, M.; Hooper, C.; Irvine, E.E.; Choudhury, A.I.; Drinkwater, L.; Kerr, F.; Al-Qassab, H.;
et al. Deletion of Irs2 Reduces Amyloid Deposition and Rescues Behavioural Deficits in APP Transgenic Mice. Biochem. Biophys.
Res. Commun. 2009, 386, 257–262. [CrossRef]

170. Brandebura, A.N.; Paumier, A.; Onur, T.S.; Allen, N.J. Astrocyte Contribution to Dysfunction, Risk and Progression in Neurode-
generative Disorders. Nat. Rev. Neurosci. 2023, 24, 23–39. [CrossRef]

171. García-Cáceres, C.; Quarta, C.; Varela, L.; Gao, Y.; Gruber, T.; Legutko, B.; Jastroch, M.; Johansson, P.; Ninkovic, J.; Yi, C.-X.; et al.
Astrocytic Insulin Signaling Couples Brain Glucose Uptake with Nutrient Availability. Cell 2016, 166, 867–880. [CrossRef]

172. Araque, A.; Carmignoto, G.; Haydon, P.G.; Oliet, S.H.R.; Robitaille, R.; Volterra, A. Gliotransmitters Travel in Time and Space.
Neuron 2014, 81, 728–739. [CrossRef]

173. Leng, K.; Li, E.; Eser, R.; Piergies, A.; Sit, R.; Tan, M.; Neff, N.; Li, S.H.; Rodriguez, R.D.; Suemoto, C.K.; et al. Molecular
Characterization of Selectively Vulnerable Neurons in Alzheimer’s Disease. Nat. Neurosci. 2021, 24, 276–287. [CrossRef]

174. Habib, N.; McCabe, C.; Medina, S.; Varshavsky, M.; Kitsberg, D.; Dvir-Szternfeld, R.; Green, G.; Dionne, D.; Nguyen, L.; Marshall,
J.L.; et al. Disease-Associated Astrocytes in Alzheimer’s Disease and Aging. Nat. Neurosci. 2020, 23, 701–706. [CrossRef]

175. Jiang, R.; Diaz-Castro, B.; Looger, L.L.; Khakh, B.S. Dysfunctional Calcium and Glutamate Signaling in Striatal Astrocytes from
Huntington’s Disease Model Mice. J. Neurosci. 2016, 36, 3453–3470. [CrossRef]

176. Sonninen, T.-M.; Hämäläinen, R.H.; Koskuvi, M.; Oksanen, M.; Shakirzyanova, A.; Wojciechowski, S.; Puttonen, K.; Naumenko,
N.; Goldsteins, G.; Laham-Karam, N.; et al. Metabolic Alterations in Parkinson’s Disease Astrocytes. Sci. Rep. 2020, 10, 14474.
[CrossRef]

177. Beach, T.G.; McGeer, E.G. Lamina-Specific Arrangement of Astrocytic Gliosis and Senile Plaques in Alzheimer’s Disease Visual
Cortex. Brain Res. 1988, 463, 357–361. [CrossRef]

178. Iliff, J.J.; Wang, M.; Liao, Y.; Plogg, B.A.; Peng, W.; Gundersen, G.A.; Benveniste, H.; Vates, G.E.; Deane, R.; Goldman, S.A.; et al. A
Paravascular Pathway Facilitates CSF Flow through the Brain Parenchyma and the Clearance of Interstitial Solutes, Including
Amyloid β. Sci. Transl. Med. 2012, 4, 147ra111. [CrossRef]

179. Hoshi, A.; Yamamoto, T.; Shimizu, K.; Ugawa, Y.; Nishizawa, M.; Takahashi, H.; Kakita, A. Characteristics of Aquaporin
Expression Surrounding Senile Plaques and Cerebral Amyloid Angiopathy in Alzheimer Disease. J. Neuropathol. Exp. Neurol.
2012, 71, 750–759. [CrossRef]

180. Xu, Z.; Xiao, N.; Chen, Y.; Huang, H.; Marshall, C.; Gao, J.; Cai, Z.; Wu, T.; Hu, G.; Xiao, M. Deletion of Aquaporin-4 in APP/PS1
Mice Exacerbates Brain Aβ Accumulation and Memory Deficits. Mol. Neurodegener. 2015, 10, 58. [CrossRef]

181. Pfrieger, F.W.; Ungerer, N. Cholesterol Metabolism in Neurons and Astrocytes. Prog. Lipid Res. 2011, 50, 357–371. [CrossRef]
182. Bélanger, M.; Allaman, I.; Magistretti, P.J. Brain Energy Metabolism: Focus on Astrocyte-Neuron Metabolic Cooperation. Cell

Metab. 2011, 14, 724–738. [CrossRef]
183. Suzuki, A.; Stern, S.A.; Bozdagi, O.; Huntley, G.W.; Walker, R.H.; Magistretti, P.J.; Alberini, C.M. Astrocyte-Neuron Lactate

Transport Is Required for Long-Term Memory Formation. Cell 2011, 144, 810–823. [CrossRef]
184. Verkhratsky, A.; Nedergaard, M. Physiology of Astroglia. Physiol. Rev. 2018, 98, 239–389. [CrossRef]
185. Bindocci, E.; Savtchouk, I.; Liaudet, N.; Becker, D.; Carriero, G.; Volterra, A. Three-Dimensional Ca2+ Imaging Advances

Understanding of Astrocyte Biology. Science 2017, 356, eaai8185. [CrossRef]

http://doi.org/10.1161/01.ATV.6.2.123
http://doi.org/10.1177/193229680800200619
http://doi.org/10.1016/S1474-4422(22)00395-7
http://doi.org/10.1159/000480504
http://doi.org/10.1126/science.1074240
http://doi.org/10.7554/eLife.71335
http://doi.org/10.1038/s41467-018-04805-5
http://doi.org/10.1096/fj.07-9261com
http://doi.org/10.1096/fj.09-132043
http://doi.org/10.1038/nature01298
http://doi.org/10.1016/j.bbrc.2009.06.032
http://doi.org/10.1038/s41583-022-00641-1
http://doi.org/10.1016/j.cell.2016.07.028
http://doi.org/10.1016/j.neuron.2014.02.007
http://doi.org/10.1038/s41593-020-00764-7
http://doi.org/10.1038/s41593-020-0624-8
http://doi.org/10.1523/JNEUROSCI.3693-15.2016
http://doi.org/10.1038/s41598-020-71329-8
http://doi.org/10.1016/0006-8993(88)90410-6
http://doi.org/10.1126/scitranslmed.3003748
http://doi.org/10.1097/NEN.0b013e3182632566
http://doi.org/10.1186/s13024-015-0056-1
http://doi.org/10.1016/j.plipres.2011.06.002
http://doi.org/10.1016/j.cmet.2011.08.016
http://doi.org/10.1016/j.cell.2011.02.018
http://doi.org/10.1152/physrev.00042.2016
http://doi.org/10.1126/science.aai8185


Int. J. Mol. Sci. 2023, 24, 4354 19 of 19

186. Paumier, A.; Boisseau, S.; Jacquier-Sarlin, M.; Pernet-Gallay, K.; Buisson, A.; Albrieux, M. Astrocyte-Neuron Interplay Is Critical
for Alzheimer’s Disease Pathogenesis and Is Rescued by TRPA1 Channel Blockade. Brain 2022, 145, 388–405. [CrossRef]

187. Danbolt, N.C. Glutamate Uptake. Prog. Neurobiol. 2001, 65, 1–105. [CrossRef]
188. Hynd, M.R.; Scott, H.L.; Dodd, P.R. Glutamate-Mediated Excitotoxicity and Neurodegeneration in Alzheimer’s Disease. Neu-

rochem. Int. 2004, 45, 583–595. [CrossRef]
189. Talantova, M.; Sanz-Blasco, S.; Zhang, X.; Xia, P.; Akhtar, M.W.; Okamoto, S.; Dziewczapolski, G.; Nakamura, T.; Cao, G.; Pratt,

A.E.; et al. Aβ Induces Astrocytic Glutamate Release, Extrasynaptic NMDA Receptor Activation, and Synaptic Loss. Proc. Natl.
Acad. Sci. USA 2013, 110, E2518–E2527. [CrossRef]

190. Hardingham, G.E.; Bading, H. Synaptic versus Extrasynaptic NMDA Receptor Signalling: Implications for Neurodegenerative
Disorders. Nat. Rev. Neurosci. 2010, 11, 682–696. [CrossRef]

191. Shrivastava, A.N.; Kowalewski, J.M.; Renner, M.; Bousset, L.; Koulakoff, A.; Melki, R.; Giaume, C.; Triller, A. β-Amyloid and
ATP-Induced Diffusional Trapping of Astrocyte and Neuronal Metabotropic Glutamate Type-5 Receptors. Glia 2013, 61, 1673–1686.
[CrossRef]

192. Jo, S.; Yarishkin, O.; Hwang, Y.J.; Chun, Y.E.; Park, M.; Woo, D.H.; Bae, J.Y.; Kim, T.; Lee, J.; Chun, H.; et al. GABA from Reactive
Astrocytes Impairs Memory in Mouse Models of Alzheimer’s Disease. Nat. Med. 2014, 20, 886–896. [CrossRef]

193. Cai, W.; Xue, C.; Sakaguchi, M.; Konishi, M.; Shirazian, A.; Ferris, H.A.; Li, M.E.; Yu, R.; Kleinridders, A.; Pothos, E.N.; et al.
Insulin Regulates Astrocyte Gliotransmission and Modulates Behavior. J. Clin. Investig. 2018, 128, 2914–2926. [CrossRef]

194. Kleinridders, A.; Cai, W.; Cappellucci, L.; Ghazarian, A.; Collins, W.R.; Vienberg, S.G.; Pothos, E.N.; Kahn, C.R. Insulin Resistance
in Brain Alters Dopamine Turnover and Causes Behavioral Disorders. Proc. Natl. Acad. Sci. USA 2015, 112, 3463–3468. [CrossRef]

195. Shin, A.C.; Filatova, N.; Lindtner, C.; Chi, T.; Degann, S.; Oberlin, D.; Buettner, C. Insulin Receptor Signaling in POMC, but Not
AgRP, Neurons Controls Adipose Tissue Insulin Action. Diabetes 2017, 66, 1560–1571. [CrossRef]

196. Hascup, E.R.; Broderick, S.O.; Russell, M.K.; Fang, Y.; Bartke, A.; Boger, H.A.; Hascup, K.N. Diet-Induced Insulin Resistance
Elevates Hippocampal Glutamate as Well as VGLUT1 and GFAP Expression in AβPP/PS1 Mice. J. Neurochem. 2019, 148, 219–237.
[CrossRef]

197. Rajasekar, N.; Dwivedi, S.; Nath, C.; Hanif, K.; Shukla, R. Protection of Streptozotocin Induced Insulin Receptor Dysfunction,
Neuroinflammation and Amyloidogenesis in Astrocytes by Insulin. Neuropharmacology 2014, 86, 337–352. [CrossRef]

198. Pitt, J.; Wilcox, K.C.; Tortelli, V.; Diniz, L.P.; Oliveira, M.S.; Dobbins, C.; Yu, X.-W.; Nandamuri, S.; Gomes, F.C.A.; DiNunno, N.;
et al. Neuroprotective Astrocyte-Derived Insulin/Insulin-like Growth Factor 1 Stimulates Endocytic Processing and Extracellular
Release of Neuron-Bound Aβ Oligomers. Mol. Biol. Cell 2017, 28, 2623–2636. [CrossRef]

199. González-García, I.; Gruber, T.; García-Cáceres, C. Insulin Action on Astrocytes: From Energy Homeostasis to Behaviour.
J. Neuroendocr. 2021, 33, e12953. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1093/brain/awab281
http://doi.org/10.1016/S0301-0082(00)00067-8
http://doi.org/10.1016/j.neuint.2004.03.007
http://doi.org/10.1073/pnas.1306832110
http://doi.org/10.1038/nrn2911
http://doi.org/10.1002/glia.22548
http://doi.org/10.1038/nm.3639
http://doi.org/10.1172/JCI99366
http://doi.org/10.1073/pnas.1500877112
http://doi.org/10.2337/db16-1238
http://doi.org/10.1111/jnc.14634
http://doi.org/10.1016/j.neuropharm.2014.08.013
http://doi.org/10.1091/mbc.e17-06-0416
http://doi.org/10.1111/jne.12953

	Introduction 
	Association between Metabolic Syndrome and Alzheimer’s Disease 
	Hypertension 
	Hyperlipidemia 
	Obesity 
	Diabetes Mellitus 

	Insulin Action in the Brain 
	Insulin Transport and Regional Distribution in the Brain 
	Brain Insulin Actions in Peripheral Energy Homeostasis 
	Energy Homeostasis 
	Glucose Metabolism 

	Brain Insulin Actions in CNS Functions 
	Neuronal Plasticity 
	Dendritic Arbor Development 
	Neuronal Survival 
	Learning and Memory 


	Controversial Role of Insulin Alterations in Alzheimer’s Disease 
	Role of Astrocytic Insulin Receptor 
	Astrocytic Function in AD 
	Key Role of Astrocytic Insulin Signalling in AD 

	Concluding Remarks 
	References

