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The failure of insulin signaling – a condition known as insulin resistance – is a key 
pathological feature of both type 2 diabetes (T2DM, systemic insulin resistance) and 
Alzheimer’s disease and related dementias (ADRDs, brain insulin resistance) and 
greatly contribute to their development. Considerable overlap has been identified 
in the risk factors, comorbidities and putative pathophysiological mechanisms of 
ADRDs and T2DM, thus proposing AD as type 3 diabetes.

Examination of postmortem AD and amnestic mild cognitive impairment brain 
uncovered key signs of brain insulin resistance, i.e., reduced insulin receptor (IR) and 
increased serine phosphorylation (inhibitory) of insulin receptor substrate 1 (IRS1), 
particularly in the hippocampus, cortex and hypothalamus. Higher levels of insulin 
resistance markers are associated with poorer performance on cognitive tests of 
episodic and working memory, independent of the senile plaques and tangles load, 
thus suggesting a role for insulin signalling in neuronal functions. At the cellular level, 
these dysfunctions might manifest as the impairment of neuroplasticity, receptor 
regulation or neurotransmitter release in neurons, or the impairment of processes 
more directly implicated in insulin metabolism, such as neuronal glucose uptake in 
neurons expressing GLUT4, or homeostatic or inflammatory responses to insulin. 
Further, intense research over the last two decades has highlighted the impact 
of insulin signalling, brain energy balance and their fluctuations on neurogenesis 
processes both during post-natal and adult life. Indeed, diabetes, obesity, and 
overweight are prevalent pregnancy complications that predispose offspring to 
neurodevelopmental disorders. Moreover, impaired neurogenesis compromises 
hippocampal function and plays a role in cognitive deficits in ADDRs. In those 
plastic neural tissues, activation of insulin signalling regulates birth, specification, 
migration, and integration of newly generated neurons, suggesting that alterations of 
this key signaling transduction pathway may have a role both in neurodevelopmental 
disorders and adult neurogenesis.
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Editorial on the Research Topic

Brain Insulin Resistance in Neurodevelopmental and Neurodegenerative Disorders: Mind

the Gap!

The failure of insulin signaling—a condition known as insulin resistance—is a key pathological
feature of both type 2 diabetes (T2DM, systemic insulin resistance) (Arnold et al., 2018; Kellar and
Craft, 2020) and brain disorders, such as Alzheimer disease and related dementias (ADRDs, brain
insulin resistance) but also other neurodegenerative disorders such as Parkinson’s or Huntington’s
disease (Brás et al., 2019; Hong et al., 2020), neurodevelopmental disorders such as Down syndrome
(DS) (Tramutola et al., 2020; Lanzillotta et al., 2021) or autism (Manco et al., 2021) and behavioral
disorders (Kleinridders et al., 2015), and greatly contributes to their pathogenesis (Arnold et al.,
2018; Kellar and Craft, 2020). Specifically, regarding ADRDs and T2DM, considerable overlap
has been found in the risk factors, comorbidities and putative pathophysiological mechanisms,
leading to the proposal that AD is type 3 diabetes (Butterfield et al., 2014; de la Monte, 2019).
Examination of postmortem AD, amnestic mild cognitive impairment and DS brains, uncovered
key signs of brain insulin resistance, i.e., reduced insulin receptor (IR) and increased serine
phosphorylation (inhibitory) of insulin receptor substrate 1 (IRS1), as well as reduced activation
of pathways downstream from IRS1, particularly in the hippocampus, cortex, and hypothalamus
(Talbot et al., 2012; Tramutola et al., 2015, 2020; Sharma et al., 2019). Higher levels of insulin
resistance markers are associated with poorer performance on cognitive tests of episodic and
working memory, independent of the load of senile plaques and tangles, thus suggesting a role for
insulin signaling in neuronal functions (Talbot et al., 2012). At the cellular level, these dysfunctions
might manifest as the impairment of neuroplasticity, receptor regulation or neurotransmitter
release in neurons (Spinelli et al., 2017; Barone et al., 2019; Franklin et al., 2019; Melo et al.,
2020; Lanzillotta et al., 2021), or the impairment of processes more directly implicated in insulin
metabolism, such as neuronal glucose uptake in neurons expressing GLUT4, or homeostatic or
inflammatory responses to insulin (Bomfim et al., 2012; Lourenco et al., 2013; Barone et al., 2016;
Triani et al., 2018; Melo et al., 2020; Lanzillotta et al., 2021). Further, intense research over the
last two decades has highlighted the impact of insulin signaling, brain energy balance, and their

5

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://doi.org/10.3389/fnins.2021.730378
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2021.730378&domain=pdf&date_stamp=2021-08-10
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles
https://creativecommons.org/licenses/by/4.0/
mailto:eugenio.barone@uniroma1.it
https://doi.org/10.3389/fnins.2021.730378
https://www.frontiersin.org/articles/10.3389/fnins.2021.730378/full
https://www.frontiersin.org/research-topics/8468/brain-insulin-resistance-in-neurodevelopmental-and-neurodegenerative-disorders-mind-the-gap


Dierssen and Barone Editorial: Insulin Resistance Effects on Brain Functions

fluctuations on neurogenesis processes both during post-
natal and adult life (Barone et al., 2014; Arnold et al.,
2018; Kellar and Craft, 2020). Indeed, diabetes, obesity,
and overweight are prevalent pregnancy complications that
predispose offspring to neurodevelopmental disorders (Fusco
et al., 2019; Dearden et al., 2020). Moreover, impaired
neurogenesis compromises hippocampal function and plays a
role in cognitive deficits in ADDRs (Arnold et al., 2018).
In those plastic neural tissues, activation of insulin signaling
regulates birth, specification, migration, and integration of
newly generated neurons, suggesting that alterations of this
key signaling transduction pathway may have a role both in
neurodevelopmental disorders and adult neurogenesis (Arnold
et al., 2018; Kellar and Craft, 2020).

The aim of this Research Topic is to outline the major
needs and challenges in the comprehension of the role of
insulin signaling and its alterations in the brain and how such
alterations contribute to the development of neurodevelopmental
and neurodegenerative disorders.

Recently, several studies evaluated the effects of nutrient-
related signals on both brain development and cognitive
functions. A key finding was the discovery that, other than
hypothalamus, a number of brain regions express receptors
for hormones known to regulate metabolic processes. In
particular, insulin signaling was found to impact on molecular
pathways underlying hippocampal plasticity, learning, and
memory. Spinelli et al. discuss evidence linking the altered
insulin sensitivity in the hippocampus with defects of both
adult neurogenesis and synaptic plasticity. These authors also
review epidemiological studies and the observations collected in
experimental models focusing the attention on the critical role of
brain insulin resistance at the crossroad between metabolic and
neurodegenerative diseases.

One of the key questions regarding the effects of insulin within
the brain, has to do with insulin uptake. Indeed, two sources
for insulin in the brain have been identified: (1) circulating
insulin produced by the pancreas enters into the brain through
a receptor-mediated uptake at the level of blood brain barrier
(BBB) (Rhea and Banks; Rhea et al., 2020); or (2) in situ
synthesis by specific neuronal populations (Nakabeppu, 2019).
While the second hypothesis is still under debate, the first one
is the most accepted and validated by several studies. Rhea
and Banks provide a comprehensive review about the role of
the different cell types found at the BBB in regulating insulin
uptake. Furthermore, they discuss how alterations of BBB favor
the development of brain insulin resistance by stressing the role
for the IR at the BBB, that goes beyond its canonical role in
mediating the activation of the signal. Indeed, IR at the BBB
is the main transporter for insulin within the brain. In this
context, the review also addresses the effects of intranasal insulin
administration and weight loss-associated improved insulin
sensitivity, that are two validated strategies to increase brain
insulin uptake and promoting neuroprotective effects.

From a molecular point of view, the activation of the insulin
signaling requires IR-mediated tyrosine (Tyr) phosphorylation
of IRS1. Following IRS1 activation, two main signaling cascades
are activated downstream from IRS1: the mitogen-activated

protein kinase (MAPK), and the phosphatidyl-inositol 3-kinase
(PI3K)/protein kinase B (Akt). In the brain, MAPK are involved
in the regulation of genes controlling synapse growth, neuronal
maintenance, and repair processes while the PI3K/Akt pathway
is involved in the maintenance of synaptic plasticity, stress
response and neuronal metabolism and autophagy (Tramutola
et al., 2016; Arnold et al., 2018). Gabbouji et al. highlight
the role for the PI3K/Akt axis in the brain, showing how
similar alterations were observed both in T2DM and AD within
this pathway. Such molecular alterations drive the impairment
of glucose uptake and metabolism as well as an increase of
inflammatory processes within the brain and likely suggest that
PI3K/Akt axis impairment could be a common denominator in
those diseases.

Interestingly, the alteration of the PI3K/Akt axis in AD may
result from accumulation of cholesterol oxidation products in
the brain called oxysterols. Some oxysterols (e.g., 27-OHC, 7β-
OHC, and 7-KC) deriving from cholesterol enzymatic oxidation
or auto-oxidation further exacerbate cell-damage by sustaining
free-radical chain reactions (Palozza et al., 2008; Niki, 2018).
Furthermore, increased oxysterols levels were detected in AD
brains compared to controls (Hascalovici et al., 2009; Testa
et al., 2016). Gamba et al. address this topic by discussing how
cholesterol oxidation products, i.e., oxysterols, may favor brain
insulin resistance development, thus contributing to disrupt
glucose uptake resulting in increased accumulation and reduced
clearance of both Aβ and phospho-Tau in AD brain.

Similarly, Chatterjee et al. provide experimental evidence
that the impairment of the PI3K/Akt axis due to insulin
resistance favors Tau phosphorylation through a mechanism
involving GSK3β and reduced autophagy in Drosophila. These
authors show that co-expression of Chico (homolog of the
mammalian IRS) and Tau leads to GSK3β inactivation and
reduces Tau hyperphosphorylation in Drosophila. Conversely,
the co-expression of insulin-resistant Chico loss of function
results in hyper-active GSK3β and Tau hyperphosphorylation,
thus suggesting that IRS1 would play a pivotal role in controlling
downstream kinases in AD.

The detrimental impact of metabolic disorders, e.g., T2DM,
obesity and metabolic syndrome, on brain structure and function
has been also addressed. A research paper authored by Kavanagh
et al. provides evidence that T2DM in vervet monkeys produces
alterations in brain metabolism that foster the amyloidogenic
pathway similar to what is observed in pre-symptomatic AD.
This study shows that during the progression from healthy to
pre-diabetes to T2DM, the brain moves into a state of altered
metabolism that is characterized by higher glucose and lower
amino acids and acylcarnitines levels. Then, increased cerebral
metabolism seems to drive Aβ production and accelerates Aβ

aggregation, in T2D similar to AD. These results shed light on
the mechanisms through which T2DM development could lead
to AD-related pathology and cognitive decline.

Movassat et al. briefly examined the main mechanisms linking
T2DM to AD and provide the first evidence that certain
circulating AD biomarkers can be found in goto-kakizaki (GK)
rats, a model of non-obesity induced diabetes, suggesting that
GK rats may be a model to investigate common molecular
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mechanisms of both disorders. Furthermore, Duarte et al.
tested the hypothesis that caffeine exposure ameliorates T2DM-
induced hippocampal alterations in GK rat brain. Caffeine is
a non-selective antagonist of adenosine receptors (both A1R
and A2AR), whose activity impact on the molecular processes
regulating cognitive and learning functions. A1R and A2AR
were found to be altered in the brain of T2D animal models.
Caffeine-mediated neuroprotective effects were likely promoted
through the reduction of A2ARs activity at the synaptic level
as well as in glial cells. Indeed, caffeine long-term intake
was associated with improved memory functions, reduced
astrogliosis, and reduced hippocampal synaptic degeneration
in GK rats. Although long-term intake of caffeine did not
prevent T2D-induced metabolic alterations in the hippocampus,
its neuroprotective effects may be of help to delay the progression
of T2D-related neurodegeneration.

With regard to obesity, Lloret et al. discuss the increased risk
to develop AD for overweight and obese individuals, describing
the role of obesity-associated hyper-leptinemia in promoting
brain insulin resistance and glutamate-induced excitotoxicity.
Under physiological conditions, insulin secretion stimulates
leptin synthesis and release by adipocytes thus favoring satiety,
whereby, as in a vicious cycle, leptin reduces insulin secretion
and enhances insulin sensitivity to promote glucose uptake and
metabolism.Moreover, leptin was shown to have neuroprotective
functions by favoring long-term potentiation (LTP) and boosting
the activity of N-methyl-D-aspartate (NMDA) receptors at
synaptic levels. Conversely, increased circulating leptin levels
would lead to leptin resistance and consequently to insulin
resistance found to be associated with LTP dysfunction, and
NMDA excitotoxicity in obese individuals and AD subjects. For
that reasons, obesity in middle-age could be considered as a risk
factor to develop AD in the elderly.

Among the intracellular processes dependent on the rate
of glucose uptake, that are altered under insulin resistance
conditions, O-GlcNAcylation post-translational modifications
emerged as a key process regulating protein functions (Moll
et al., 2020; Zuliani et al., 2021). Ansari and Emerald discuss
the reciprocal interaction between insulin signaling and O-
GlcNAcylation process in the brain, highlighting that increased
O-GlcNAcylation of active sites of proteins of insulin signaling
may promote the development of brain insulin resistance.
In turn, brain insulin resistance, by reducing glucose uptake,
likely prevent the O-GlcNAcylation process, thus impairing
the activity of many proteins. In particular, reduced O-
GlcNAcylation of amyloid precursor protein (APP) and Tau
may be responsible for increased Aβ production as well as Tau
phosphorylation, both processes associated with the development
of AD.

Another key aspect that links metabolic disorders and
development of neurodegenerative diseases is the lipid
dysmetabolism (Trostchansky, 2019; Falabella et al., 2021).
Indeed, insulin signaling, beyond glucose metabolism, also
regulates lipid metabolism while insulin resistance leads to

dyslipidemia (Arnold et al., 2018). By discussing current
evidence, Le Stunff et al. propose that an excess of toxic lipids
generated in the liver can be a cause of neurodegeneration.
In particular, dyslipidemia may lead to increased ceramide
levels that, due to their hydrophobic nature, can cross the BBB,
thus promoting an exaggerate production of pro-inflammatory
cytokines within the brain fostering development of brain insulin
resistance and cognitive decline.

The relevance for brain insulin resistance in development
of Parkinson disease (PD) was also described. Fiory et al.
highlight how peripheral alterations, such those occurring in
T2DM, have detrimental effects on PD, by negatively affecting PD
phenotype, accelerating its progression and worsening cognitive
impairment. These authors provide an extensive analysis of
the recent lines of evidence supporting this idea, by showing
how insulin resistance both in peripheral tissues and in the
brain worsens functions of dopaminergic neurons, favors alpha-
synuclein aggregation, impairs mitochondrial functions and
promotes a pro-inflammatory state, that are all features of PD.
Moreover, they provide an update about the neuroprotective
effects of antidiabetic drugs on PD onset and progression
collected both in humans and animal models.

Among the strategies to overcome T2DM-associated
metabolic dysfunctions and cognitive decline the role of
glucagon-like peptide-1 (GLP1) is gaining much attention.
Indeed, GLP1 and insulin pathway share several targets
downstream from IRS1, including Akt andMAPK, thus meaning
that activation of GLP1 cascade may be useful to overcome
IRS1 inhibition and thus insulin resistance (Tramutola et al.,
2017; Holscher, 2019). Grieco et al. address this aspect by
emphasizing how the increased activation of GLP1 signaling
pathway obtained through the administration of GLP1 receptor
(GLP1R) agonists in experimental models of AD, PD and
T2DM promotes neuroprotective effects. These latter include
reduced Aβ and hyperphosphorylated Tau, reduced oxidative
stress and inflammatory processes and improved functions of
dopaminergic neurons. Overall, by reducing neurotoxic events,
GLP1R agonists ameliorate synaptic plasticity thus exerting
beneficial effects on cognitive functions.

Finally, Dierssen et al. provide a comprehensive analysis of
the literature addressing the role of insulin signaling in DS.
DS is the most frequent chromosomal abnormality responsible
for intellectual disability, due to the presence of an extra
complete or segment of chromosome 21 (Hsa21). Furthermore,
DS individuals are at high risk to develop AD after the age of
40. Multiple genes and factors are responsible for the major DS
phenotypes and as explained in the review, insulin signaling in
the brain is thought to mediate brain dysfunction associated with
intellectual disability and the development of AD in DS.
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Rolf Gruetter 2,6,7 and Rodrigo A. Cunha 1,8
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Diabetes affects the morphology and plasticity of the hippocampus, and leads to learning

and memory deficits. Caffeine has been proposed to prevent memory impairment

upon multiple chronic disorders with neurological involvement. We tested whether

long-term caffeine consumption prevents type 2 diabetes (T2D)-induced spatial memory

impairment and hippocampal alterations, including synaptic degeneration, astrogliosis,

and metabolic modifications. Control Wistar rats and Goto-Kakizaki (GK) rats that

develop T2D were treated with caffeine (1 g/L in drinking water) for 4 months. Spatial

memory was evaluated in a Y-maze. Hippocampal metabolic profile and glucose

homeostasis were investigated by 1H magnetic resonance spectroscopy. The density

of neuronal, synaptic, and glial-specific markers was evaluated by Western blot analysis.

GK rats displayed reduced Y-maze spontaneous alternation and a lower amplitude of

hippocampal long-term potentiation when compared to controls, suggesting impaired

hippocampal-dependent spatial memory. Diabetes did not impact the relation of

hippocampal to plasma glucose concentrations, but altered the neurochemical profile

of the hippocampus, such as increased in levels of the osmolites taurine (P < 0.001)

and myo-inositol (P < 0.05). The diabetic hippocampus showed decreased density of

the presynaptic proteins synaptophysin (P < 0.05) and SNAP25 (P < 0.05), suggesting

synaptic degeneration, and increased GFAP (P < 0.001) and vimentin (P < 0.05)

immunoreactivities that are indicative of astrogliosis. The effects of caffeine intake

on hippocampal metabolism added to those of T2D, namely reducing myo-inositol

levels (P < 0.001) and further increasing taurine levels (P < 0.05). Caffeine prevented
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T2D-induced alterations of GFAP, vimentin and SNAP25, and improved memory deficits.

We conclude that caffeine consumption has beneficial effects counteracting alterations

in the hippocampus of GK rats, leading to the improvement of T2D-associated memory

impairment.

Keywords: insulin, adenosine, caffeine, neuroprotection, synaptic dysfunction, gliosis, glucose,metabolic profiling

INTRODUCTION

Metabolic syndrome and diabetes mellitus affect brain function
and increase the risk of age-related cognitive impairment,
vascular dementia, and Alzheimer’s disease (Frisardi et al.,
2010; Duarte, 2015; Moheet et al., 2015). Diabetes conditions
are particularly associated with atrophy of the hippocampus
(Convit et al., 2003; Gold et al., 2007). We and others have
reported that experimental diabetic conditions cause synaptic
degeneration (Duarte et al., 2006, 2009a, 2012), increase
astrocytic reactivity and proliferation (Saravia et al., 2002; Baydas
et al., 2003; Duarte et al., 2012), and change metabolism (Duarte
et al., 2009a; Girault et al., 2018) in the hippocampus. As
important as understanding the mechanisms of diabetes-induced
hippocampal alterations leading to memory impairment, is the
design of novel strategies to prevent such degeneration. The
neuromodulation system operated by adenosine is altered in
diabetes, with reduced density of adenosine A1 receptors (A1Rs)
and increased density of adenosine A2A receptors (A2ARs)
in membranes from the hippocampus (Duarte et al., 2006,
2012). Caffeine is a widely consumed non-selective antagonist of
adenosine receptors (Fredholm et al., 1999), and both caffeine
and selective adenosine A2AR antagonists affect performance
in learning and memory tasks (Takahashi et al., 2008; Cunha,
2016) and afford neuroprotection upon chronic brain insults
(Cunha, 2005). In addition, caffeine may reduce the risk of
developing glucose-intolerance and diabetes severity (e.g., van
Dam and Hu, 2005; Greenberg et al., 2006; Higdon and
Frei, 2006). We previously reported that caffeine consumption
ameliorates diabetes-induced hippocampal degeneration and
prevents diabetes-associated memory deficits in insulin-deficient
rats (Duarte et al., 2009a) and in a mouse model of obesity-
associated type 2 diabetes (T2D) (Duarte et al., 2012). The
different etiology of lean T2D prompted us to investigate

Abbreviations: aCSF, artificial cerebrospinal fluid; Ala, alanine; Asc, ascorbate;

Asp, aspartate; BBB, blood-brain-barrier; βHB, β-hydroxibutyrate; CADO,

2-chloroadenosine; CMRglc, cerebral metabolic rate of glucose consumption;

Cr, creatine; CRLB, Cramér-Rao lower bound; DPCPX, 1,3-dipropyl-8-

cyclopentylxanthine; ELISA, enzyme-linked immunosorbent assay; fEPSP, field

excitatory postsynaptic potential; GABA, γ-aminobutyrate; GFAP, glial fibrillary

acidic protein; GK, Goto-Kakizaki; Glc, glucose; Gln, glutamine; Glu, glutamate;

GPC, glycerophosphocholine; GSH, glutathione; I/O, input/output; Ins, myo-

inositol; Lac, lactate; LTP, long-term potentiation; MAP2, microtubule-associated

protein type 2; MRS, magnetic resonance spectroscopy; NAA, N-acetylaspartate;

NAAG, N-acetylaspartatylglutamate; NMR, nuclear magnetic resonance;

PCho, phosphocholine; PCr, phosphocreatine; PE, phosphoethanolamine;

PSD95, postsynaptic density protein of 95 kDa; SCH58261, 2-(2-furanyl)-7-

(2-phenylethyl)-7H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-amine;

scyllo, scyllo-inositol; SNAP25, synaptosome-associated protein of 25 kDa; STZ,

streptozotocin; Tau, taurine; VOI, volume of interest.

the effect of long-term caffeine intake on alterations in the
hippocampus of Goto-Kakizaki (GK) rats, an animal model of
non-obese T2D that was produced by selective breeding of non-
diabetic Wistar rats which displayed high plasma glucose levels
in oral glucose tolerance tests (Girault et al., 2018, and references
therein). In this study, we tested the hypothesis that caffeine
exposure ameliorates T2D-induced alterations of hippocampal
metabolism, degeneration of synapses and astrogliosis, as well as
concomitant spatial memory impairment.

METHODS

Animals
Animals were handled according to Swiss and Portuguese
guidelines for the use of experimental animals, and authorized
by the respective local ethics committees (EXPANIM-SCAV
and ORBEA). Male GK rats, which spontaneously develop
insulin resistance, and control Wistar-Hannover-Galas rats were
obtained from Taconic (Lille Skensved, Denmark), or from the
colony kept at the animal house of the Faculty of Medicine of
theUniversity of Coimbra (for electrophysiology recordings).We
used a total of 22 GK rats and 22Wistar rats. All the animals were
maintained with food and water ad libitum. When tested, caffeine
was administered in the drinking water at 1 g/L from 2 to 6
months of age (4 month period). Thus, the present experimental
design included four animal groups: control Wistar, caffeine-
treated Wistar, diabetic GK, and caffeine-treated GK. Body
weight and caffeine consumptionweremonitored throughout the
treatment period. Glycaemia was measured monthly in a 2 µL
blood sample collected by tail pricking, using a glucose oxidase-
based glucometer (Ascencia Contour, Bayer, Switzerland). At 2
and 4 months of caffeine exposure, blood samples (100 µL) were
taken from the tail vein under brief isoflurane anesthesia (2%
in oxygen) for determination of serum caffeine and/or insulin
concentrations.

Behavioral Tasks
Exploratory behavior and locomotor activity were evaluated in a
square open-field arena of 34 × 34 cm with 30 cm high, which
was divided in 4 squares of 17× 17 cm. The animals were placed
in the central area of the arena and allowed to explore it over
5min in the dark. The number of crossings of the squares and
the number of rearing movements with forepaws were recorded.
Rearing with the forepaws pressed against the walls was not
considered.

Spontaneous alternation was observed in a Y-maze
constructed in black Plexiglas, with three arms measuring
35 cm long, 9 cm wide and 30 cm height, and converging to equal
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angles, which was placed in a dim-illuminated room (12 lux)
with large visual cues hanged on the walls. The animals were
placed at the bottom of one arm of the Y-maze and allowed to
explore freely all three arms for a single 8min session in the dark.
The measured spontaneous alternation behavior was used to
assess hippocampal-dependent spatial memory (Lalonde, 2002).
If the rat remembers the arm it has just explored, it will therefore
enter one of the other arms of the maze. Complete spontaneous
alternations were defined as successive entries into the three
arms, and were expressed as fraction of the possible alternations
in the respective test. In addition to the open field test, the
number of entries in the arms of the maze also allowed to access
locomotor activity and exploratory behavior of the tested rats.

Localized 1H Magnetic Resonance
Spectroscopy (MRS)
Rats were anesthetized with 2% isoflurane (Attane, Minrad,
USA) in oxygen (PanGas, Ecublens, Switzerland), and then
intubated and ventilated with a pressure-driven ventilator (MRI-
1, CWE incorporated, PA, USA). Catheters were placed into the
femoral artery for monitoring blood gases, glucose and blood
pressure, and into the femoral vein for infusion of saline solutions
containing α-chloralose (Acros Organics, Geel, Belgium) or
D-glucose (Sigma-Aldrich, Switzerland). Rats were placed in
a home-built holder that ensures a fixed and stable position
of the skull for extended scanning times. Body temperature
was maintained around 37.5◦C with a warm water circulation
system based on the feedback from a rectal temperature probe.
Temperature, arterial blood pressure, heart rate, and respiratory
rate were continuously monitored with an animal monitoring
system (SA Instruments, NY, USA). Before inserting the animal
in the bore of the magnet, anesthesia was switched to α-
chloralose (intravenous bolus of 80 mg/kg, and continuous
infusion of 25 mg/kg/h). D-glucose [20% (w/v) solution] was
infused at a rate adjusted based on the concomitantly measured
arterial plasma glucose concentrations to achieve stable targeted
glycaemia levels. NMR measurements were performed after each
glucose level had been stable for at least 15min (Duarte and
Gruetter, 2012). Arterial pH and pressures of O2 and CO2

were measured using a blood gas analyser (AVL Compact 3,
Diamond Diagnostics, MA, USA). Concentration of glucose in
arterial plasma samples was quantified by the glucose oxidase
method, using a multi-assay analyser (GM7 Micro-Stat, Analox
Instruments, UK).

All experiments were carried out as previously described
(Duarte et al., 2009a) using a Varian INOVA spectrometer
(Agilent Technologies, Palo Alto, CA, USA) interfaced to an
actively-shielded 9.4 T magnet with a 31 cm horizontal bore
(Magnex Scientific, Abingdon, UK), and a homebuilt 10mm
1H quadrature surface coil. The rat brain was positioned in the
isocentre of the magnet and located with fast-spin-echo images
with 5 s repetition time, effective echo time of 52ms and echo
train length of 8. Shimming was performed with FAST(EST)MAP
(Gruetter and Tkáč, 2000), and 1H NMR spectra were acquired
from a volume of interest (VOI) of 18 µL placed in the left
dorsal hippocampus using SPECIAL spectroscopy, with echo

time of 2.8ms and repetition time of 4 s (Mlynárik et al., 2006).
Spectra were analyzed using LCModel (Stephen Provencher
Inc., Oakville, Ontario, Canada), including a macromolecule
spectrum in the database, as previously described (Mlynárik
et al., 2006; Duarte et al., 2009a). The unsuppressed water signal
measured from the same VOI was used as an internal reference
(assuming the existence of 80% of water in the brain tissue)
for the absolute quantification of the following metabolites:
glucose (Glc), ascorbate (Asc), phosphoethanolamine (PE),
creatine (Cr), phosphocreatine (PCr),myo-inositol (Ins), taurine
(Tau), N-acetylaspartate (NAA), aspartate (Asp), glutamate
(Glu), glutamine (Gln), γ-aminobutyrate (GABA), alanine (Ala),
lactate (Lac), β-hydroxybutyrate (βHB), glycerophosphocholine
(GPC), phosphocholine (PCho), glutathione (GSH), N-
acetylaspartylglutamate (NAAG), scyllo-inositol (scyllo).
The Cramér-Rao lower bound (CRLB) was provided by
LCModel as a measure of the reliability of the apparent
metabolite concentration quantification. CRLBs above 30%
were systematically associated to scyllo-inositol, which was thus
not used for further analyses. The remaining metabolites were
quantified with CRLBs below 30%.

Determination of Glucose Transport
Kinetics
The determination of hippocampal glucose by MRS in vivo
as function of plasma glucose was used to estimate kinetic
parameters of glucose transport across the blood-brain-barrier
(BBB). Steady-state brain glucose transport kinetics was modeled
with a four-state conformational model that accounts for
reversibility and trans-acceleration of the glucose carrier (Duarte
et al., 2009b). Hippocampal glucose at steady-state was fitted to
the following equation

Ghipp = Vd

(

Tmax
CMRglc

− 1
)

Gp − Kt

Tmax
CMRglc

+ 1+
Gp

Kii

where Ghipp and Gp are the concentrations of glucose in the
hippocampus (in µmol/g) and plasma (in mmol/L), respectively.
CMRglc is the cerebral metabolic rate of glucose. Tmax denotes the
apparent maximal transport rate across the BBB (µmol/g/min),
Kt and Kii denote the apparent Michaelis and iso-inhibition
constants (in mmol/L), Vd = 0.77 mL/g is the volume of the
physical distribution space of glucose in the hippocampus (see
Duarte et al., 2009b for details).

Western Blot Analysis
Immediately after the MRS experiment, rats were decapitated,
the brain was rapidly removed, and the hippocampus dissected.
Whole membranes and synaptosomes (i.e., synaptic-enriched)
membranes were prepared (Rebola et al., 2005; Cunha
et al., 2006), and Western blot analysis of proteins in these
hippocampal membrane preparations was performed using
previously detailed methods (Duarte et al., 2007; Kaster et al.,
2015). Western blot analysis of A2AR was carried out as detailed
by Hurtado-Alvarado et al. (2016), using the avidin-biotin
Vectastain Elite kit (Vector Laboratories, Burlingame, CA-USA)
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for immunoreactivity amplification. The primary antibodies
against the synaptic protein synaptosome-associated protein of
25 kDa (SNAP25; from Sigma, Sintra, Portugal), and against
the glial fibrillary acidic protein (GFAP; from Sigma) were
used at a dilution of 1:5,000. Antibodies against synaptophysin,
α-tubulin and β-actin were purchased from Sigma and used at
1:10,000. Anti-postsynaptic density protein of 95 kDa (PSD95;
from Chemicon) was used at 1:20,000; anti-vimentin (Sigma)
and anti-microtubule-associated protein type 2 (MAP2; from
Santa Cruz Biotechnology, Santa Cruz, CA, USA) at 1:1,000.
Antibodies against A1R (Affinity Bioreagents, Golden, CO-USA)
and A2AR (Abcam, Cambridge, UK) were used at a dilution of
1:600.

Electrophysiological Recordings
Electrophysiological recordings of synaptic transmission and
plasticity were performed in superfused hippocampal slices, as
previously described (Costenla et al., 2011; Kaster et al., 2015;
Silva et al., 2018). Briefly, a rat was deeply anesthetized with 2-
bromo-2-chloro-1,1,1-trifluoroethane (halothane; no reaction to
handling or tail pinch, while still breathing) before decapitation.
The brain was rapidly removed and cooled in an artificial
cerebrospinal fluid (aCSF) solution containing (in mmol/L): 124
NaCl, 3 KCl, 2 CaCl2, 1 MgCl2, 1.25 NaH2PO4, 10 glucose,
26 NaHCO3, pH 7.4; 290–310 mOsm, gassed with 95% O2,
and 5% CO2. Coronal hippocampal slices (400µm thick) were
prepared with a manual Vibratome 1,500 sectioning system
(Vibratome, Germany), and allowed to recover for 1 h at room
temperature in a Harvard Apparatus resting chamber filled with
gassed aCSF. Individual dorsomedial hippocampal slices were
transferred to a submerged recording chamber and continuously
superfused at a rate of 4 mL/min with gassed aCSF kept at
30.5◦C. A bipolar concentric stimulation electrode (SNE-100;
Kopf, Germany) was placed over the Schaffer fibers delivering
rectangular pulses (550 µA) of 0.1ms duration applied with a
Digitimer DS3 stimulator (Digitimer LTD, UK) once every 20 s.
The evoked field excitatory postsynaptic potentials (fEPSPs) were
recorded through an extracellular borosilicate microelectrode
filled with 4 mol/L NaCl (2–5 M� resistance) placed in the
stratum radiatum of the CA1 area, coupled to an ISO-80
amplifier (World Precision Instruments, Hitchin, UK). Averages
of four consecutive responses acquired with a 1 kHz cut-off were
digitalized and continuously monitored on a personal computer
with the WINLTP 1.1 program (Anderson and Collingridge,
2001) to quantify the initial slope of the averaged fEPSPs, used
to estimate the effect of drugs, added to the superfusion solution.

After obtaining a stable baseline, we first carried out an
input/output curve to select a stimulus intensity triggering
40–50% of the maximal amplitude. We then tested the
effects of 2-chloroadenosine (CADO, the closest and
chemically stable analog of adenosine; from Tocris, Bristol,
UK) and 1,3-dipropyl-8-cyclopentylxantine (DPCPX, a
selective antagonist of adenosine A1R; from Tocris) on
basal synaptic transmission. Alternatively, we tested the
effect of 2-(2-furanyl)-7-(2-phenylethyl)-7H-pyrazolo[4,3-
e][1,2,4]triazolo[1,5-c]pyrimidin-5-amine (SCH58261, a

selective antagonist of adenosine A2AR; from Sigma) on long-
term potentiation (LTP). LTP was induced with a high-frequency
train (100Hz for 1 s) and was quantified as the percentage change
between the fEPSP slopes 60min after and 15min before the
train.

Statistics
Data was analyzed using ANOVA with two factors (diabetes
and caffeine treatment). For the metabolic profile analysis,
all metabolite concentrations were analyzed together with a
multivariate ANOVA. Significant differences were considered for
P < 0.05. Multiple comparisons after ANOVA were performed
with Fisher’s least significant difference (LSD) tests upon
significant diabetes effect or diabetes-caffeine interaction. Two-
tailed Student t-tests were used to compare caffeine intake and
caffeine serum concentration between GK andWistar rats, as well
as the effects of CADO and DPCPX on synaptic transmission.
Results are reported as mean± SEM unless otherwise stated.

RESULTS

To test the role of caffeine consumption in the prevention
of diabetes-induced hippocampal alterations, GK rats and age-
matched controls were allowed to consume caffeine for 4months,
starting at 2 months of age. During the period when the rats
had free access to 1 g/L caffeine solution, body weight, and pre-
prandial glycaemia were monitored and insulin plasma levels
were quantified 2 months after starting caffeine intake and at
the end of the experiment. GK rats were smaller than controls
independent of caffeine consumption, which had no significant
effect on body weight (diabetes P = 0.002, caffeine P = 0.275,
interaction P = 0.794; Figure 1A). T2D had a significant effect
on fed glycaemia (P < 0.001), which was not impacted by caffeine
treatment (caffeine P = 0.779, interaction P = 0.935; Figure 1B).
Relative to controls, GK rats showed an increase in serum insulin
concentration after 2 and 4 months of treatment (P = 0.002
and P = 0.036, respectively). At 4 months of treatment, caffeine
prevented the diabetes-associated hyperinsulinemia (caffeine
P= 0.212, diabetes P= 0.240, interaction P= 0.050; Figure 1C).
Caffeine intake was slightly lower in Wistar than GK rats, but
not significantly different (P= 0.063; Figure 1D). Serum levels of
caffeine at the end of the treatment period were similar in diabetic
and control rats (P = 0.558; Figure 1E).

Caffeine Consumption Prevents Spatial
Memory Impairment in GK Rats
Hippocampal-dependent spatial memory was tested in a Y-
maze 2 days before MRS in vivo at 6 months of age, i.e.,
after 4 months of caffeine exposure. Both diabetes and caffeine
treatment affected spatial memory performance in the Y-maze
(diabetes P = 0.011, caffeine P = 0.033, interaction P = 0.549).
Post-hoc testing revealed that diabetes in GK rats caused a
reduction of the spontaneous alternation in the Y-maze task when
compared to controls (−19 ± 3%; P < 0.001; Figure 2A), which
was ameliorated by 4 months of caffeine consumption. GK rats
also showed a significant reduction in the number of entries
in the Y-maze arms, independently of caffeine intake (diabetes
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FIGURE 1 | Characteristics of diabetic GK rats (filed symbols/bars) and control Wistar rats (open symbols/bars), namely body weight (A) across the caffeine treatment

period (line graph) and at the end of the study (bar graph), glycaemia (B), concentration in the serum insulin determined after 2 and 4 months of treatment (C), caffeine

intake measured across the treatment period (D), and concentration of serum caffeine after 4 months of caffeine exposure (E). Caffeine (1 g/L) was provided through

the drinking water for 4 months, starting at 2 months of age. Data are mean ± SEM of 8 rats per group. Symbols represent LSD test results after ANOVA with either

significant diabetes effect or significant diabetes-caffeine interaction: *P < 0.05, **P < 0.01, ***P < 0.001 for GK vs. Wistar in the respective treatment group or as

indicated.

P = 0.003, caffeine P = 0.199, interaction P = 0.546; Figure 2B).
Nevertheless, diabetes was not associated with exploratory or
locomotor impairment as gauged by similar exploration of the
open-field arena (Figures 2C,D). Interestingly, caffeine impacted
the number of rearing events in the open-field test (caffeine
P = 0.014, diabetes P = 0.974, interaction P = 0.974), without
impacting the number of crossing events between quadrants of
the arena (caffeine P = 0.908, diabetes P = 0.465, interaction
P = 0.113).

Diabetes-induced Metabolic Alterations
1H spectra were acquired at 9.4 Tesla from the dorsal
hippocampus of rats with half-height linewidths of 8–14Hz and
signal-to-noise ratios above 20, as reported by the LCModel.
By inspecting these representative spectra (Figure 3A), one
notices increased resonances of taurine in the hippocampus
of GK rats relative to controls. This was in fact the most
prominent metabolic alteration present in this model of T2D
(see statistics below). Nineteenmetabolites were quantified under
normoglycaemia for the four experimental groups (Figure 3B).
Analysis with a multivariate ANOVA to the whole metabolic
profile indicated significant effects of diabetes (P = 0.002)
and caffeine (P = 0.028) without diabetes-caffeine interaction

(P = 0.493), which suggests cumulative effects of both factors.
Furthermore, none of the levels of metabolites showed significant
interaction between diabetes and caffeine in follow-up individual
analyses.

Diabetes affected the concentration of taurine (P < 0.001),
ascorbate (P < 0.001), creatine (P = 0.002), phosphocreatine
(P < 0.001), glutamine (P = 0.041), myo-inositol (P = 0.011),
lactate (P = 0.005), and glycerophosphorylcholine (P < 0.001).
In post-hoc analyses comparing GK and Wistar rats in the
absence of caffeine, GK rats only displayed significant increases
in the levels of taurine (+22 ± 3%, P < 0.001), ascorbate
(+20 ± 9%, P = 0.038), lactate (+34 ± 14%, P = 0.035),
and phosphocreatine (+11 ± 4%, P = 0.028). Moreover, we
observed a tendency for reduced creatine levels in GK rats (−7
± 4%, P = 0.080 vs. Wistar), which resulted in a significant
increase of phosphocreatine-to-creatine ratio (PCr/Cr; diabetes
P = 0.004, caffeine P = 0.150, interaction P = 0.378). High
PCr/Cr under normoglycaemia suggests that the hippocampus
of GK rats is metabolically adapted to the diabetic condition in
order to provide sufficient energy for basal oxidative metabolism.

On top of the effect of diabetes, caffeine consumption for
4 months had an effect on the concentration of creatine
(P= 0.027),myo-inositol (P < 0.001),N-acetylaspartylglutamate
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FIGURE 2 | Caffeine consumption improves spatial working memory deficits

in diabetic GK rats. GK rats displayed reduced spontaneous alternation in the

Y-maze, when compared to controls, but not if treated with caffeine for 4

months (A). The number of entries in the Y-maze arms was lower in GK

compared to control rats irrespective of caffeine consumption (B). The number

of crossings in the open-field arena was unaltered by diabetes or caffeine

consumption (C), but the number of rearing events was reduced upon chronic

caffeine consumption (D). Data are mean ± SEM of 8 rats per group. Symbols

represent LSD test results after ANOVA with either significant diabetes effect or

significant diabetes-caffeine interaction: *P < 0.05 for GK vs. Wistar in the

respective treatment group or as indicated.

(P = 0.036) and taurine (P = 0.023). Notably, when compared
to untreated controls, Wistar rats consuming caffeine exhibited
reduced myo-inositol (−9 ± 2%, P = 0.002) and increased
taurine (+15 ± 2%, P < 0.001) concentrations in the
hippocampus. Post-hoc analyses within the caffeine-treated rats
revealed higher levels of ascorbate (+35 ± 9%, P = 0.002),
taurine (+14± 4%, P= 0.004),myo-inositol (7± 2%, P= 0.006),
and phosphocreatine (7 ± 3%, P = 0.045) in GK than Wistar
rats. Altogether, these results suggest that the caffeine-induced
changes, namely in the osmolites myo-inositol and taurine, add
to those induced by T2D.

Hippocampal Glucose Homeostasis
We have recently reported that diabetes impairs global glucose
transport and consumption in the brain, without changes in the
brain to plasma glucose levels (Girault et al., 2018). Since the
hippocampus is particularly affected by T2D in experimental
models, we measured hippocampal glucose concentration at
several steady-state plasma glucose levels to test whether BBB
transport of glucose in this region remains sufficient to feed
metabolism. Physiology parameters measured during the periods
of MRS were similar in all four experimental groups (Table 1).
Glucose concentration in the hippocampus was similar for GK
and control rats, and was dependent on plasma glucose levels
(Figure 4). This indicates that the relation between glucose

transport and consumption is not altered in the hippocampus
of insulin-resistant GK rats, confirming previous observations
in the whole brain (Girault et al., 2018). Kinetic parameters
for hippocampal glucose transport estimated with the four-state
conformational model were similar across the four experimental
groups (Table 2). Indeed, neither T2D nor habitual caffeine
consumption affected Tmax/CMRglc, suggesting that glucose
transport at the BBB in our experimental conditions matches the
glucose consumption needs in the hippocampus.

Synaptic Alterations in the Hippocampus
of GK Rats
The putative degeneration of synapses was evaluated by
quantifying the density of two presynaptic proteins in nerve
terminal-enriched membrane preparations. As shown to occur in
streptozotocin-induced diabetic rats (Duarte et al., 2006, 2009a)
and NONcNZO10/Ltj diabetic mice (Duarte et al., 2012), the
hippocampus of GK rats displayed synaptic degeneration, as
suggested by reduced immunoreactivity of SNAP25 (−23 ±

5%, P = 0.009, n = 8, Figure 5A) and synaptophysin (−19
± 3%, P = 0.007, n = 5, Figure 5B), when compared to
control rats. Chronic caffeine consumption for 4 months did
not significantly affect the immunoreactivity of these synaptic
markers, whereas it prevented the T2D-induced reduction of
SNAP25 (caffeine P = 0.587, diabetes P = 0.176, interaction
P= 0.0162; Figure 5A) but not synaptophysin immunoreactivity
(caffeine P = 0.349, diabetes P = 0.001, interaction P = 0.681;
Figure 5B). To evaluate whether T2D also affected the post-
synaptic compartment, we quantified the immunoreactivity of
post-synaptic density-95 (PSD95), a prototypical postsynaptic
marker. The immunoreactivity of PSD95 was not significantly
altered in synaptic membranes of GK rats when compared to
controls in the absence or presence of caffeine treatment (caffeine
P= 0.719, diabetes P= 0.053, interaction P= 0.692; Figure 5C).
Furthermore, total membranes from the hippocampus of GK
and control rats also displayed similar MAP2 immunoreactivity
(caffeine P = 0.129, diabetes P = 0.154, interaction P = 0.915;
Figure 5D). Altogether these results suggest a main T2D-induced
defect at presynaptic level.

Caffeine Consumption Prevents
Diabetes-Induced Astrogliosis
Astrogliosis has been reported in several neurodegenerative
diseases, including diabetes (e.g., Saravia et al., 2002; Baydas et al.,
2003; Duarte et al., 2009a, 2012). This was now also found in
the hippocampus of GK diabetic rats. Thus, when compared
to controls, total hippocampal membranes prepared from GK
rats exhibited increased immunoreactivity of GFAP (+20 ±

5%, P < 0.001, n = 8; Figure 5E) and vimentin (+65 ± 28%,
P= 0.010, n= 5, Figure 5F). While caffeine intake was devoid of
significant effects on themeasured glial proteins in controlWistar
rats, it prevented T2D-induced increase in the immunoreactivity
of both astroglial-specific proteins GFAP (caffeine P = 0.053,
diabetes P = 0.026, interaction P = 0.003, Figure 5E) and
vimentin (caffeine P = 0.280, diabetes P = 0.108, interaction
P = 0.030, Figure 5F).
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FIGURE 3 | Diabetes-induced metabolic alterations persisted upon caffeine treatment. (A) shows representative 1H spectra acquired in vivo at 9.4 T from the dorsal

hippocampus rats under normoglycaemia. An increase of taurine resonances at 3.25 and 3.42 ppm in the spectra from GK rats is clearly visible. The spectra were

measured by the SPECIAL sequence with echo time of 2.8ms, repetition time of 4 s, 640 scans and in a volume of 18 µL. For resolution enhancement, a shifted

Gaussian function (gf = 0.12 and gsf = 0.05) was applied before Fourrier transformation. Zero-phase but not baseline was corrected. (B) shows mean metabolite

concentrations in the hippocampus of Wistar (n = 6), GK (n = 8), caffeine-treated Wistar (n = 7) and caffeine-treated GK (n = 8) rats, at plasma glucose below 8

mmol/L. None of the metabolite concentrations showed caffeine-diabetes interaction. Results from post-hoc tests on metabolite levels after significant diabetes effect

or caffeine-diabetes interaction are represented by *P < 0.05, **P < 0.01, and ***P < 0.001 for GK vs. Wistar in the respective treatment group.

Altered Density of Adenosine A1 and A2A

Receptors in the Hippocampus
The density of adenosine receptors was evaluated by Western
Blot in whole membranes and nerve terminal-enriched
membranes prepared from the hippocampus. In synaptosomes,
there was a significant interaction between effects of diabetes and
caffeine on the density of A1R (interaction P < 0.001, diabetes
P = 0.539, caffeine P = 0.002, Figure 6A). When compared
to controls, post-hoc analyses revealed a significant reduction
of A1R immunoreactivity in GK rats (-28 ± 7%, P = 0.014,
n = 8), which was reversed upon caffeine consumption (+40
± 10%, P = 0.002, n = 8). In contrast, diabetes caused a
significant increase in levels of A2AR in synaptic membranes,
independently of caffeine consumption (diabetes P < 0.001,
caffeine P = 0.919, interaction P = 0.223; Figure 6A). In the
absence of caffeine, hippocampal synaptosomes from GK rats
showed a 18±7% increase of A2AR immunoreactivity (P= 0.031,
n = 3). Within caffeine treated rats, there was a T2D-induced
increase of A2AR immunoreactivity of 32±6% (P = 0.014,
n = 3). In total membranes, T2D was associated to a major
reduction of A1R levels (diabetes P = 0.006, caffeine P = 0.210,
interaction P = 0.181), which was significantly different from
controls only in the absence of caffeine treatment (−47 ± 8%,
P = 0.005, n = 6; Figure 6B). In turn, the opposite effect was

observed for A2AR immunoreactivity, which increased in GK
rats compared to controls in the absence (+71± 26%, P= 0.046,
n = 2) but not in the presence of caffeine treatment (diabetes
P = 0.057, caffeine P = 0.205, interaction P = 0.232). It should
be noted however that the detection of changes on A2AR density
by Western blot suffered from technical challenges due to the
known low immunoreactivity signal from the hippocampus of
6 month old rats (e.g., Rebola et al., 2003; Canas et al., 2009a).
This is especially critical in total membranes from the rat
hippocampus, in which the density of A2AR is about half of that
in synaptosomal membranes (e.g., Rebola et al., 2005; Duarte
et al., 2006). Therefore, the present A2AR density changes should
be interpreted in a qualitative rather than quantitative manner.

Altered Efficiency of Adenosine Receptors
Controlling Hippocampal Synaptic
Transmission and Plasticity
The near superimposable input/output curves obtained in
hippocampal slices from Wistar and GK rats ascertains that
there were no changes in the density of excitatory inputs in
Schaffer fibers CA1 pyramid synapses (Figure 7A), enabling
a direct comparison of the efficiency of A1R and A2AR to
control synaptic transmission and plasticity. Thus, we tested
the ability of A1R to control basal synaptic transmission

Frontiers in Neuroscience | www.frontiersin.org 7 January 2019 | Volume 12 | Article 101516

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles


Duarte et al. Caffeine and T2D-Induced Hippocampal Alterations

TABLE 1 | Mean physiologic parameters measured at 5 different intervals of steady-state plasma glucose concentration in MRS experiments.

Plasma glucose range (mM) <8 8–14 14–20 20–26 >26

Body Temperature (◦C) Control 37.5 ± 0.2 37.4 ± 0.1 37.5 ± 0.1 37.2 ± 0.2 37.3 ± 0.1

Caffeine 37.5 ± 0.2 37.2 ± 0.2 37.3 ± 0.1 37.1 ± 0.1 37.4 ± 0.1

GK 37.0 ± 0.1 37.3 ± 0.2 37.2 ± 0.3 37.4 ± 0.2 37.0 ± 0.1

GK + Caffeine 37.5 ± 0.1 37.3 ± 0.2 37.5 ± 0.2 37.6 ± 0.1 37.2 ± 0.1

Arterial pH Control 7.34 ± 0.01 7.34 ± 0.01 7.34 ± 0.01 7.31 ± 0.02 7.33 ± 0.03

Caffeine 7.42 ± 0.02 7.38 ± 0.01 7.35 ± 0.01 7.35 ± 0.01 7.33 ± 0.02

GK 7.41 ± 0.02 7.40 ± 0.02 7.42 ± 0.02 7.40 ± 0.01 7.39 ± 0.01

GK + Caffeine 7.44 ± 0.01 7.45 ± 0.01 7.39 ± 0.02 7.39 ± 0.02 7.38 ± 0.02

PaCO2 (mm Hg) Control 44.7 ± 2.0 44.7 ± 1.6 46.8 ± 1.3 44.9 ± 1.9 42.1 ± 2.0

Caffeine 39.9 ± 2.9 41.5 ± 2.7 45.7 ± 3.9 41.7 ± 2.7 41.4 ± 2.9

GK 39.0 ± 3.4 38.6 ± 2.0 37.2 ± 2.7 40.3 ± 2.6 43.2 ± 2.3

GK + Caffeine 35.7 ± 1.7 39.5 ± 4.7 38.9 ± 3.0 40.7 ± 3.0 40.1 ± 1.3

Data is mean ± SEM of 6 to 8 rats in each experimental group.

FIGURE 4 | Relationship between hippocampal and plasma glucose

concentrations in control and GK rats treated or not with caffeine (1 g/L). Data

corresponds to steady-state hippocampal glucose levels determined from 1H

NMR spectra measured during 40min after plasma glucose was stable for at

least 15min. The kinetic parameters of glucose transport estimated from these

datasets are presented in Table 2 and all measurements from n = 6–8 animals

per group were pooled together.

TABLE 2 | Apparent Michaelis-Menten constant (Kt), iso-inhibition constant (Kii)

and ratio of maximal transport rate (Tmax) to cerebral glucose consumption rate

(CMRglc) for the glucose transport across the BBB, estimated with the 4-state

conformational model from the relationship between hippocampal and plasma

glucose concentrations in control, GK, caffeine-treated control, caffeine-treated

GK rats (data in Figure 4).

Tmax/CMRglc Kt Kii

Control 2.3 (1.9–3.1) 4.2 (2.4–7.4) 22.9 (8.4–161.8)

GK 2.5 (2.0–4.7) 1.5 (0.0–8.2) 12.9 (3.3–55.0)

Caffeine-treated control 2.5 (1.9–4.3) 2.9 (0.1–10.4) 19.1 (5.0–201.9)

Caffeine-treated GK 2.4 (1.9–6.8) 1.4 (0.0–17.4) 16.2 (2.3–74.9)

Values are mean (95% confidence interval). Units of Kt and Kii are mmol/L, Tmax/CMRglc

is adimensional.

(Costenla et al., 2011) and found that the closest chemical analog
of adenosine, 2-chloroadenosine (CADO), triggered a similar
concentration-dependent inhibition of synaptic transmission
(Figure 7B). In fact, the estimated EC50 of CADO to inhibit
synaptic transmission was 0.56µmol/L (95% confidence interval:
0.08–1.04 µmol/L, n = 6) in slices from Wistar rats, which
was similar (P = 0.833) to the EC50 values obtained in slices
from GK rats (0.61 µmol/L, 95% confidence interval: 0.23–1.00
µmol/L, n = 6). We then investigated if there were changes in
the levels of endogenous adenosine tonically controlling basal
excitatory transmission (Costenla et al., 2011). A supra-maximal
but selective concentration (100 nmol/L) of the A1R antagonist
DPCPX (Sebastião et al., 2000) caused a greater disinhibition
of hippocampal synaptic transmission in GK rats compared to
Wistar rats (P = 0.006; n = 6; Figures 7C,D). This suggests
a preserved efficiency of A1R-mediated inhibition of synaptic
transmission and higher levels of endogenous extracellular
adenosine controlling synaptic transmission in GK rats.

We next compared synaptic plasticity in hippocampal slices
from Wistar and GK rats to gauge the efficiency of A2AR
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FIGURE 5 | Caffeine consumption attenuated diabetes-induced synaptic degeneration and prevented astrogliosis in the hippocampus of GK rats. Western blot

analysis revealed that hippocampal synaptosomal membranes from diabetic GK rats displayed reduced immunoreactivity of both SNAP25 (A) and synaptophysin (B)

but not PSD95 (C), when compared to Wistar rats (W). In total hippocampal membranes, diabetes failed to alter MAP2 immunoreactivity relative to controls (D).

Caffeine (Caff) consumption prevented diabetes-induced reduction of SNAP25 but not synaptophysin. Western blot analysis revealed that both GFAP (E) and vimentin

(F) immunoreactivity was increased in total hippocampal membranes from GK compared to control rats, an effect prevented by the consumption of caffeine. Samples

were loaded in the SDS-PAGE gel at a protein concentration of 25 µg. Immunoreactivity of proteins of interest was normalized to either α-tubulin or β-actin, and

expressed as percentage of control in the same Western blot experiment. In the graphs, open and filled bars represent Wistar and GK rats, respectively. Data are

mean±SEM of n = 5–8 animals per experimental group. Symbols represent LSD test results after ANOVA with either significant diabetes effect or significant

diabetes-caffeine interaction: *P < 0.05, **P < 0.01 for GK vs. Wistar in the respective treatment group or as indicated.

that selectively control hippocampal synaptic plasticity (Rebola
et al., 2008; Costenla et al., 2011). The amplitude of long-term
potentiation (LTP) was lower (P = 0.0004, Figure 7E) in GK
rats (52 ± 4% over baseline, n = 6) than in Wistar rats (83
± 2% over baseline, n = 5). The selective A2AR antagonist
SCH58261, used in a supramaximal and selective concentration
of 50 nmol/L (Lopes et al., 2004), caused a discrete inhibition of
LTP amplitude in Wistar rats (70 ± 9% over baseline, n = 5)
and recovered the depressed LTP amplitude in GK rats to near
control values (74 ± 5% over baseline, n = 6). A two-way
ANOVA on LTP amplitude results showed a significant effect
of diabetes [F(1,18) = 5.0; P = 0.038], no effect of applied
drug [F(1,18) = 0.5; P = 0.496], and a significant effect of their
interaction [F(1,18) = 9.0; P= 0.008]. Post-hoc analyses confirmed
that LTP amplitude was decreased in GK compared to Wistar
rats (P = 0.002), whereas SCH58261 recovered plasticity in
GK rats (P = 0.014) but had a negligible effect in Wistar rats
(P = 0.136).

DISCUSSION

The present study deepens our knowledge of the impact of
T2D on cognitive function, which is not yet fully understood
(Frisardi et al., 2010; Steculorum et al., 2014; Duarte, 2015).
Diabetic rats displayed impaired hippocampal-dependent
spatial memory, as suggested by reduced Y-maze spontaneous
alternation. This diabetes-induced memory impairment was
not accompanied by a modification of glucose transport
to consumption ratio, that is, there was no alteration of
hippocampal glucose concentration at a given glycaemia. Instead,
when compared to controls, GK rats displayed alterations of the
metabolic profile, synaptic dysfunction, and astrogliosis in the
hippocampus. The causal relation between synaptic damage and
astrogliosis and the memory impairment in GK rats is further
emphasized by the observation that caffeine consumption had
simultaneous beneficial effects on diabetes-induced spatial
memory dysfunction, synaptic damage, and astrogliosis. We
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FIGURE 6 | Density A1R and A2AR analyzed by Western blot in nerve terminal-enriched membranes (A) and total membranes (B) from the hippocampus of GK and

Wistar (W) rats, either receiving 1 g/L caffeine (Caff) or tap water. Samples were loaded in SDS-PAGE gels at a protein concentration of 40 or 150 µg for A1R (n = 6–8)

and A2AR (n = 2–3), respectively. Immunoreactivity was normalized to either α-tubulin or β-actin, and calculated as percentage of control in the same Western blot

experiment. Symbols represent LSD test results after ANOVA with either significant diabetes effect or significant diabetes-caffeine interaction: *P < 0.05, **P < 0.01

for GK vs. Wistar in the respective treatment group or as indicated.

further observed that both caffeine and T2D have an impact on
metabolism in the hippocampus. However, caffeine consumption
did not prevent diabetes-induced metabolic changes. It remains
to be ascertained whether caffeine-associated metabolic changes
are beneficial for the diabetic brain.

Brain function relies on glucose as main source of energy,
and resting brain glucose uptake and consumption are largely
independent from circulating insulin (Hasselbalch et al., 1999).
Although diabetes leads to inadequate glucose transport in
peripheral tissues, brain glucose utilization may eventually adapt
to a new metabolic condition upon diabetes (Pelligrino et al.,
1992). Some studies reported a lack of effect of type 1 diabetes
on the transport of glucose into the brain (Kainulainen et al.,
1993; Simpson et al., 1999). Likewise, previous studies in
humans reported that poorly controlled diabetes did not affect

glucose transport into the brain (Fanelli et al., 1998). We have
previously found that insulin-dependent rats have hippocampus
to plasma glucose concentrations similar to controls (Duarte
et al., 2009a). In GK rats, we recently demonstrated that T2D is
associated to reduced glucose transport and consumption rates
in the whole brain, without modifying brain to plasma glucose
relationship at steady-state. The present results confirmed this
observation in the dorsal hippocampus, which controls learning
and memory. Unaltered glucose transport to consumption ratio
(Tmax/CMRglc) implies an increased glucose concentration in
the hippocampus under sustained hyperglycaemia. The high
glucose level in the hippocampus may trigger osmolarity
alterations and thus induce metabolic adaptation. This is
expected to translate into a modified neurochemical profile,
as was observed in the hippocampus of GK rats compared to
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FIGURE 7 | GK rats display an unchanged A1R-mediated inhibition of excitatory synaptic transmission in the hippocampus but an increased A2AR-mediated control

of synaptic plasticity. (A) Superimposed input-output curves in GK (filed symbols) and Wistar rats (open symbols), indicating a similar density of excitatory innervation

in Schaffer fiber-CA1 pyramid synapses of hippocampal slices. (B) Superimposable concentration-dependent curves of inhibition of CA1 hippocampal field excitatory

post-synaptic potentials (fEPSPs) by the closest chemical analog of adenosine, 2-chloroadenosine (CADO; applied at concentrations of 0.1, 0.3, and 1 µmol/L),

showing that the A1R-mediated inhibition of synaptic transmission is similar in GK and Wistar rats. The fEPSP slope before CADO application is normalized to 100%,

and 0% corresponds to a complete inhibition of fEPSPs. (C,D) GK rats seem to have higher levels of endogenous extracellular adenosine tonically activating inhibitory

A1R, as revealed by the larger disinhibition of fEPSPs by the selective A1R antagonist, DPCPX. (E) Averaged time course changes of fEPSP slope induced by a

high-frequency stimulation train (HFS 100Hz, 1 s, applied when indicated by the arrow) in hippocampal slices taken from Wistar (open symbols) or GK rats (filed

symbols), showing that the amplitude of LTP is larger in Wistar than in GK rats. (F) The presence of the A2AR antagonist SCH58261 (50 nM, +SHC), which was

applied 30min before LTP induction and remained in the bath up to the end of the experiment, has a discrete effect in Wistar rats (open bars) and efficiently restores

LTP amplitude back to control levels in GK rats (gray bars). The electrophysiological data are mean ± SEM of 5–6 animals per experimental condition. *P < 0.05,

**P < 0.01 using either an unpaired Student’s t test in (C) or a two-way ANOVA followed by a LSD post-hoc test in (F).

controls under normoglycaemia (Figure 3). The most prominent
alteration was an increase in the hippocampal concentration
of the osmolite taurine. Surprisingly, the concentration of
myo-inositol (another osmolite) was not substantially altered
in the hippocampus of GK rats in the absence of caffeine,
in contrast to what was observed in streptozotocin-induced
diabetic rats (Duarte et al., 2009a) or Zucker diabetic obese
rats (van der Graaf et al., 2004). However, these models of
diabetes are characterized by sustained hyperglycaemia ranging
from 25 to 30mM of plasma glucose (Wilkes et al., 2005;
Duarte et al., 2009a), while GK rats are subjected to a rather
mild hyperglycaemia state (below 15 mmol/L). This tentatively
suggests that myo-inositol levels may only increase upon more
extreme hyperosmolarity.

T2D was also associated with increased levels of ascorbate
in the hippocampus, which is in line with stimulation of
ascorbate production in the rat liver under mild hyperglycaemia
(Küstermann et al., 1998). Ascorbate is involved in the regulation

of brain glycolysis and pentose phosphate pathway, as well
as astrocyte-neuron metabolic interactions (Cisternas et al.,
2014), and changes of its concentration in the hippocampus
may be related with T2D-induced adaptations of energy
metabolism (Girault et al., 2018). The non-deleterious but
rather adaptive nature of these diabetic-induced metabolic
changes in hippocampal metabolic profile is supported by the
observation that GK rats at euglycaemia displayed augmented
phosphocreatine-to-creatine ratio, compared to controls.

As previously observed in the hippocampus of insulin-
dependent diabetic rats, caffeine consumption lowered myo-
inositol concentration, and increased hippocampal levels of
taurine. Taurine is an amino acid that, although present at
1 µmol/g in the human brain, it reaches relatively large
concentrations in the rodent brain (above 5 µmol/g in rats
and above 8 µmol/g in mice; Duarte, 2016), playing a major
role as osmolyte (Duarte et al., 2009a, and references therein).
Indeed, caffeine is able to control osmotic swelling via adenosine
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receptors (Wurm et al., 2008). In addition, taurine acts as
an agonist at receptors of the GABAergic and glycinergic
neurotransmitter systems (Albrecht and Schousboe, 2005), and
caffeine controls taurine release from both neurons and glia via
adenosine receptors (Hada et al., 1998). Taurine is transported
into the mitochondrial matrix where it buffers pH to the optimal
value for isocitrate dehydrogenase, which is a key enzyme of
the tricarboxylic acid cycle regulating metabolism and oxidative
phosphorylation, contributes to stabilize the pH gradient across
the inner-membrane, and thus helps preserving mitochondrial
function and preventing oxidative damage (Hansen et al., 2010).
Therefore, this caffeine-associated increase of taurine levels in
the diabetic hippocampus is likely related to neuroprotective
functions.

Finally, it should be stressed that these adaptive metabolic
modifications in the hippocampus of GK rats indeed seem to
be caused by hyperglycaemia rather than by hyperinsulinemia
since chronic consumption of caffeine prevented the later but
not the former, and failed to prevent hippocampal metabolite
alterations in GK rats, despite caffeine-induced metabolic
changes.

The evaluation of hippocampal metabolite concentrations in
Wistar and GK rats showed that this brain structure faces high
glucose levels in diabetes at their fed glycaemia, which may
lead to neurotoxicity and cellular damage. The present results
indicate that T2D in GK rats caused neurodegeneration that
does not affect the entire neuron, as suggested by unaltered
MAP2 immunoreactivity, but instead occurs selectively at the
presynaptic component of the nerve terminal, as previously
proposed (Duarte et al., 2006, 2009a, 2012; Gaspar et al., 2010).
In fact, GK rats displayed a reduced density of the presynaptic
proteins SNAP25 and synaptophysin in the hippocampus,
whereas the density of the postsynaptic protein PSD95 was not
significantly altered relative to controls. The alteration of these
presynaptic markers allowed sustaining synaptic transmission
but was associated with an alteration of synaptic plasticity
typified by a reduced amplitude of long-term potentiation in the
hippocampal CA1 area of GK compared to Wistar rats. These
synaptic modifications may eventually underlie the memory
impairment observed in GK rats, as proposed to occur in
Alzheimer’s disease-associated neurodegeneration (Selkoe, 2002;
Coleman et al., 2004). Together with synaptic dysfunction, we
further found increased immunoreactivity of the glial-specific
proteins GFAP and vimentin in the hippocampus of GK rats.
This is in accordance with the occurrence of astrocytosis in the
hippocampus, which was observed in other animal models of
diabetes (e.g., Saravia et al., 2002; Baydas et al., 2003; Duarte et al.,
2009a, 2012). Astrocytosis can be triggered by neuronal damage
and contribute to further neuronal deterioration through the
production of free radicals (e.g., Chao et al., 1996) and apoptotic
factors (e.g., Crutcher et al., 1993; Fahnestock et al., 1996),
leading to memory impairment (see Halassa and Haydon, 2010).
In line with synaptic degeneration and astrocytosis, we have
previously reported that GK rats show whole brain depression of
neuronal oxidative metabolism and glutamate-glutamine cycle,
and exacerbation of oxidative metabolism in astrocytes (Girault
et al., 2018).

The relation between synaptotoxicity and astrogliosis
with memory impairment in GK rats was further supported
by the common ability of chronic caffeine consumption to
simultaneously ameliorate or prevent these T2D-induced
modifications. This is in agreement with the general
neuroprotective action of chronic caffeine consumption against
brain damage, which is largely mimicked by antagonists of
adenosine A2ARs (Cunha, 2005; Chen et al., 2007). In particular,
both caffeine and selective A2AR antagonists are effective
in improving memory performance upon noxious insults
(Takahashi et al., 2008; Cunha, 2016), which was also observed in
this study. Thus, neuroprotection and preservation of memory
function by caffeine is likely associated with antagonism of
A2ARs at the synaptic level as well as in glial cells (Cunha, 2016).
Notably, the over-functioning of A2ARs is sufficient to impair
memory performance (Li et al., 2015; Pagnussat et al., 2015).
Accordingly, A2ARs were up-regulated in the hippocampus of
GK rats, similarly to what was observed in other animal models
of T1D (Duarte et al., 2009a) or T2D (Duarte et al., 2012) and in a
variety of conditions associated with memory dysfunction, such
as aging (Rebola et al., 2003; Canas et al., 2009a; Temido-Ferreira
et al., 2018) or Alzheimer’s disease (Canas et al., 2009b; Espinosa
et al., 2013; Viana da Silva et al., 2016; Silva et al., 2018). In fact,
the only established molecular targets for caffeine at non-toxic
concentrations, which were achieved in the present study, are
adenosine receptors, mainly A1Rs and A2ARs (Fredholm et al.,
1999). Hippocampal A2ARs are concentrated in synapses, where
they selectively control synaptic plasticity processes (Rebola et al.,
2008; Costenla et al., 2011; Temido-Ferreira et al., 2018) and play
a prominent role in controlling the synaptic damage (Cunha
et al., 2006; Silva et al., 2007, 2018; Canas et al., 2009b; Viana da
Silva et al., 2016) that tightly correlates with memory impairment
for instance in Alzheimer’s disease (Selkoe, 2002; Coleman
et al., 2004). Interestingly, we found that caffeine prevented
the diabetes-induced loss of SNAP25 but not of synaptophysin.
This is in agreement with previous observations suggesting that
proteins of the SNARE complex are more robust indicators of
synaptic dysfunction than proteins located in synaptic vesicles,
such as synaptophysin (Reddy et al., 2005; Gao et al., 2006).
We also observed that GK rats displayed a reduction of A1R
immunoreactivity. This was not associated with a modification of
A1R function controlling basal synaptic transmission in GK rats,
in accordance with our observation that the modification of A1R
density mostly occurs in total membranes. Since extra-synaptic
A1Rs have recently been associated with modified information
processing in cortical circuits (Florian et al., 2011; Serchov
et al., 2015), future studies should focus on the possible role of
A1Rs on memory performance through a control of neuron-glia
communication.

In whole hippocampal membranes we observed a diabetes-
induced reduction in A1R and increase of A2AR levels,
which was normalized upon caffeine treatment. Therefore,
limiting excessive activation of A2ARs in extra-synaptic
compartments, namely in glial cells, might also be a mechanism
of neuroprotection by caffeine in T2D (Cunha, 2016). Indeed,
apart from its synapto-protective action, caffeine had beneficial
effects on T2D-induced astrogliosis, which emphasizes the
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potential neuroprotective role of glial A2ARs (Daré et al., 2007),
as reported in animal models of Alzheimer’s (Matos et al., 2012)
and Parkinson’s disease (Yu et al., 2008), as well as exposure to
LPS (Rebola et al., 2011) or glaucoma (Madeira et al., 2015).

It is important to stress that the present results do not
exclude the possibility that the beneficial effects of chronic
caffeine consumptionmight also involve the control of peripheral
metabolism and circulating insulin concentration, such as via
adenosine receptors in the pancreatic islet (e.g., Johansson et al.,
2007; Töpfer et al., 2008; Salehi et al., 2009), or via regulation
of peripheral metabolic rates and energy expenditure (van Dam
and Hu, 2005; Greenberg et al., 2006; Higdon and Frei, 2006).
It is of interest to note that GK rats chronically consuming
caffeine displayed hyperglycemia but not hyperinsulinemia. The
chronic caffeine treatment used in the present study was also
previously found to improve peripheral insulin sensitivity and
reduce circulating insulin concentration in aged rats (Guarino
et al., 2013) and rats under diets rich in sugar or fat (Conde
et al., 2012). In the brain, insulin and insulin-like growth factor
1 (IGF1) may be involved in regulating the presence of glucose
carriers at the membrane of astrocytes (Fernandez et al., 2017),
the expression of synaptic proteins and number of synapses
(Chiu et al., 2008), the reactivity of astrocytes (e.g., Wilczak and
De Keyser, 1997), and learning and memory processes (Zhao
and Alkon, 2001). Notably, while insulin and insulin-sensitizing
drugs have beneficial effect in dementia, it has also been proposed
that persistent activation of insulin receptors could be the trigger
for brain insulin resistance (e.g., Mullins et al., 2017). Therefore,
further research is needed to understand the role of insulin in
T2D-induced brain dysfunction.

In summary, long-term caffeine intake improved T2D-
induced memory impairment, prevented astrogliosis, and
ameliorated hippocampal synaptic degeneration in GK rats.

Caffeine did not prevent T2D-associatedmetabolic modifications
in the hippocampus. Nevertheless, it had an impact onmetabolite
concentrations in the hippocampus of both Wistar and GK rats.

Therefore, we conclude that the hippocampus is adaptable to
different metabolic conditions, and that synaptic degeneration
and astrogliosis rather than metabolic modifications contribute
to diabetes-induced memory dysfunction. Finally, the present
study also emphasizes the neuroprotective potential of chronic
caffeine consumption as a prophylactic strategy to prevent
memory impairment in T2D.
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Metabolic syndrome including obesity and type 2 diabetes is increasing at an alarming
rate worldwide. Similarly, there has been an increase in the cases of neurodegenerative
diseases such as Alzheimer’s disease (AD) possibility due to increase in elderly
population in the past few decades. Both, metabolic diseases and AD have one
common feature that is insulin resistance. Recent studies suggest a link between the
regulatory functions of insulin in the brain and AD. Hypoglycemia, a characteristic feature
of AD may be a result of impaired insulin signaling in the affected regions of the brain.
O-GlcNAcylation is a post-translational protein modification, the levels of which are
dependent on the availability of glucose inside the cells. Hyperphosphorylation of Tau
is a major molecular feature, which leads to its aggregation and neurotoxicity in AD.
In addition, impaired processing of Amyloid precursor protein (APP) leading to toxic
amyloid β (Aβ) aggregation is also implicated in the pathogenesis of AD. Both APP and
Tau are also found to be O-GlcNAcylated. Reduced O-GlcNAcylation of APP and Tau
due to hypoglycemia is found to be associated with their pathological features in AD
brain. Recent studies have also identified perturbed O-GlcNAcylation/phosphorylation of
several other proteins important for normal neuronal function, which may be contributing
to the neuropathological development in AD. Herein, we discuss about the uptake
and distribution of insulin inside the brain, brain insulin signaling and insulin resistance
as well as its relation to neurodegenerative diseases with a special focus on protein
O-GlcNAcylation and its potential role in the treatment of AD.

Keywords: insulin resistance, brain insulin uptake, Alzhemier’s disease, O-GlcNAc cycling, neurodegeneration

INTRODUCTION

Diabetes mellitus (DM) is an endocrine disorder affecting millions of people worldwide. DM is
classified into two major forms, type 1 diabetes mellitus (T1DM) and type 2 diabetes mellitus
(T2DM). T2DM is mainly due to insulin resistance and is one of the key components of the
metabolic syndrome that also contributes to obesity. T2DM is also the most common form of DM,
accounting for more than 90% of all types of DM, and thus taking up most of the funds available
for the management of patients with this condition. Unfortunately, the prevalence of T2DM has
reached an epidemic state in the last few decades, accounting for more than 425 million diabetics
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around the globe. It is projected that there will 629 million people
with diabetes by the year 2045 (IDF Diabetes Atlas, 2017).

Central nervous system controls important physiological and
metabolic processes such as feeding, acquisition of energy and
expenditure, regulation of body weight and glucose homeostasis,
(Schwartz and Porte, 2005; Prodi and Obici, 2006). Although
a link between diabetes, glucose homeostasis and brain has
been established by classical experiments almost a century
ago using experiments in dogs, where impairment of the
fourth ventricle resulted in marked glycosuria (Bernard, 1854),
the brain was considered as an insulin insensitive organ for
decades because passive diffusion into the brain is limited by
the blood-brain barrier (BBB). Experiments using radioactive
phosphorus and radiolabeled 131I-insulin in the early 60s
have established that at least some parts of the brain are
sensitive to insulin and insulin may have regulatory roles in
the brain (Chowers et al., 1966). According to more recent
studies, insulin in addition to its major regulatory roles in the
peripheral tissues such as liver, muscle, and adipose tissue has
emerged as a major regulatory molecule in the central nervous
system. It has been suggested that hormones such as insulin
circulate through the central nervous system and integrate the
feeding behavior, autonomic outflow and metabolism so that
a homeostasis is maintained between energy metabolism and
storage of excess energy (Schwartz and Porte, 2005). Studies
have established the presence of insulin like peptides (IGF1/2)
and insulin receptors (IR) in the brain and shown to be
involved in the regulation of different metabolic processes
such as feeding and cognition (Schechter et al., 1990, 1994,
1996). The IRs of the brain were shown to be similar in
structure to the ones present in peripheral tissues but there
are differences in their distribution in different cell types
which is more in the neurons compared to the glial cells
(Schwartz et al., 1992; Wozniak et al., 1993). Furthermore,
although insulin insensitive glucose transporters, Glut1 and
Glut3 are mainly responsible for glucose uptake inside the brain,
it is also shown that, in the neurons of the hypothalamus,
glucose is transported via insulin sensitive Glut4 transporter
(McEwen and Reagan, 2004; Ren et al., 2014).

Although, it is well accepted that T2DM is predominantly a
genetic disease, the drastic increase in the worldwide prevalence
of T2DM highlights the changes in regulatory mechanism that
happens at multiple levels of metabolism. Insulin, the primary
hormone which was isolated almost a century ago (Banting
et al., 1922) is secreted by the β-cells of the islets, exerts
its function through different peripheral tissues and prevents
postprandial hyperglycemia, and maintains euglycaemic levels.
Through its action in the skeletal muscle, it promotes the uptake
of glucose from the blood stream and inside the liver, it prevents
the production of glucose by preventing gluconeogenesis and
glycogenolysis and promoting glycogen synthesis (DeFronzo
and Ferrannini, 1991). Studies aimed at the estimation of
insulin in both human and rodent brain have noticed a higher
concentration of insulin in brain extract compared to that of
the plasma (Havrankova et al., 1978). This abundance of insulin
in brain suggests a possible important regulatory role for it in
the brain. In this review, we discuss about insulin signaling in

the brain and the role of insulin resistance in neurodegenerative
diseases such as Alzheimer’s disease (AD) with a particular focus
on the association of protein O-GlcNAcylation with impaired
glucose utilization possibly due to insulin resistance and the role
of O-GlcNAcylation on the pathology of AD.

DISTRIBUTION OF INSULIN IN THE
BRAIN

Insulin is a peptide hormone of 51-amino acid, which has
a helical native structure and a molecular weight of about
6,000 Da (Jimenez et al., 2002). Its entry into the brain is limited
by the BBB and the precise mechanisms of how and where
insulin enters the brain remains unclear. Recent studies have
suggested that the entry of insulin into the brain parenchyma
can occur directly via the median eminence (ME), indirectly
through the cerebrospinal fluid (CSF) or through brain interstitial
fluid (ISF). The possibility that insulin may reach the brain
through ME is based on the fact that some part of the brain
such as circumventricular organs (CVOs) are without BBB
and are with fenestrated capillaries which make the passage
connection between the blood circulation and the underlying
brain parenchyma (Siso et al., 2010). In fact, administration
of radioactive insulin has been shown to reach the arcuate
nucleus (ARH) of the hypothalamus through ME (Corp et al.,
1986). Increase in the levels of insulin led to the activation of
AKT signaling (insulin receptor activation) and c-Fos signaling
(neuronal activation) in the ARH. This is important as defects
in AKT and c-Fos signaling contributes to insulin resistance
which leads to T2D and obesity (Olson et al., 1993; Koch et al.,
2008; Williams et al., 2010; Clegg et al., 2011). Although the
tight junctions between the tanycytes may restrict the movement
of insulin and other hormones, they may reach other parts
of the brain through ISF. This possibility is supported by the
fact that the quantitation of ARH ISF showed a low level of
insulin upon fasting which increased after feeding or peripheral
administration of insulin (Gerozissis et al., 1997; Langlet et al.,
2013) and this effect was very rapid suggestive of diffusion
through ME. CSF, which is produced by the choroid plexus in
the brain reaches Virchow-Robin space through the third and
fourth ventricles and the microvasculature helps in the transfer
of insulin and other hormones from blood circulation to CSF
(Iliff et al., 2012). However, the significance of these modes
of entry of insulin to the brain is still not well understood.
Insulin binds to IR, which is a heterotetrameric receptor (2 α

subunits and 2 β-subunits) (Boucher et al., 2014). In humans,
the IR gene codes for two isoforms A and B and the uniformly
expressed isoform A is expressed predominantly in the brain
(Frasca et al., 1999). Although it shows variations, it is expressed
in the hypothalamus, olfactory and limbic areas, neocortex,
hippocampus, basal ganglia, cerebellum and choroid plexus (Hill
et al., 1986). It was also shown that highest IR expression
was seen in the ARH (Plum et al., 2005). Binding of insulin
to IR results in its autophosphorylation and signals through
the insulin receptor substrate proteins (IRS) which leads to
the activation of P13K/AKT signaling pathway, an important
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member of the complex network mediating insulin signaling
(Rojas et al., 2003). In this pathway, P13K a lipid kinase
that acts as a heterodimeric enzyme, phosphorylates the D-3
position of the inositol ring in phosphoinositides (Whitman et al.,
1988; Carpenter et al., 1990; Stephens et al., 1991) and when
insulin secretion is stimulated by the presence of glucose in the
circulation, this signaling cascade that phosphorylates the serine-
threonine kinase, AKT is activated. AKT phosphorylation then
triggers the uptake and metabolism of glucose and coordinates
neuromodulatory gene transcription (Kan et al., 1994; Hill
et al., 1999). Insulin signaling is also negatively regulated by
protein tyrosine phosphatases (PTPs), T cell protein tyrosine
phosphatase (TCPTP) and suppressor of cytokine signaling 3
(SOCS3) (Wunderlich et al., 2013; Zhang et al., 2015). In addition,
the other members of insulin family of peptides such as insulin
like growth factor 1 and 2 (IGF1/2) also play important roles
in the control of energy metabolism in the brain and neuronal
plasticity (Fernandez and Torres-Aleman, 2012).

INSULIN SIGNALING IN THE BRAIN

The main target of insulin signaling in the brain is shown to
be the hypothalamus (Heni et al., 2015). Functional analysis
have shown several regions in the hypothalamus such as the
ARH, the ventromedial nucleus (VMH), lateral hypothalamic
area (LHA), dorsomedial nucleus of the hypothalamus (DMH)
and paraventricular nucleus of the hypothalamus (PVH) respond
to the changes in the level of insulin (Porter and Bokil, 1997; Qiu
et al., 2014). Specifically, in the hypothalamus, the response to
the insulin level had been shown to be with the two group of
neurons, the POMC [α-melanocyte-stimulating hormone (MSH)
precursor] which is anorectic in function and the agouti-related
peptide (AgRP)/neuropeptide Y (NPY)-neuropeptide expressing
neurons which are orexigenic (Varela and Horvath, 2012). While
activation of AgRP neurons promotes feeding and weight gain,
the activation of POMC neurons increase satiation, increase
energy expenditure and attenuate weight gain (Xu and Xie,
2016). Insulin signaling in the brain has been shown to inhibit
AgRP/NPy neurons while it activates POMC neurons (Varela
and Horvath, 2012; Qiu et al., 2014; Roh et al., 2016). It was
also suggested that from these neurons through the neuronal
extensions insulin may be reaching the different regions of
the hypothalamus such as the PVH, VMH, DMH, lateral
hypothalamus (LH), amygdala, bed nucleus of stria terminalis,
parabrachial nucleus and the dorsal vagal complex (Wang et al.,
2015). Apart from these, insulin was also shown to act on the SF1
neurons of the VMH and in the dopaminergic neurons of the
midbrain and in the higher cortical regions (Guthoff et al., 2010;
Klockener et al., 2011; Konner et al., 2011).

THE EFFECTS OF SYSTEMIC INSULIN
RESISTANCE IN THE BRAIN

Insulin resistance, the main contributor of T2D and obesity
results from that fact that although there is high levels of insulin

present in the circulation, the response to this is defective and
brain is not an exception to this (Zhang et al., 2015). Interestingly,
it has been shown that the effect of insulin in the brain is
completely lost in the case of obesity and is restored with weight
loss (Tschritter et al., 2006; Tuulari et al., 2013). Among the
contribution of different factors in the development of insulin
resistance, the intake of high fat diet has been suggested to
reduce the sensitivity of hypothalamic insulin (Clegg et al.,
2011). With the increase in the availability of nutrient rich food,
this may be one reason which could contribute to the increase
in obesity worldwide. It has been shown that saturated fatty
acid such as palmitate or stearate can cross the BBB and can
activate inflammatory signaling in the hypothalamus resulting
in insulin resistance (Kleinridders et al., 2009). An increase in
the levels of the negative regulators of insulin signaling in the
hypothalamus such as TCPTP, PTP1B, and SOCS3 also have
been shown and these factors also increase as a result of obesity
induced inflammation (Loh et al., 2011; Zhang et al., 2015).
Another factor which can contribute to insulin resistance is
the decreased BBB permeability resulting in defective signaling
(Kern et al., 2006; Hsu and Kanoski, 2014). Diet induced obesity
also results from gliosis which makes both POMC and AgRP
neurons insensitive to the peripheral insulin (Horvath et al.,
2010; Dorfman and Thaler, 2015). So the main roles of insulin
in the brain, regulation of body homeostasis and balancing
of nutrient intake and energy expenditure are all altered in
insulin resistance.

INSULIN RESISTANCE IN
NEURODEGENERATION

An association of T2DM and neurodegenerative diseases such
as AD has also been described (Holscher, 2011; Chen et al.,
2014). AD is a neurodegenerative disease characterized by
progressive dementia and loss of cognitive abilities. The
incidence of both T2DM and AD increase with age and various
epidemiological studies have shown an increased risk of dementia
and neurodegeneration in people with T2DM (Mushtaq et al.,
2014; Alam et al., 2016). Further, there are several common
biological mechanisms associated with the pathogenesis of
T2DM and AD such as insulin resistance and impaired glucose
metabolism, Aβ plaque formation in the brain and increased
oxidative stress (Zhao and Townsend, 2009; Mushtaq et al., 2014).
Interestingly, the disruption of normal glucose metabolism in the
affected region of AD brain is shown to promote Aβ aggregation
that is associated with neurodegeneration observed in AD
(Li et al., 2007; Zhao and Townsend, 2009).

Although vascular complications of diabetes may also be
responsible for the development of neurodegenerative diseases in
advanced age, a direct contribution of impaired insulin signaling
pathway has been implicated repeatedly (Steen et al., 2005;
Zhao and Townsend, 2009; Ma et al., 2015). Hyperglycemia
or chronically elevated blood glucose level is associated with
insulin resistance and development of T2DM. At the molecular
level, the hallmarks of insulin resistance in major insulin
target tissues such as liver, muscle and adipose tissue include
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defects in the expression and phosphorylation of many effector
molecules of insulin signaling pathway such as insulin receptor
(IR), IRS1/2, PI3K and AKT (PKB), reduced expression of
Glut4, and increased hepatic gluconeogenesis and lipogenesis
(Mlinar et al., 2007; Samuel and Shulman, 2012).

As explained above, IR is expressed throughout the brain
and in larger part, the uptake of glucose takes place with
the help of glucose transporters, Glut1 or Glut3 in an insulin
independent manner, the dependence on insulin for glucose
uptake has been observed in specific areas of brain (Vannucci
et al., 1998; Reno et al., 2017) through insulin dependent glucose
transporter, Glut4. Therefore, a defect in brain insulin signaling
may lead to reduced glucose uptake. Earlier works, which tried
to determine the concentrations of insulin as well as IR in
aging and AD brains, have shown by immunohistochemical
staining in the neocortex of postmortem brains that the levels of
insulin and connecting peptide (c-peptide) of insulin are reduced
in both aging and AD brains. Furthermore, the levels of IR
was decreased in the aging brain whereas it increased in AD
brain compared to age matched controls (Frolich et al., 1998).
Relatively a recent study, with real time PCR technique as well
as immunostaining has shown reductions in the expression of
IR, IGF1 and IGF2 polypeptides and their receptors in the AD
brains. This correlated with increased levels of amyloid protein
precursor (APP), glial fibrillary acidic protein, and the IBA1/AIF1
microglial mRNA transcripts (Rivera et al., 2005; Steen et al.,
2005). As there is reduced levels of IR, along with decreased
production of growth factors and their receptors (IGF1/2) and if
neurons are dependent on the local production of these growth
factors then a reduced production may lead to neuronal cell
death which is what is seen in case of AD (Steen et al., 2005).
Further on this, the role of inhibitory serine phosphorylation
on IRS1 in the case of insulin resistance has been reported
in most of the insulin target tissues including brain (Aguirre
et al., 2002; Gual et al., 2005; Lerner-Marmarosh et al., 2005;
Draznin, 2006; Barone et al., 2016). It is well established that
Tyrosine phosphorylation of IRS1 during insulin signaling is
responsible for signal activating function of IRS1 through its
association with downstream effector, PI3K whereas ser307, S612,
and S632 (ser312, S616, and/or S636 in human) of IRS1 is
inhibitory to downstream insulin signal transduction (Aguirre
et al., 2002; Draznin, 2006; Talbot et al., 2012). Consistent with
this, increased ser307 phosphorylation is reported in insulin
resistance of insulin target tissues such as skeletal muscle as well
as in AD brain (Bandyopadhyay et al., 2005; Lerner-Marmarosh
et al., 2005; Talbot et al., 2012; Barone et al., 2016). Interestingly,
increased phosphorylation of inhibitory ser616 and ser636 of
IRS1 were reported in AD brains even without peripheral
insulin resistance (Talbot et al., 2012). Furthermore, brain insulin
resistance is also suggested a risk factor for cognitive impairment
(Ma et al., 2015). Although a clear molecular understanding
behind insulin resistance and cognitive impairment is not known,
various mechanisms such as defects in the neuronal plasticity
and increased inflammation due to altered PI3K/AKT/GSK-
3 signaling have been described based on animal models and
epidemiological data (Calvo-Ochoa and Arias, 2015; Neergaard
et al., 2017). Overall, these studies suggest a clear correlation

between insulin receptor signaling and insulin resistance in the
development of AD.

ROLE OF PROTEIN O-GlcNAcylation IN
INSULIN SIGNALING

The role of glucose responsive protein O-GlcNAcylation has
emerged as an important player in insulin signaling as it
has been reported that many effector molecules of insulin
signaling pathway are also O-GlcNAcylated, often in a reciprocal
manner to phosphorylation on specific serine residues (Love and
Hanover, 2005; Ma and Hart, 2013, 2014; Myslicki et al., 2014).
O-GlcNAcylation is a post-translational protein modification on
the serine/threonine amino acid of various proteins through
the transfer of single sugar molecule, β-N-acetylglucosamine
from the substrate UDP-GlcNAc. Protein O-GlcNAcylation
was first discovered by Gerald Hart and colleagues in early
1980s as a dynamic protein mono-glycosylation present on
nucleocytoplasmic proteins. Since then, thousands of proteins
have been identified to be modified through this protein
modification (Nandi et al., 2006; Hahne et al., 2013; Li
et al., 2016). UDP-GlcNAc, the substrate needed for protein
O-GlcNAcylation is produced through a metabolic pathway
known as Hexosamine Biosynthesis Pathway (HBP) which is
activated after the entry of glucose into the cells, where a
small percentage of this glucose (2–5%) is shoveled into HBP
resulting in the generation of UDP-GlcNAc through several
steps (Love and Hanover, 2005; Hanover et al., 2010). The
dynamic addition or removal of O-GlcNAc on serine/threonine
amino acids of target proteins is achieved with the help of a
pair of enzymes, O-GlcNAc-transferase (OGT) and O-GlcNAase
(OGA). OGT attaches O-GlcNAc moiety provided by UDP-
GlcNAc on to the target proteins whereas OGA removes it (Iyer
and Hart, 2003; Hanover et al., 2010; Bond and Hanover, 2015;
Eustice et al., 2017). Hyperglycemia is shown to increase the
total levels of O-GlcNAc inside the cells as has been shown in
several previous studies (Copeland et al., 2008). Interestingly,
it has been reported that almost all of the major players of
insulin signaling pathway such as IRS1, PI3K, PDK1, AKT,
and FOXO1 are also O-GlcNAcylated often reciprocal to the
phosphorylation sites on these proteins and thereby regulate
insulin signaling through positive/negative feedback. Therefore,
chronic elevation of O-GlcNAc could be considered a mechanism
in the development of insulin resistance at least in part through
O-GlcNAcylation of PI3K or AKT on stimulatory serine residues
(Whelan et al., 2010; Ma and Hart, 2013). Toward this end,
studies using animal models and cell culture experiments have
shown that increasing O-GlcNAc levels due to either genetic or
pharmacological inhibition of OGA activity leads to development
of symptoms of insulin resistance and T2DM (Vosseller et al.,
2002; Arias et al., 2004; Park et al., 2005; Keembiyehetty et al.,
2015). However, Inhibition of O-GlcNAcase in 3T3-L1 adipocytes
using a potent inhibitor on OGA did not induce insulin resistance
(Macauley et al., 2010) suggesting a more complex relationship
between phosphorylation and O-GlcNAcylation rather than just
a yin-yang mechanism. Interestingly, inhibitory serine residues
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FIGURE 1 | The mechanism of insulin resistance and hypoglycaemia on
pathology of neurons in AD. A flowchart of key events occurring in the
development of AD which includes metabolic syndrome or disease
susceptibility to neurodegeneration which results in impaired insulin signaling
and hypoglycaemia leading to reduced O-GlcNAcylation of several proteins
including APP and Tau. This results in the production of toxic Aβ aggregation
and neurofibrillary tangles leading in neuronal death. Thiamet G by inhibition of
OGA increases O-GlcNAcylation thus blocking downstream pathological
events of AD.

of IRS1 can also be O-GlcNAcylated (Jahangir et al., 2014)
leading to the possibility of hypoglycemia mediated reduced
O-GlcNAcylation on inhibitory serine residues of IRS1 that
may result in its increased phosphorylation and development of
impaired insulin signaling in AD brain.

This suggests the possibility of a harmonious balance between
O-GlcNAcylation and phosphorylation at the physiological levels
is necessary for proper functioning of insulin pathway and an
impairment in this homeostasis might be responsible for the
development of pathology (Yang and Qian, 2017).

LINK BETWEEN BRAIN INSULIN
RESISTANCE, O-GlcNAcylation AND
NEURODEGENERATION

Hypoglycemia is one of the common features of many
neurodegenerative diseases including AD (Hoyer, 2004). Several
studies have identified insufficient glucose uptake and utilization
in the affected regions of AD brain (Pedersen et al., 1999;
Daulatzai, 2017). Insulin resistance in the brain is observed
due to defects in insulin receptors signaling (Kuljis and
Salkovic-Petrisic, 2011) and decreased levels of brain glucose
transporters, Glut1 and Glut3 (Liu et al., 2008; Szablewski,
2017) which is also observed in AD brain. Furthermore, using
postmortem AD brains, Talbot et al show that both IR and
IGF1 responsiveness and downstream signaling through these
receptors were significantly reduced in AD brains (Talbot et al.,
2012). Therefore, although insulin has several functions in the
brain, a defect in the effectors of insulin signaling pathway as

observed in peripheral insulin resistance may also be responsible
for brain insulin resistance (Candeias et al., 2012; Duarte et al.,
2012; Chen and Zhong, 2013). Hypoglycemia in AD brain leads to
decreased protein O-GlcNAcylation. Several studies have recently
associated decreased O-GlcNAcylation to the pathogenesis of
AD using both in-vitro and in-vivo experiments (Liu Y. et al.,
2009; Gong et al., 2016; Pinho et al., 2018). The common theme
that had emerged from these studies suggests that decreased
O-GlcNAcylation of beta-amyloid precursor protein (APP) and
Tau, two main culprits associated with neurodegeneration in
Alzheimer’s are associated with increased phosphorylation thus
leading to classical Aβ plaque formation and Tau aggregation
(Dias and Hart, 2007). The initial studies led by Robertson et al.
(2004) and later by Liu F. et al. (2009) showed a reciprocal
relationship between phosphorylation and O-GlcNAcylation on
Tau protein suggesting that changes in Tau glycosylation may
influence its phosphorylation state (Robertson et al., 2004). The
levels of total O-GlcNAc were found to be reduced in AD brain,
which negatively correlated with phosphorylation of Tau (Liu
F. et al., 2009). These results suggested that impaired glucose
metabolism leading to reduced O-GlcNAcylation of Tau results
in its hyperphosphorylation [3–4 folds more phosphate than
normal Tau (Liu et al., 2004)] and neurofibrillary degeneration
in AD. Similarly, APP had been found be O-GlcNAcylated
(Griffith et al., 1995) and that this plays an important role in
its processing (Jacobsen and Iverfeldt, 2011; Chun et al., 2015).
The accumulation of hydrophobic amyloid-beta (Aβ) peptide is a
hallmark feature of AD. APP is processed through two proteolytic
cleavage pathways termed as non-amyloidogenic pathway and
amyloidogenic pathway where former is favored in normal brain
whereas later pathway is found to be more active in AD brain
leading to increased formation of pathogenic Aβ peptide. A study
by Jacobsen et al showed that increasing the levels of total
O-GlcNAc through PuGNAc to inhibit the function of OGA
resulted in an increase in the level of O-GlcNAcylated APP,
with increased secretion of sAPPα and decreased Aβ secretion
(Jacobsen and Iverfeldt, 2011). Furthermore, Yuzwa et al., 2012
used a hemizygous JNPL3 tau mouse model (which express
mutant human P301L tau whose expression is roughly equivalent
to that of endogenous mouse tau and these animals undergo
progressive neurodegeneration) and showed that increasing the
levels of O-GlcNAc stabilized Tau aggregation and slowed down
neurodegeneration. Later studies further confirmed the effect of
OGA inhibition on preventing Tau aggregation and amelioration
of pathological features in mouse model of tauopathy (Graham
et al., 2014). Similarly, beneficial effect of OGA inhibition on
the Aβ plaque formation and memory impairment has been
observed in a mouse model of AD (Kim et al., 2013). Therefore,
there is a significant link between hypoglycaemia and AD
where protein O-GlcNAcylation plays an important role in the
production of toxic APP and Tau aggregation due to a decrease
in O-GlcNAcylation of these proteins (Figure 1). Recent studies
have identified several other proteins which belong to important
functional categories such as memory associated proteins,
cytoskeleton and synaptic proteins with altered O-GlcNAc levels
in the postmortem AD brain (Wang et al., 2017). Wang et al show
that among the altered O-GlcNAcylation in AD brains, proteins
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of particular interest which showed reduced O-GlcNAcylation
in AD brain are ANK3 (ankyrin-3) and SYNPO (synaptopodin)
which are involved in membrane integrity/axon polarity and
synaptic plasticity, respectively, (Wang et al., 2017). In another
recent study, using a triple transgenic mouse model of AD
(3 × Tg-AD) and using an antibody specific for O-GlcNAc
sugar to enrich all proteins O-GlcNAcylated in control and AD
brains, Tramutola et al have identified several proteins which
are important for neuronal function including structural proteins
such as α tubulin, NF-L (neurofilament light chain) and energy
metabolism such as Gapdh, Eno1, and Madh which are important
enzymes of glycolysis and Kreb cycle (Tramutola et al., 2018).

Therefore, we cannot exclude the possibility of the role played
by altered O-GlcNAcylation of these proteins as discussed above
in the pathogenesis of AD and further studies are needed to
functionally characterize the role of protein O-GlcNAcylation
in relation to phosphorylation on these proteins and their
relevance to AD.

CONCLUSION

It is clear that insulin, either through its uptake from systemic
blood circulation or through local production plays significant
roles in glucose homeostasis and energy metabolism in the
brain. Insulin resistance, as observed in case of metabolic
syndrome and T2DM or in neurodegenerative disease such
as AD plays an important role in the pathogenesis of
these diseases. Protein O-GlcNAcylation has emerged as an
important mechanism in the pathogenesis of AD. Hypoglycemia,
possibly as a result of brain insulin resistance leads to
decreased O-GlcNAcylation of APP and Tau resulting in their
hyperphosphorylation and production on toxic Aβ amyloid
and Tau aggregates which are hallmark features of AD.
Interestingly, increasing the levels of total O-GlcNAc through

highly specific inhibitor of OGA enzyme, Thiamet G has
shown promise in the treatment of AD through alleviation of
major symptoms of AD through increased O-GlcNAcylation
of APP and Tau and reduction in the production of toxic
species of these proteins in preclinical studies (Yuzwa et al.,
2012; Graham et al., 2014; Hastings et al., 2017). Recent
studies have also identified several other proteins with defect in
O-GlcNAcylation in AD brain involved in neuronal structure,
energy metabolism and insulin signaling. Based on these
results, although Thiamet G is considered a potential candidate
to be used in the treatment of AD and is likely to be
soon in clinics (Figure 1). However, other mechanisms of
impaired insulin signaling cascade such as IRS1 and GSK-3
phosphorylation in the pathogenesis of AD as well as other
cellular processes need further investigation for development
of more effective therapeutic strategy for this devastating
neurodegenerative disease.
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Obesity is known to induce leptin and insulin resistance. Leptin is a peptide hormone
synthesized in adipose tissue that mainly regulates food intake. It has been shown that
insulin stimulates the production of leptin when adipocytes are exposed to glucose to
encourage satiety; while leptin, via a negative feedback, decreases the insulin release
and enhances tissue sensitivity to it, leading to glucose uptake for energy utilization or
storage. Therefore, resistance to insulin is closely related to leptin resistance. Obesity in
middle age has also been related to Alzheimer’s disease (AD). In recent years, the relation
between impaired leptin signaling pathway and the onset of AD has been studied. In
all this context the role of the blood brain barrier (BBB) is crucial. Slow excitotoxicity
happens in AD due to an excess of the neurotransmitter glutamate. Since leptin has
been shown to regulate N-methyl-D-aspartate (NMDA) receptors, we want to review
the link between these pathological pathways, and how they are affected by other AD
triggering factors and its role in the onset of AD.

Keywords: leptin-resistance, dementia, overweight, excitotoxicity, LTP

INTRODUCTION

In the last years obesity has changed from a mere aesthetic problem to become into a serious
health problem worldwide. Nowadays it is considered by medical authorities as a genuine epidemic,
consuming enormous technical, human, and economic resources. Obesity and also overweight
affect near than 300 million people from child to elderly, and it is not related with the development
level of the country (World Health Organization [WHO], 2003). Moreover, research has shown
that obese children are more likely to be overweight or obese as adults (Sahoo et al., 2015).
The growing incidence caused by a change in eating habits, by an increased consumption of fat
and also by a substantial reduction in physical activity. This nutritional disorder implicates a
number of conditions associated with excess weight, such as heart diseases, type 2 diabetes, high
blood pressure, different types of cancer, and even neurodegeneration (Friedemann et al., 2012;
Odegaard and Chawla, 2013; Hotamisligil, 2017). All these chronic pathologies associated with
obesity, englobe the main causes of death and also monopolize 80% of healthcare expense (The
World Health Organization [WHO], 2019).

Frontiers in Neuroscience | www.frontiersin.org 1 May 2019 | Volume 13 | Article 50834

https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://doi.org/10.3389/fnins.2019.00508
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnins.2019.00508
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2019.00508&domain=pdf&date_stamp=2019-05-22
https://www.frontiersin.org/articles/10.3389/fnins.2019.00508/full
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-00508 May 22, 2019 Time: 14:21 # 2

Lloret et al. Obesity and AD Risk

The body mass index (BMI) is the most widely used method
to classify a person in relation to his/her weight. In adults a
BMI of 18.5 to 24.9 stands for a healthy, normal weight, while
a value between 25 and 29.9 means is considered overweight.
From values from 30 to 39.9 implies you are obese and from 40
to above means you are severely obese. A BMI lower than 18.5 is
considered underweight and may indicate an eating disorder or
malnutrition. However, BMI is not representative of overweight
in the case of people with high percentage of muscle mass. In
these population a high BMI would not indicate excess of fat.
Perhaps a more accurate method to assess excess fat is waist
circumference, which can be used as an additional measure in
people who are overweight or moderately obese. Usually, men
with a waist circumference of 94 cm (37 in) or more and women
with a waist circumference of 80 cm (31.5 in) or more are in risk
of obesity-related diseases.

In the last 15 years, obesity and dementia risk have been
related (Whitmer et al., 2005). An increase in adipose tissue could
promote a decrease in the blood flow to the brain, leading to
vascular injury. In fact, obesity is related to changes in cerebral
vascularization, because perivascular adipose tissue is not found
around the cerebral arteries (Dorrance et al., 2014). A decrease in
blood flow to the brain causes ischemia in vulnerable brain areas.
The most sensitive areas, specifically vulnerable, are neurons
located in the hippocampal regions CA1, CA3, and CA4, portions
of the caudate nucleus, cerebellum, and layers III, V, VI of the
neocortex (Payabvash et al., 2011). The hippocampal areas, due
to its high baseline metabolic activity, are extremely susceptible
to reduced oxygen and glucose intake and it is believed that it
can be one of the causes of increased memory loss (Kivipelto
et al., 2005). Chronic peripheral inflammation caused by the
release of adipokines as leptin and other cytokines, may spread
to the brain and the neuroinflammation is linked to a decrease in
the brain white matter, leading to impair neuronal connections
(Arnoldussen et al., 2014; Kiliaan et al., 2014). Moreover,
neuroinflammation could be triggered by an imbalance in the
gut microbiota due to the consumption of diets high in fats and
sugars (Solas et al., 2017), which could provoke an alteration in
the “gut-brain axis.”

In this review, we are going to discuss the role of the cytokine
leptin in brain function and specially in the memory decline
associated with Alzheimer’s disease (AD).

LEPTIN AND ITS ROLE IN THE BRAIN

Leptin was discovered in Zhang et al. (1994) by Friedman and co-
workers using modern molecular biology tools such as positional
cloning. After cloning the ob gene in mice and its homolog
in humans, the gene product was purified and called leptin
(Maffei et al., 1995). Leptin is a hormone mainly produced by
adipose tissue which is released to the bloodstream and circulates
throughout the body proportionally to the body fat mass
(Friedman and Halaas, 1998). Moreover, leptin is expressed either
in subcutaneous and visceral adipose tissue (Lieb et al., 2009),
and also in placenta, skeletal muscle, ovaries, mammary epithelial
cells, (Margetic et al., 2002), or even in the gastrointestinal tract

with both endocrine and exocrine actions (Cammisotto et al.,
2005). Leptin can be found into the bloodstream either associated
to binding proteins or in a free, bioactive form (Sinha et al.,
1996). Obese individuals show a higher proportion of the free
circulating leptin form and in contrast, in lean subjects leptin
circulates mainly bound to its soluble receptor (Sinha et al., 1996).
This is in line with the fact that one of the functions attributed
to leptin is to regulate food intake and energy expenditure.
When adipose tissue decreases plasma leptin levels also decrease,
and when adipose tissue increases leptin levels increase and
suppresses appetite (Maffei et al., 1995). But we know today that
the functions of leptin are many others: it is a growth factor, a
permissive factor for puberty, controls metabolism and immune
system and is also implicated in memory (Margetic et al., 2002;
Kelesidis et al., 2010; McGregor and Harvey, 2018a). All these
effects are mediated by binding to specific leptin receptors (LepR)
expressed in the central nervous system (CNS) as well as in
peripheral tissues.

The LepR has six different isoforms: five of them (LepRa,
LepRc, LepRd, LepRf, and LepRb) show transmembrane domain,
whereas LepRe only presents an extracellular domain and acts
as a soluble receptor. LepRb is the long form of the receptor
while the others isoforms are shorter (Chua et al., 1997; Tartaglia,
1997; Cui et al., 2017). LepRs are widely expressed all along the
body, but focusing in the brain, both short and long isoforms
are broadly expressed. LepR is found in the hypothalamus
(specifically, in the arcuate, ventromedial, paraventricular, and
ventral premammillary nuclei) but LepRs are also present in
other areas primarily non-associated with energy balance such as
the neocortex, hippocampus, thalamus, leptomeninges, choroid
plexus (Mercer et al., 1996; Fei et al., 1997; De Matteis and Cinti,
1998), entorhinal cortex, amygdala, and rostral medulla (Savioz
et al., 1997; Burguera et al., 2000).

LEPTIN AND OBESITY

To reach the CNS, leptin crosses the blood-brain barrier (BBB)
through a saturable transport system (Banks et al., 1996). Brain
microvessels express short leptin receptors which bind and
internalize leptin (Karlsson et al., 1997; Bjørbaek et al., 1998).
It has been proposed that leptin enters via cerebrospinal fluid
(CSF) from plasma because the choroid plexus contains many
leptin receptors (Schwartz et al., 1996; Golden et al., 1997). In
the hypothalamus, a very specific type of cell, the tanycyte has a
remarkable role conducting leptin. Tanycytes are ependymal cells
located in the third ventricle and also in the floor of the fourth
ventricle. They have cellular extensions that communicate deep
into the hypothalamus, and thank to these cellular prolongations,
the leptin is conducted to its target areas through transcytosis
(Balland et al., 2014). When leptin binds to its receptor it
activates several signaling cascades such as the Janus tyrosine
kinase 2 (JAK2), the signal transducer activator of transcription
3 (STAT3), the phosphatidylinositol 3-kinase (PI3 kinase), and
the AKT pathways (Flak and Myers, 2016) that culminates
in the modification of neurons releasing three hormone-
derived peptides: neuropeptide Y (NPY), pro-opiomelanocortin
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(POMC), and agouti-related peptide (AgRP). If the amount of
NPY and AgRP, are increased, it leads to increased food intake
but the activation of the POMC triggers factors (mainly the
α-melanocyte–stimulating hormone) that inhibit food intake
(Varela and Horvath, 2012). The administration of leptin
increases POMC mRNA expression, and inhibits NPY and AgRP
mRNAs translation (Elias et al., 1999; Balland and Cowley, 2015).

Nevertheless, we have a hormone that is central in the
regulation of food intake and glucose levels control, and of
course, we are referring to insulin. An increase in the level
of circulating insulin produced by its prandial release from
endogenous stores is associated with the state of satiety. Given
this fact, the relation of leptin and insulin is a point to discuss. As,
Kahn and Flier (2000) propose, leptin has an insulin-sensitizing
effect after both an acute or a chronic administration. This could
happen because LepRs are present in pancreatic β-cells (Pallett
et al., 1997; Amitani et al., 2013) and when leptin binds to them, it
is able to inhibit insulin synthesis and release to the bloodstream.
On the contrary, insulin stimulates leptin secretion from adipose
tissue closing the feedback loop. In this line, Kulkarni et al. (1997)
show that leptin administration lowers insulin secretion in vivo
not only in mice but also in isolated human islets. Making tissues
more sensitive to insulin, leptin causes glucose uptake for energy
utilization, or storage.

Given that insulin resistance happens in obesity, the role
of leptin in obesity etiology and pathophysiology is worth to
discuss. In obese subjects, levels of leptin increase in plasma
compared to lean subjects. This is, probably, a physiological
response to reduce food intake, and also aims to use all the
energy derived from the lipid metabolism (Myers et al., 2010).
However, what actually happens is that obese subjects show
resistance to leptin actions over time. In this line, leptin resistance
is associated with both increased circulating levels of leptin and
also with inability of exogenous leptin to decrease body fat
or food intake (Myers, 2015). Actually, augmented circulating
levels of leptin in obesity caused hypothalamic leptin resistance,
reducing the anorexigenic and energy expenditure signals and
aggravating obesity (Waterson and Horvath, 2015). The cause
of leptin resistance is not well elucidated, but it seems to have
its origin in a defect in the transport of leptin across the BBB,
maybe in deficits involving intracellular signaling mechanisms
downstream of leptin receptor or even in development alterations
(Banks, 2004; Myers et al., 2008; Farr et al., 2015).

OBESITY AND RISK OF ALZHEIMER’S
DISEASE

Alzheimer’s disease (AD) is the most common form of
dementia. It is characterized by two main lesions in the
brain: senile plaques, predominantly formed by amyloid-beta
(Aβ) peptide and neurofibrillary tangles, mainly compound by
hyperphosphorylated tau protein (p-tau). Aβ is product of the
processed of the amyloid precursor protein (APP) by β- and
γ-secretase enzymes (Mattson, 2004; Patterson et al., 2008).
The first symptom of the disease is episodic memory loss
associated with hippocampal affectation. But some pathological

modifications related to obesity, such as neuroinflammation,
insulin resistance, or mitochondrial dysfunction, also occur in
AD pathological progression (O’Brien et al., 2017).

The number of studies relating an increase in fat body mass
and the risk of suffer AD has increased in the last years. However,
the results are controversial and many times inconclusive. It
seems that it is important to differentiate between mid-life and
late-life overweight (Xu et al., 2011). Specifically, obesity in
midlife and a weight loss in the preclinical phase characterizes
dementia (Singh-Manoux et al., 2018). In fact, in a recent
meta-analysis of 21 studies, the authors conclude that obesity
below the age of 65 years (midlife obesity) correlates with the
incident of dementia, but not the late-life obesity (over 65 years)
(Pedditizi et al., 2016). Very recently, Kivimäki et al. (2018)
analyzed 1,349,857 people from 39 different cohorts with BMI
data assessed at baseline. The authors find that 20 years before
dementia diagnosis, higher BMI is associated with increased
dementia risk in mid-life. Moreover, they describe that this risk
is reversed in late-life and a higher BMI could even be protective
(Kivimäki et al., 2018).

Furthermore, a meta-analysis of 15 prospective studies
including more than 72000 participants used BMI measures and
the authors found that both underweight and obese are related
to an increase risk of AD but only in mid-life; high BMI in
late-life was not associated with any dementia (Anstey et al.,
2011). Moreover, the authors conclude that underweight could
be a useful marker for identifying mild cognitive impairment
(MCI) subjects at increased risk to convert to AD (Joo et al.,
2018). Another very large retrospective cohort study with two
million people analyzed, concludes that underweight in both
middle and old age increases the risk of dementia over two
decades (Qizilbash et al., 2015), although this study is not focused
specifically in AD. In spite of these publications, the hypothesis
that being overweight in mid-life is linked to dementia in late-life
seems to be widely accepted by scientific community. A recent
analysis explains that the duration of the preclinical weight loss
phase could be a negative confounding parameter and a plausible
explanation of this paradox (Pegueroles et al., 2018).

THE ROLE OF LEPTIN IN AD

Since obesity and dementia were related, many studies tried to
find a link between brain leptin activity and AD development.
In this line, Bonda et al. (2014) show that leptin is increased in
the CSF and also in the hippocampus of AD patients, but leptin
receptor mRNA is decreased within degenerating neurons and
this could suggest a novel neuronal leptin resistance in AD. On
the other hand, Maioli et al. (2015) show no changes in leptin
concentration in CSF, but LepR also diminishes in post-mortem
brains of AD patients, confirming that leptin resistance occurs.
LepR decreased expression related to age, is also shown in an
animal model of AD (King et al., 2018).

Brain leptin resistance is proposed as part of the
neurodegenerative process. Leptin has both neurotrophic
and neuroprotective properties therefore, leptin signaling deficits
may lead to susceptibility to AD-related neurotoxic conditions.
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In fact, leptin is able to modify the levels of Aβ peptide by
limiting its production in neurons via reducing β-secretase
activity (Fewlass et al., 2004; Marwarha et al., 2010). Likewise,
leptin protects hippocampal neurons in primary cell culture
from Aβ derived insults such as oxidative stress (Martins
et al., 2013). Moreover, leptin enhances the removal of Aβ by
promoting its clearance and degradation and activating the
insulin degrading enzyme (Patterson et al., 2008). Furthermore,
in neurons treated with Aβ, leptin prevents glycogen synthase
kinase 3β (GSK3β) activation (Greco et al., 2009; Marwarha
et al., 2010; Martins et al., 2013). This is very significant for AD
pathogenesis since GSK3β is a kinase of tau and is implicated in
the formation of neurofibrillary tangles. Besides, development
of leptin resistance is linked with higher tau pathology in
transgenic mouse models of AD suggesting that a defect in

LepR-mediated signaling cascade could increase p-tau levels
(Platt et al., 2016).

An important target of leptin action is the hippocampus,
where it has a role in synaptic plasticity process, in memory
preservation, and has pro-cognitive effects (Harvey, 2007, 2013).
All these effects seem to be mediated by modulating glutamate
receptors: the ionotropic α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate
(NMDA). These receptors are involved in long-term potentiation
(LTP) and in long-term depression (LTD). Leptin enhances LTP
and decreases LTD, increasing the efficacy of excitatory synaptic
transmission (Shanley et al., 2001; Wayner et al., 2004; Moult
and Harvey, 2011; McGregor and Harvey, 2018b; McGregor
et al., 2018). Moreover, leptin resistance is determinant for
hippocampal dysfunction (Mainardi et al., 2017). In AD models,

FIGURE 1 | Schematic overview of the relationship between leptin and increased risk of Alzheimer’s Disease. Leptin is neuroprotective in AD by inhibiting LTD,
GSK3β, oxidative stress, and β-secretase activity and by inducing LTP and Aβ degradation. When a leptin-resistance takes place due to middle-age obesity, AD risk
is increased.

FIGURE 2 | Relationship between middle-age obesity, glutamate excitotoxicity and increased risk of Alzheimer’s disease. In normal conditions, NMDA signaling and
leptin receptor signal merge, exerting neuroprotective effects on cells. On the other hand, leptin resistance impairs this pathway. Moreover, Aβ causes an increase of
glutamate levels and this leads to a dysfunction in extrasynaptic NMDAR, a decrease in LTP and mitochondrial alterations.
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leptin prevents the anomalous effects of Aβ on hippocampal
LTP and LTD, restoring normal hippocampal synaptic function
(Doherty et al., 2013), and also increasing the synaptic density
and rescuing memory deficits (Perez-Gonzalez et al., 2014).

Taken together, the studies described above indicate that
brain leptin resistance could be central in AD pathophysiology,
including the regulation of glutamatergic connections
involved in hippocampal LTP and LTD. A schematic view is
shown in Figure 1.

GLUTAMATE, OBESITY AND AD ARE
LINKED VIA LEPTIN-RESISTANCE

Mild cognitive impairment and AD patients show an increase
in plasma glutamate and glutamine (Miulli et al., 1993;
Trushina et al., 2013). This increment is also reflected in
brain, since some studies identify an increase in glutamate
and glutamine levels in CSF from AD (Pomara et al.,
1992; Jimenez-Jimenez et al., 1998; Kaiser et al., 2010;
Madeira et al., 2018) and from MCI patients (D’Aniello
et al., 2005). If this increase comes directly from the arise
in the peripheral levels of glutamate and glutamine or if
it is an indirect phenomenon is not yet known in AD.
Curiously, glutamine levels increase in hippocampus from
mice fed with a high-fat diet during 6 months (Lizarbe
et al., 2019). Moreover, the BBB is disrupted in early phases
of the disease and the consequences of this disruption in
the amino acid transport are not yet studied in depth
(Montagne et al., 2017). In any case, a slow excitotoxicity
is shown in AD and this consist of an overexcitation of
NMDA receptors by glutamate (Beal, 1992; Ong et al.,
2013). Glutamate overexcite the NMDA receptors in a tonic
manner and a good evidence of this, is that memantine,
an uncompetitive NMDA receptor antagonist, is a well-
established treatment of AD (Parsons et al., 2007). In fact,
Aβ causes the increase of glutamate (Fuchsberger et al., 2016)
and the intraneuronal Ca2+ levels (Kuchibhotla et al., 2008).
A pathological signaling cascade is triggered, involving an
increase of Cdk5-p35 levels, a decrease of Cdh1 and finally
glutaminase increase, causing a positive feedback loop of
excitotoxicity (Fuchsberger et al., 2016). Interestingly, Cdk5-
p35 also modulates signaling induced by leptin (He et al.,
2009). Cdk5-p35 causes SOCS3 activation, a negative feedback
regulator which inhibits leptin-induced signal transduction and
causes leptin resistance (He et al., 2009). So, the excess of
glutamate levels can cause a cascade of events that also induce
leptin-resistance.

Interestingly, in AD the aforementioned overactivation is
produced in extrasynaptic NMDA receptors rather than in
synaptic NMDA receptors (Zhang et al., 2016). Overstimulation
of synaptic NMDA receptors is considered neuroprotective
and in contrast, the overstimulation of extrasynaptic NMDA

receptors induces tau hyperphosphorylation (Sun et al., 2016)
and cell death (Hardingham and Bading, 2010). In fact,
memantine blocks preferentially extrasynaptic over synaptic
NMDA receptors (Xia et al., 2010) as part of its action as
AD treatment. NR2-A is a subunit mainly present in synaptic
NMDA receptors and it has shown that leptin mediates
neuroprotection activating them (O’Malley et al., 2007), and
this is critical for the induction of LTP and LTD (Muller
et al., 2009). When leptin binds to its receptor, activates
JAK2, which in turn promotes the activation of STAT3, and
then, PI3K-Akt signaling pathways are induced. Activation
of synaptic NR2A-containing NMDARs by glutamate also
induces the PI3K-dependent pathway (Lee et al., 2002), so
both common signals are highly potentiated. The signal
cascade will induce AMPA exocytosis and LTP (Moult et al.,
2010) but also neuronal survival by promoting expression
of mitochondrial antioxidant enzymes and anti-apoptotic
proteins such as Bcl-xl (Guo et al., 2008), and by inhibiting
Foxo (Al-Mubarak et al., 2009) and GSK3β (Greco et al.,
2009). In contrast, in AD extrasynaptic NMDA receptors are
overstimulated and this leads to neuronal death. Extrasynaptic
NMDAR induces the pro-apoptotic transcription factor Foxo
(Dick and Bading, 2010) and also mitotoxicity. The consequences
are mitochondrial calcium sustained increase, compromised
ATP production and mitochondrial dysregulation finally
inducing cell death (Bading, 2017). A global scheme is
shown in Figure 2.

CONCLUSION

Leptin is a hormone secreted by adipose tissue that matters for
the correct functioning of the brain, including the memory, and
learning processes in the hippocampus. Leptin is neuroprotective
and increase LTP, potentiating the activity of synaptic NMDA
receptors of glutamate. We discussed how in AD both leptin
resistance, LTP dysfunction, and also an increase in glutamate
happen. For all this, obesity in middle-age could be considered
as a risk factor to develop AD in the elderly.
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In Alzheimer’s disease (AD), both cholesterol and glucose dysmetabolism precede
the onset of memory deficit and contribute to the disease’s progression. It is indeed
now believed that oxidized cholesterol in the form of oxysterols and altered glucose
uptake are the main triggers in AD affecting production and clearance of Aβ, and
tau phosphorylation. However, only a few studies highlight the relationship between
them, suggesting the importance of further extensive studies on this topic. Recently,
a molecular link was demonstrated between cholesterol oxidative metabolism and
glucose uptake in the brain. In particular, 27-hydroxycholesterol, a key linker between
hypercholesterolemia and the increased AD risk, is considered a biomarker for reduced
glucose metabolism. In fact, its excess increases the activity of the renin-angiotensin
system in the brain, thus reducing insulin-mediated glucose uptake, which has a major
impact on brain functioning. Despite this important evidence regarding the role of 27-
hydroxycholesterol in regulating glucose uptake by neurons, the involvement of other
cholesterol oxidation products that have been clearly demonstrated to be key players in
AD cannot be ruled out. This review highlights the current understanding of the potential
role of cholesterol and glucose dysmetabolism in AD progression, and the bidirectional
crosstalk between these two phenomena.

Keywords: Alzheimer’s disease, cholesterol metabolism, oxysterols, glucose metabolism, insulin resistance,
renin-angiotensin system

Abbreviations: α-EPOX, 5α,6α-epoxycholesterol; β-EPOX, 5β,6β-epoxycholesterol; 24-OHC, 24-hydroxycholesterol;
25-OHC, 25-hydroxycholesterol; 27-OHC, 27-hydroxycholesterol; 7α-OHC, 7α-hydroxycholesterol; 7β-OHC,
7β-hydroxycholesterol; 7Hoca, 7α-hydroxy-3-oxo-4-cholestenoic acid; 7-KC, 7-ketocholesterol; Aβ, amyloid β; ABC,
ATP-binding cassette; ACE, angiotensin I-converting enzyme; Acetyl-CoA, acetyl coenzyme A; AD, Alzheimer’s disease;
Ang, angiotensin; AP, aminopeptidase; ApoE, apolipoprotein E; BBB, blood-brain barrier; BVR-A, biliverdin reductase A;
CH25H, cholesterol 25-hydroxylase; CSF, cerebrospinal fluid; CYP27A1, cholesterol 27-hydroxylase; CYP46A1, cholesterol
24-hydroxylase; CYP7A1, cholesterol 7α-hydroxylase; CYP7B1, oxysterol 7α-hydroxylase; GLUT, glucose transporter;
GPR91, G-protein-coupled receptor 91; GSK3β, glycogen synthase kinase 3β; HDL, high density lipoprotein; HFD, high fat
diet; HMG-CoA, 3-hydroxy-3-methylglutaryl-coenzyme A; HO-1, heme oxygenase 1; HSD3B7, 3β-hydroxy-C27-steroid
dehydrogenase/isomerase; IR, insulin resistance; IRAP, insulin-regulated aminopeptidase; IRS, insulin receptor substrate;
LDLR, low density lipoprotein receptor; LRP, LDL receptor-like protein; LXR, liver X receptor; MAPK, mitogen-activated
protein kinase; NFT, neurofibrillary tangle; PI3K, phosphoinositide 3-kinase; PPARγ, peroxisome proliferator-activated
receptor γ; RAS, renin-angiotensin system; SREBP, sterol-regulatory element-binding protein.
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INTRODUCTION

Several events in the brain contribute to AD development,
including neuroinflammation, oxidative stress, Aβ toxicity,
NFT formation, mitochondrial dysfunction, defective insulin
signaling, decreased glucose utilization, and dysregulated
cholesterol homeostasis. Deficiency in insulin signaling and IR,
together with alteration in glucose and cholesterol metabolism,
may lead to the occurrence of neuronal dysfunction and
death and, consequently, to dementia. However, the molecular
mechanisms involved in AD development are not completely
clear, especially as regards the interaction between the different
aspects of this pathology.

Cholesterol is particularly important in the brain since
it is a major component of cell membranes, thus altered
cholesterol metabolism may contribute to AD development
(Gamba et al., 2015). Insulin is another important regulator
of brain function. It affects neuronal synaptic function and
plasticity, and glucose/cholesterol metabolism in the brain
(Najem et al., 2014). Substantial glucose is required during
memory processing especially in the hippocampus (McNay et al.,
2001) and several neurodegenerative diseases are characterized
by glucose hypometabolism (Teune et al., 2010). During AD
progression, glucose dysmetabolism precedes the onset of
memory deficit and it is speculated to predict the disease
progression (Nordberg et al., 2010).

Both brain cholesterol and glucose dysmetabolism are
recognized as important features of AD, affecting the production
and clearance of Aβ and tau phosphorylation, and inducing
neurodegeneration (Sato and Morishita, 2015). Recently, a
connection between these two processes has been highlighted;
however, a more integrated understanding of the interactions
between cholesterol and glucose metabolism is required in
order to develop new therapeutic strategies to counteract AD.
This review provides a brief summary of the rationale on the
bidirectional relationship between two main risk factors in AD
pathogenesis, i.e., brain cholesterol and glucose dysmetabolism
due to insulin signaling deficiency.

THE COMPLEX ROLE OF
CHOLESTEROL IN THE BRAIN

Brain Cholesterol Metabolism
The brain is the most cholesterol-rich organ, since it contains
a quarter of the whole body non-esterified cholesterol pool
(Dietschy, 2009). Cholesterol, as the main lipid component of
neuronal and glial membranes and key constituent of myelin,
plays essential roles in plasma membrane compartmentalization,
signaling, myelination, and formation and maintenance of
synapses (Petrov et al., 2017; Hussain et al., 2019).

Plasma and brain cholesterol pools are separated by
two barriers: (i) the BBB, that prevents lipoprotein-bound
cholesterol uptake from the circulation; (ii) the blood-
CSF barrier, through which plasma is ultrafiltered to form
part of the CSF. In addition, CSF interfaces the brain
interstitial fluid exchanging water, ions, and other molecules

(Johanson et al., 2011). Consequently, brain cholesterol
metabolism is independent from that of peripheral tissues,
and neurons rely on de novo-synthesized cholesterol delivery
from astrocytes.

As shown in Figure 1, cholesterol is synthesized from
Acetyl-CoA through reactions catalyzed by over 20 enzymes,
including HMG-CoA reductase. Newly synthesized cholesterol
is loaded into lipoproteins similar to HDLs, containing the
ApoE. Lipidation and secretion of ApoE are mediated by ABC
transporters, such as ABCA1 and ABCG1. Then, lipoproteins
are transported to neurons, where they are taken up by LDLRs
and LRPs. Following receptor-mediated endocytosis, ApoE is
recycled to the plasma membrane and cholesterol is used
for cell membrane turnover and repair, myelin formation,
synaptogenesis, and neurotransmitter release (Gamba et al.,
2015; Petrov et al., 2016; Liao et al., 2017). In order to maintain
brain cholesterol homeostasis, excess cholesterol is converted
into oxysterols, important metabolites deriving from cholesterol
enzymatic oxidation or auto-oxidation. Cholesterol is mainly
converted into 24-OHC by CYP46A1, a cytochrome P-450
enzyme expressed by neurons. 24-OHC flows from the brain
into the circulation across the BBB (∼99%) driven by the
concentration gradient and, then, it is excreted by the liver in
the form of bile acids (Björkhem et al., 2018; Dosch et al.,
2019); less than 1% of 24-OHC flows into the CSF (Lütjohann
et al., 1996). Brain cholesterol is also oxidized into 27-OHC
by the enzyme CYP27A1, expressed by neurons and glial cells.
In contrast to 24-OHC, most of the cerebral 27-OHC derives
from the peripheral circulation since CYP27A1 is expressed in
most of the organs and tissues (Marwarha and Ghribi, 2015). 27-
OHC is indeed one of the major oxysterols in human circulation
and its flux into the brain is likely driven by the concentration
gradient, maintained by the high rate of its brain metabolism
into 7Hoca by CYP7B1 and HSD3B7; subsequently, 7Hoca is
eliminated in the systemic circulation and in the CSF (Meaney
et al., 2007; Saeed et al., 2014; Björkhem et al., 2018). Both 24-
OHC and 27-OHC can, in turn, regulate cholesterol synthesis
and transport from glia to neurons by acting on the nuclear
LXR, that regulates the expression and synthesis of ApoE and
ABCA1/ABCG1 (Czuba et al., 2017). In addition to 24-OHC and
27-OHC, other oxysterols are present in the brain (Testa et al.,
2016). Besides enzymatic oxidation, cholesterol auto-oxidation
can be induced by different compounds, such as lipid peroxides,
free radical species, and metal cations, resulting in the formation
of various oxysterols. Among them, 7α-OHC, 7β-OHC, 7-KC,
25-OHC, α-EPOX, and β-EPOX are the most representative.
Both 7α-OHC and 25-OHC can also derive from cholesterol
enzymatic oxidation, respectively by CYP7A1 and CH25H (Leoni
and Caccia, 2013). These oxysterols flow from the brain into the
systemic circulation and vice versa, crossing the BBB (Figure 1).

The Involvement of Oxysterols in
Alzheimer’s Disease
There has been growing evidence about the involvement of
altered cholesterol metabolism in AD (Wood et al., 2014; Zarrouk
et al., 2014, 2018; Gamba et al., 2015; Testa et al., 2018a).
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FIGURE 1 | Main mechanisms involved in brain cholesterol homeostasis. α-EPOX, 5α,6α-epoxycholesterol; β-EPOX, 5β,6β-epoxycholesterol; 24-OHC,
24-hydroxycholesterol; 25-OHC, 25-hydroxycholesterol; 27-OHC, 27-hydroxycholesterol; 7α-OHC, 7α-hydroxycholesterol; 7β-OHC, 7β-hydroxycholesterol; 7Hoca,
7α-hydroxy-3-oxo-4-cholestenoic acid; 7-KC, 7-ketocholesterol; ABC, ATP-binding cassette; Acetyl-CoA, acetyl coenzyme A; ApoE, apolipoprotein E; BBB,
blood-brain barrier; Chol, cholesterol; CSF, cerebrospinal fluid; HDL, high density lipoprotein; HSD3B7, 3β-hydroxy-C27-steroid dehydrogenase/isomerase; LDLR,
low density lipoprotein receptor; LRP1, LDL receptor-like protein 1; LXR, liver X receptor; and RXR, retinoid X receptor.

The AD brain, in particular the cortex and the hippocampus, is
characterized by synaptic dysfunction, extracellular deposits of
Aβ as senile plaques, and intracellular inclusions consisting of
hyperphosphorylated tau protein as NFTs, all factors contributing
to neuronal loss (Querfurth and LaFerla, 2010).

The presence of oxysterols in the brain could be one of the
factors contributing to AD progression. It has been shown that
some oxysterols (e.g., 27-OHC, 7β-OHC, and 7-KC) significantly
increase in AD brains compared to healthy brains; in contrast,
24-OHC brain levels decrease likely due to neuronal loss
(Hascalovici et al., 2009; Testa et al., 2016).

Concerning 27-OHC, its increased flux into the brain can
be favored by hypercholesterolemia that induces oxidative
stress, thus altering BBB permeability (Heverin et al., 2004;
Dias et al., 2014). Moreover, under oxidative stress and
inflammatory conditions, brain cholesterol metabolism into
27-OHC increases because the enzyme CYP27A1 is highly

expressed by glial cells. Both these mechanisms cause the
increase of 27-OHC/24-OHC brain ratio (Marwarha and
Ghribi, 2015). 27-OHC has been observed to promote
pro-inflammatory molecule release (Testa et al., 2014), to
increase Aβ levels (Prasanthi et al., 2009; Gamba et al.,
2014), in human neuroblastoma cell lines and both Aβ

and hyperphosphorylated tau levels in rabbit organotypic
hippocampal slices (Marwarha et al., 2010). Moreover, 27-
OHC has been recently demonstrated to impact on lysosomal
membrane permeabilization and pyroptosis in co-cultured
SH-SY5Y and C6 cells (Chen et al., 2019). In addition, increased
Aβ plaques were found in the hippocampus of 27-OHC-treated
mice (Zhang et al., 2018), and 27-OHC has been shown to
induce synaptic dysfunction and to impair neuron morphology
(Merino-Serrais et al., 2019).

As regards 24-OHC, contrasting effects have been reported:
on the one hand it promotes neuroinflammation, Aβ peptide
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production, oxidative stress, and cell death in neuronal cell
lines (Gamba et al., 2011, 2014; Yamanaka et al., 2011; Testa
et al., 2014); on the other hand, it has been reported to play
an important role in regulating brain cholesterol metabolism
via LXR, and to exert beneficial effects such as preventing
tau hyperphosphorylation in SK-N-BE cells, suppressing Aβ

production in SH-SY5Y cells, and regulating synaptic function
in rat hippocampal neurons and slices (Paul et al., 2013;
Urano et al., 2013; Testa et al., 2018b). These opposite
effects may depend on 24-OHC concentration, since low
concentrations (1–10 µM) seem to induce adaptive responses
and beneficial effects in neuronal cell lines as discussed by
Testa et al. (2018a).

THE INTERPLAY BETWEEN
CHOLESTEROL AND GLUCOSE
METABOLISM IN THE BRAIN

The Role of Oxysterols in Brain Insulin
Resistance
Insulin is an important regulator of brain cell function and
metabolism: it affects neuronal synaptic function and plasticity
and regulates both glucose and cholesterol metabolism. Like in
peripheral tissues, insulin signaling in the brain is mediated by the
binding of insulin to its receptor. Consequently, insulin receptor
auto-phosphorylation leads to the phosphorylation of the IRS
family, of which IRS1 is the best characterized. IRS1 activates
two important signaling pathways: the PI3K/Akt pathway
and the MAPK cascade (Akter et al., 2011). The activation
of the insulin signaling cascade leads to the translocation
of the insulin-sensitive GLUT4 to the plasma membrane to
favor glucose uptake during memory-related cognitive functions
(McEwen and Reagan, 2004).

However, the insulin-mediated glucose uptake in the brain
is not as significant as in the periphery. Indeed, brain glucose
uptake is also regulated by the cerebral RAS, which is
essential for several brain functions, such as learning, memory,
emotional responses, and processing of sensory information.
A significant reduction of RAS activity has been reported in
the AD brains (Mateos et al., 2008, 2011a,b). The downstream
peptide Ang IV binds to its receptor, known as IRAP, which
is localized in specialized vesicles containing GLUT4 within
hippocampal neurons, as well as throughout other brain
regions. This binding inhibits IRAP activity, thus preventing the
cleavage of memory-enhancing peptides, and activates GLUT4
favoring glucose uptake, thus preserving cognitive functions
(Wright and Harding, 2008).

Recently, a molecular link was demonstrated among
cholesterol metabolism, brain glucose uptake, and the brain
RAS, all of which are affected in neurodegenerative diseases.
Besides being a link between hypercholesterolemia and the
increased AD risk, 27-OHC is considered a biomarker for the
reduced brain glucose metabolism in AD since it is able to
increase brain RAS activity, thus impairing neuronal glucose
uptake (Figure 2). In particular, 27-OHC is involved in the

reduction of glucose uptake in the brain by modulating the
activity of IRAP and GLUT4. To do this, 27-OHC increases
the expression of two main factors involved in the cerebral
RAS: AP-A, which transforms Ang II into Ang III, and AP-N,
which degrades Ang IV (Ismail et al., 2017). Since Ang III and
Ang IV have opposite effects (Ang III inhibits GLUT4 and
activates IRAP and, vice versa, Ang IV activates GLUT4 and
inhibits IRAP), it can be assumed that 27-OHC excess in the
brain, as in the case of AD, may reduce brain glucose uptake
which has a major impact on brain functioning (Figure 2).
In this connection, in vivo experiments demonstrated that
intracerebroventricular injection of 10 µM 27-OHC in WT mice
significantly reduces the levels of GLUT4 and increases the levels
of AP-A, AP-N and IRAP in the hippocampus. Moreover, a
decrease in GLUT4 levels and an enhancement in IRAP levels
were observed in cortical and hippocampal primary neurons
treated with 1 µM 27-OHC (Ismail et al., 2017). The activation
of IRAP by 27-OHC causes the cleavage of neuropeptides
and thus contributes to memory deterioration (Lew et al.,
2003). These results are supported by the fact that CYP27A1
overexpressing mice show decreased glucose metabolism and
memory deficit (Ismail et al., 2017). In vitro experiments also
demonstrated that treatments of rat primary neurons, astrocytes,
and human neuroblastoma cells with 1–10 µM 27-OHC
stimulate the production of angiotensinogen, the precursor of
Ang I. Moreover, in AD the activity of ACE correlates with
27-OHC levels both in plasma and CSF (Mateos et al., 2011a),
although ACE levels have been shown to be reduced in the CSF
(Miners et al., 2009).

Several effects exerted by 27-OHC on brain RAS have been
observed to be mediated by LXRβ, since 27-OHC is a good
LXR ligand (Ismail et al., 2017). However, besides 27-OHC,
other oxysterols have been identified as endogenous ligands
for LXR, including 24S-OHC (Nagy et al., 2012). In fact, both
24S-OHC and 27-OHC regulate the brain RAS in primary
neurons and astrocytes through a LXR-dependent mechanism, by
upregulating angiotensinogen, ACE and Ang II type 1 receptors,
all involved in neuronal plasticity, learning, and memory (Mateos
et al., 2011b). In addition to LXRβ, also LXRα regulates glucose
uptake since the LXRα binding site has been found in the GLUT4
promoter (Dalen et al., 2003).

In addition, the expression of GLUT4, together with the
expression of other genes involved in glucose metabolism control,
may be regulated by PPARγ (Komers and Vrána, 1998). This
nuclear receptor is also involved in the increase of LRP1, a
member of the LDL receptor family involved in cholesterol
metabolism but also in AD pathogenesis (Shinohara et al., 2017).
LRP1 participates in Aβ uptake and metabolism, and in amyloid
precursor protein trafficking (Xue-Shan et al., 2016). Moreover,
LRP1 is strongly associated to IR because it is involved in the
insulin receptor trafficking and intracellular signaling, as well
as in glucose uptake in several tissues, but mainly in the brain
(Actis Dato and Chiabrando, 2018). In this regard, neuronal
LRP1 deficiency leads to a reduced insulin receptor localization
in the plasma membrane, an impaired insulin signaling, and
decreased glucose uptake due to the lack of GLUT3 and GLUT4
(Liu C.C. et al., 2015).
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FIGURE 2 | Effects of oxysterols on RAS- and insulin-dependent glucose uptake. 24-OHC, 24-hydroxycholesterol; 27-OHC, 27-hydroxycholesterol; ACE,
angiotensin I-converting enzyme; Ang, angiotensin; AP, aminopeptidase; BBB, blood-brain barrier; Chol, cholesterol; GLUT, glucose transporter; GPR91,
G-protein-coupled receptor 91; IR, insulin resistance; IRAP, insulin-regulated aminopeptidase; IRS, insulin receptor substrate; and PI3K, phosphoinositide 3-kinase.

Both the nuclear receptors PPARγ and LXRs are also
implicated in the regulation of lipid metabolism. In this context,
CYP27A1 gene expression, regulated by PPARγ and LXR
signaling, results in increased levels of 27-OHC, which in turn
up-regulates PPARγ and LXR-dependent processes (Szanto et al.,
2004; An et al., 2017). Moreover, an oxysterol mixture compatible
with that detectable in human hypercholesterolemic plasma, but
not unoxidized cholesterol, has been shown to upregulate PPARγ

(Leonarduzzi et al., 2010). In addition, oxidized derivatives of
fatty acids, such as 9- and 13-hydroxyoctadecadienoic acid,
both oxidized LDL components, activate PPARγ in macrophages
(Nagy et al., 2012). Furthermore, macrophage-specific PPARγ

knockout mice easily develop diet-induced obesity, glucose
intolerance and IR (Hevener et al., 2007; Odegaard et al., 2007).

Brain IR is defined as the inadequate response to insulin
by target cells and it has been considered a key feature in AD
development since it is highly related to tau pathology. IR is,
indeed, associated with higher tau levels in the CSF (Starks et al.,
2015), and CSF tau predicts changes in brain glucose metabolism

(Dowling et al., 2015). It has been observed that in the AD
brain there are lower levels of insulin and of insulin receptors,
resulting in reduced PI3K/Akt signaling (Schubert et al., 2003,
2004) and GSK3β activation, responsible for NFT formation
(Doble and Woodgett, 2003).

A direct crosstalk between high glucose levels induced by
IR and RAS has been highlighted in kidneys. In particular,
hyperglycemia induced by IR modulates RAS by leading to
renin release through the binding of succinate to its receptor
GPR91 (Peti-Peterdi et al., 2008); vice versa, RAS contributes
to IR because Ang II impairs insulin signaling through IRS1 or
PI3K/Akt inhibition, as shown in Figure 2 (Andreozzi et al.,
2004). At present there is no evidence that this regulatory
network exists also in the brain, but it has been demonstrated that
27-OHC and 24-OHC interfere in the brain’s insulin-dependent
glucose uptake through RAS.

The role of the HO-1/BVR-A system in the occurrence
of IR in the brain, in particular in AD, is gaining attention
(Barone and Butterfield, 2015).
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The enzyme HO-1 is markedly overexpressed in cortical and
hippocampal neurons and astroglia, and colocalizes with senile
plaques and NFTs (Schipper et al., 1995). The upregulation of
HO-1, in particular by the astrocytic compartment, may confer
cytoprotection by enhancing the break-down of prooxidant heme
to the radical scavenging biliverdin and bilirubin. However,
under certain conditions, heme-derived iron and CO may
exacerbate intracellular oxidative stress by provoking free radical
generation within mitochondria and other subcellular organelles.
The interplay between brain HO-1 and cholesterol homeostasis
may have important implications in the pathogenesis of AD.
In this connection, it has been demonstrated that HO-1 levels
increase in the AD brain in parallel with the increased levels
of oxysterols; indeed, HO-1 overexpression suppresses total
cholesterol levels by favoring LXR-mediated cholesterol efflux,
and enhances oxysterol formation (Vaya and Schipper, 2007;
Hascalovici et al., 2014).

Brain IR may be due to increased phosphorylation of IRS1
on specific residues. In this connection, BVR-A is the kinase
that phosphorylates and inhibits IRS1, consequently inhibiting
the insulin signaling. For this reason, BVR-A is considered a
novel mediator of IR. Interestingly, oxidative stress affects BVR-
A function resulting in the impairment of the insulin signaling in
AD subjects (Barone et al., 2011, 2016).

The Impact of High Fat Diet-Induced
Hypercholesterolemia on Brain Insulin
Resistance
As one of the most cholesterol-rich organs, brain cholesterol
homeostasis is tightly regulated; however, there is growing
evidence that the brain lipid profile may be modified by HFD-
induced hypercholesterolemia (Czuba et al., 2017).

In this connection, in AD and aging animal models it has
been observed that HFD induces cognitive decline (Pancani
et al., 2013; Knight et al., 2014). Long-term exposure to
HFD results in the increase of plasma cholesterol and, most
importantly, disturbs brain cholesterol homeostasis leading to
Aβ accumulation, hyperphosphorylation of tau, and neuronal
death (Vance, 2006). Moreover, the HFD triggers astrocytic
activation in the murine hippocampi and increases the expression
of proteins involved in cholesterol transport across brain cell
membranes, such as ApoE, thus HFD has a great impact on brain
cholesterol homeostasis (Chen et al., 2016). Reactive astrocytes
release various inflammatory mediators, that can promote senile
plaque and NFT formation that, in turn, contribute to the redox
imbalance and inflammation. Cholesterol fed rabbits exhibit
high levels of both reactive oxygen species and antioxidant
enzyme HO-1 in the brain, and the increment of HO-1 correlates
well with oxysterol levels (Hascalovici et al., 2014). It has
also been shown that the brain levels of 27-OHC, transported
from the systemic circulation, increased in high cholesterol fed
rabbits, thus leading to neurodegeneration in the hippocampus
(Brooks et al., 2017).

Besides the increased risk of AD induced by HFD because
of brain cholesterol dysmetabolism (Stapleton et al., 2008),
it has also been demonstrated that HFD induces hepatic IR

and impairment of synaptic plasticity (Liu Z. et al., 2015).
Additionally, in vivo studies demonstrated that HFD-induced
peripheral IR and apoEε4 gene variant synergistically impair
cerebral insulin signaling (Zhao et al., 2017). The influence of
HFD on the development of brain IR has been demonstrated by
the presence, in the hippocampi of HFD fed mice, of elevated
levels of phospho-IRS1 (Ser616) (Arnold et al., 2014), phospho-
Akt (Ser473), and phospho-GSK3β (Ser9) (Spinelli et al., 2017).
Both short-term diet, with very high fat content, and long-
term diet, with moderate fat, interfere with the insulin signaling
pathways and induce IR in the brain (Arnold et al., 2014).

Furthermore, few studies highlight the importance of serum
cholesterol in brain glucose uptake. Higher midlife serum
total cholesterol levels are associated, in humans, with lower
metabolic glucose rate in brain areas affected by AD, such as
precuneus, parietotemporal, and prefrontal regions, but also
in frontal regions that are commonly affected by normal
aging (Reiman et al., 2010). Moreover, high levels of blood
cholesterol enhance RAS activity in the brain: high cholesterol
fed mice show increased levels of the precursor angiotensinogen
and of ACE (Mateos et al., 2011b). Moreover, HFD fed
mice exhibit increased IRAP catalytic activity in the brain
(Ismail et al., 2017).

Insulin Resistance Regulates Cholesterol
Metabolism in the Brain
The crosstalk between cholesterol dysmetabolism and IR
is bidirectional: not only hypercholesterolemia and altered
cholesterol homeostasis affect IR, but also IR may, conversely,
affect cholesterol metabolism; in fact, insulin can activate the
transcription factors SREBPs involved in cholesterol biosynthesis
(Suzuki et al., 2010). In addition, insulin increases cholesterol
biosynthesis in SH-SY5Y and N2a cells, by upregulating 24-
dehydrocholesterol reductase, and HMG-CoA reductase through
SREBP2, whereas Aβ-induced IR leads to dysregulation of
cholesterol homeostasis (Najem et al., 2016). Moreover, insulin-
deficient diabetes leads to a reduced cholesterol synthesis in
the brain due to lower expression of SREBP2 and of its
downstream genes in the hypothalamus and in other brain
regions, resulting in altered synaptic formation, and function
(Suzuki et al., 2010, 2013). Conversely, cholesterol depletion
in GT1-7 hypothalamic neuron-derived cells contributes to IR,
alters autophagy, and enhances apoptosis induced by cytotoxic
stress (Fukui et al., 2015).

CONCLUSION

Disruption of cholesterol and glucose metabolism are key players
in AD onset and progression, however, the crosstalk between
these two phenomena is not yet clear. Despite the important
evidence regarding the role of certain oxysterols in regulating
glucose uptake by neurons, it would be crucial to deepen their
role in modulating the insulin signaling pathway in the brain
in order to develop new strategies aimed at preventing or
delaying AD development.
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The blood-brain barrier (BBB) mediates the communication between the periphery and
the central nervous system (CNS). Recently, CNS insulin resistance has been elucidated
to play a role in neurodegenerative disease. This has stimulated a wealth of information
on the molecular impact of insulin in the brain, particularly in the improvement of
cognition. Since the BBB regulates the transport of insulin into the brain and thus,
helps to regulate CNS levels, alterations in the BBB response to insulin could impact
CNS insulin resistance. In this review, we summarize the effect of insulin on some of the
cell types that make up the BBB, including endothelial cells, neurons, astrocytes, and
pericytes. We broadly discuss how these changes in specific cell types could ultimately
impact the BBB. We also summarize how insulin can regulate levels of the pathological
hallmarks of Alzheimer’s disease, including amyloid beta (Aβ) and tau within each cell
type. Finally, we suggest interventional approaches to overcome detrimental effects on
the BBB in regards to changes in insulin transport.

Keywords: insulin, transport, blood-brain barrier, neurovascular unit, insulin resistance

INTRODUCTION TO THE BLOOD-BRAIN BARRIER

The blood-brain barrier (BBB) is a component of the neurovascular unit (NVU) and acts as the
blood-brain interface, mediating communication between the central nervous system (CNS) and
the periphery. The BBB separates the circulation from the brain, allowing for protection from and
transport regulation of serum factors and neurotoxins. The BBB is not just a physical barrier (due
to the presence of specialized tight junctions and other changes that prevent unregulated leakage)
but also acts more selectively as a transport interface (with specific transporters present on luminal
and abluminal membranes), a secretory body, and a metabolic barrier (containing and releasing
certain enzymes locally) (Abbott et al., 2006).

CELLS FORMING THE BLOOD-BRAIN BARRIER

We introduce the cells and structures that make up the BBB here so we can discuss insulin receptor
signaling in each of them later. For more detailed reviews of these BBB components, we refer the
reader to the following excellent reviews (Broadwell, 1989; Begley, 2004; Neuwelt et al., 2008; Banks,
2016; Sweeney et al., 2019). It is important to keep in mind that the BBB is not the same in all
regions throughout the brain. Therefore, observations in one brain region or subregion might not
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persist in another. The same will hold true for insulin
signaling and insulin transport. The diameter of blood vessels
and composition of the BBB can change depending on the
requirements of the region and the type of blood vessel (i.e.,
arterioles to capillaries to venules). We do not discuss other
components of the NVU including the extracellular matrix,
vascular smooth muscle cells, and other glia cells due to
limited available information on insulin signaling. However, with
growing interest in CNS insulin signaling and the impact both
centrally and peripherally, we expect further research endeavors
exploring these other components of the NVU.

Brain Endothelial Cells
The first line of defense against circulating factors for the brain
is a monolayer of brain endothelial cells which are connected
to one another by tight junctions and adherens junctions (Tietz
and Engelhardt, 2015). These endothelial cells are different
from peripheral endothelial cells in that they express tight
junction proteins, creating a stronger barrier, and have decreased
pinocytosis, restricting vesicle-mediated transcellular transport
and transporters (Reese and Karnovsky, 1967). They make up the
largest surface area at the blood-CNS interface. With this large
surface area, they can readily transport proteins and molecules
into and out of the brain most efficiently. Endothelial cells
are polarized, exhibiting a luminal and abluminal side, with
different transporters and cellular machinery expressed at each
side. While this specific cell type is most often modeled as the
BBB in vitro, there are other cell types present that are a part
of the NVU or that affect BBB functions, including neurons,
astrocytes, and pericytes.

Neurons
Neurons remain close to the capillaries and connect with
astrocytic endfeet in near proximity to the BBB. Neurons are
rarely more than 8–20 µm from a brain capillary (Schlageter
et al., 1999). It is estimated that nearly each neuron has its
own capillary (Zlokovic, 2005). The close proximity to the
endothelial cells, allows neurons to respond to the ever changing
local milieu, especially in regards to ion balance. Neurons play
a role in regulating blood flow, microvascular permeability,
interact with the extracellular matrix, and can release factors
to stimulate angiogenesis (Zlokovic, 2008). Following a vascular
insult, signals from neurons and astrocytes can recruit microglia
which secrete proinflammatory cytokines (Man et al., 2007).
Neurons help tighten brain endothelial cells in culture by aiding
in tight junction protein synthesis and localization (Savettieri
et al., 2000). These data support a synergistic role for the
regulation of other cell types by neurons and highlight how
these cells communicate with one another. Indeed, the neuronal
circuitry is linked to the blood vessels by water channels
present in astrocytes.

Astrocytes
Astrocytes are the most abundant cells in the brain, providing
an environment to help regulate all aspects of neuronal function
(survival, development, metabolism, neurotransmission). They
act as metabolic sensors in the brain responding to changes

in the local environment (Garcia-Caceres et al., 2016). At the
BBB, astrocytes help provide maintenance and repair support
through release of several effector molecules (Wosik et al.,
2007; Alvarez et al., 2011; Bell et al., 2012). The astrocytic
endfeet ensheath the vascular tube and help to regulate ion
and water regulation (Abbott et al., 2006). Aquaporin-4 is an
astroglial water channel that regulates perivascular fluid and
solute movement through the glymphatic system, a unique
exchange between perivascular cerebrospinal fluid (CSF) and
interstitial fluid present in the CNS (Iliff et al., 2012; Nedergaard,
2013; Mestre et al., 2018). Using this system, the brain can
regulate fluid flow throughout the CNS and aid in clearance
of toxins. In addition, the connection between neurons and
blood vessels allows astrocytes to relay signals regarding blood
flow (Hamilton and Attwell, 2010) as well as controlling brain
water content (Zlokovic, 2008). Of the approximately 11 distinct
phenotypes of astrocytes, 8 are involved in interactions with
blood vessels (Reichenbach and Wolburg, 2005; Abbott et al.,
2006). Astrocytes and endothelial cells have a symbiotic relation.
Astrocytes secrete a range of chemical factors, including various
growth factors that induce aspects of the BBB phenotype in
endothelial cells in vitro and likely in vivo while endothelial
cells aid in astrocytic differentiation (Mi et al., 2001; Lee
et al., 2003; Abbott et al., 2006). Astrocytic end feet are
polarized and guided to cerebral vessel walls by pericytes
(Armulik et al., 2010).

Pericytes
Pericytes sit on the abluminal surface of the endothelial cell
and are embedded in the vascular basement membrane and
are physically connected to brain endothelial cells by way
of gap junctions and peg and socket arrangements (Miller
and Sims, 1986). Pericytes help to maintain and stabilize the
monolayer of brain endothelial cells by regulating angiogenesis
and depositing extracellular matrix. Pericytes are essential for
development of tight junctions, including in the development
of barrier functions in utero (Daneman et al., 2010; Hayden
et al., 2013). In addition, there is cross talk from the brain
endothelial cell to the pericyte on pericyte proliferation and
migration. CNS pericytes also have distinct properties from
their peripheral counterparts. The endothelial:pericyte ratio is
much greater in the CNS, estimated to be about 4:1 in mice
(Bonkowski et al., 2011), compared to other tissues which
have just one pericyte per 100 endothelial cells (Shepro and
Morel, 1993). Pericytes can regulate blood flow in response
to neural activity (Armulik et al., 2010; Daneman and Prat,
2015) suggesting an important role in mediating vascular tone
and highlighting the neural communication necessary for this
particular function.

These cell types (brain endothelial cells, neurons, astrocytes,
and pericytes) communicate with one another to not only help
form the BBB but also to regulate its structure and function. As
touched on above, these cells can communicate with secretory
factors in addition to changes in fluid movement and water
channels. Interruptions in signaling within one cell type could
have detrimental effects in all cell types. For example, pericyte
loss has been shown to occur in some animal models of
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peripheral insulin resistance (Price et al., 2012; Salameh et al.,
2016; Warmke et al., 2016) and are one of the first cell types
of the BBB to degenerate in Alzheimer’s disease (Sengillo et al.,
2013). Loss of pericytes can lead to BBB breakdown, causing a
dysfunction in the transport regulation of blood-to-brain and
brain-to-blood factors. Pericyte loss accelerates development
of Alzheimer’s disease pathology including amyloid beta (Aβ)
deposition, tau pathology, and neuronal loss (Sagare et al., 2013).
In the next section, we will describe the role of the insulin
receptor in each of these cell types and speculate how insulin
resistance in one cell type might adversely affect some of the
other BBB cell types.

INSULIN SIGNALING WITHIN CELLS OF
THE BLOOD-BRAIN BARRIER

There is not a cell type in the CNS that we are aware
of that does not express the insulin receptor. In mice, the
expression of the insulin receptor gene is most abundant in
endothelial cells, about two times greater than astrocytes, with
neurons falling in close behind in terms of RNA expression
levels1 (Zhang et al., 2014). This same expression pattern was
not observed in samples from human tissue (Zhang et al.,
2016). Instead, expression of the insulin receptor is more
evenly distributed between the cell types. Insulin interacts
with receptors on neurons and glial cells (Unger et al., 1989),
endothelial cells (Konishi et al., 2017; Rhea et al., 2018), and
pericytes (Sweeney et al., 2016) to elicit various physiological
effects, some of which are highlighted in Figure 1. The
insulin receptor exists in two isoforms, an A and B form,
due to differences in splicing of the α subunit, resulting in
different binding affinities to insulin and insulin-like growth

1http://www.brainrnaseq.org/

factor (Belfiore et al., 2017). However, until recently, the
ability to detect these two isoforms by immunological methods
in vivo in different cell types has been a challenge. With
the advances in single cell RNA sequencing (Ofengeim et al.,
2017) and a novel in situ RT-PCR/FISH assay (Spencer et al.,
2018), we expect a growth in the knowledge of expression
pattern of these isoforms and alterations in human disease
within specific cell types and regional variations. The insulin
receptor can also form heterodimers with the IGF-1 receptor
and can have varying post-translational modifications leading
to further diversity of insulin action (Wozniak et al., 1993;
Chiu and Cline, 2010).

Figure 1 summarizes the role of the insulin receptor on
each BBB cell type discussed in this review. Various groups
have utilized Cre-loxP-mediated recombination (Gu et al.,
1994) to generate cell specific knock-out models of the insulin
receptor to investigate the impact of disrupted insulin signaling.
We have included a table listing the studies generating and
utilizing some of these CNS insulin receptor knock-out models
(Table 1). This section describes the importance of the insulin
receptor in components of the BBB from research generated
primarily in these knock-out mice with a focus not only
on organization of the BBB but also on Alzheimer’s disease
pathology and cognition.

Brain Endothelial Cell
Mice lacking the insulin receptor on vascular endothelial cells
(VENIRKO) were first generated in Vicent et al. (2003). The
original study introducing these mice investigated the role of
the endothelial cell in regulating vascular tone and peripheral
insulin resistance. Cerebrovascular microvessels and endothelial
cells from the lungs were isolated and cultured to measure
the effectiveness of the knock-out (which resulted in 95–97%
decrease in mRNA levels). Abnormal architecture of capillary
integrity could not be detected in brain (Vicent et al., 2003).

FIGURE 1 | Summary of the role of insulin receptor signaling in various cells of the BBB. Cell types are listed here with the role of insulin receptor signaling listed in
bullet points. Insulin (gray circles) must first cross barrier cells in order to activate insulin receptors (gray receptor) in the CNS located on neurons, astrocytes, and
pericytes.
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TABLE 1 | Summary of the generation of CNS insulin receptor knock-out models relating to the BBB.

Cell type Model Cre driver References

Endothelial Cell VENIRKO Tie2 Vicent et al., 2003; Kondo et al., 2004

EndoIRKO Cdh5 Konishi et al., 2017; Rhea et al., 2018

Neuron NIRKO Nestin Bruning et al., 2000; Schubert et al., 2004; Kleinridders et al., 2015

nIR −/− Synapsin Freude et al., 2009; Stohr et al., 2013

Astrocyte GIRKO GFAP Garcia-Caceres et al., 2016; Cai et al., 2018

Pericyte PIR −/− PDGFRβ2 Warmke et al., 2017

These references highlight the critical work investigating the role of the insulin receptor on BBB function in addition to memory impairments in CNS insulin resistance.

Using a euglycemic-hyperinsulinemic clamp, the authors found
endothelial cell insulin receptors do not play a role in the access
of insulin to peripheral metabolically active tissues but did not
investigate brain. Loss of the endothelial insulin receptor resulted
in decreased levels of eNOS, an important regulator of vascular
tone which could affect exposure to various circulatory factors.
Indeed, the cerebrovascular response to insulin appears to be
biphasic with vasoconstriction at low doses and vasodilation at
higher doses (Katakam et al., 2009). Vascular integrity of the
BBB was later investigated in these mice (Kondo et al., 2004).
There was no disruption to Evans blue in the hemispheres or
cerebellum in VENIRKO mice compared to littermate controls.
Levels of ZO-1, a tight junction protein, were unchanged in
addition to levels of astrocytes, as measured by GFAP staining.
However, in another model of insulin receptor loss in endothelial
cells (EndoIRKO), permeability of the BBB to a 3 kDa dextran
was increased in the olfactory bulb and median eminence
compared to controls and ZO-1 was decreased by 40% in the
hypothalamus (Konishi et al., 2017). These differences between
the two models could be due to regional regulation of tight
junction proteins by the insulin receptor. Using the EndoIRKO
model, it was demonstrated insulin receptors on brain endothelial
cells control the kinetics of insulin signaling in certain regions
of the brain, such as the hippocampus and hypothalamus, but
not the olfactory bulb (Konishi et al., 2017). Decreased binding
of insulin was observed in the frontal cortex endothelium of
EndoIRKO mice. The results from these two models suggests
the insulin receptor in endothelial cells has a regional effect
in relaying insulin signaling to other cell types in addition
to maintaining the BBB structure by regulating tight junction
protein expression.

In addition to the genetically modified mouse models,
some groups have utilized a selective inhibitor of the insulin
receptor, S961, in vitro to investigate the role of the brain
endothelial cell insulin receptor. This inhibitor has high affinity
and selectivity, especially over the IGF-1 receptor (Schaffer
et al., 2008). Insulin binding was decreased with S961 treatment
(Hersom et al., 2018) and insulin-induced phosphorylation
of Akt was decreased with S961 treatment (Gray et al.,
2017; Hersom et al., 2018). It was also shown that while
the downstream insulin receptor signaling mediator PI3K was
inhibited, insulin uptake was not altered (Gray et al., 2017).
On the other hand, high-fat diet decreased insulin uptake, yet
insulin receptor signaling was unaltered (Gray et al., 2017). These
data suggest a disconnect between insulin receptor signaling

and insulin transport across the endothelial cell which we
will discuss later.

Impaired brain clearance of Aβ across the BBB is thought to
be part of the contribution of Alzheimer’s disease pathogenesis.
Insulin can regulate Aβ trafficking at the BBB in both
the luminal-to-abluminal and abluminal-to-luminal directions
(Vandal et al., 2014; Swaminathan et al., 2018). Systemic
insulin increased Aβ40 plasma clearance and transport from
blood-to-brain but decreased Aβ42 (Swaminathan et al., 2018).
On the other hand, brain Aβ40 BBB clearance is decreased
while Aβ42, the more toxic and amyloidogenic form, is
increased after insulin treatment. If insulin is administered
intracerebroventricularly, Aβ40 clearance is inhibited (Shiiki
et al., 2004). Therefore, it is important to consider the effects
of insulin at the BBB when administered luminally versus
abluminally. The impact of insulin on Aβ transport at the BBB
has also been investigated in obese mice in the triple-transgenic
model of Alzheimer’s disease (3xTg-AD) (Vandal et al., 2014).
An acute intravenous injection of insulin (5 min before sacrifice)
restored cortical soluble Aβ40 and Aβ42 back to the level of
3xTg-Ad mice fed a control diet. There was a concomitant
increase in plasma Aβ following insulin injection. In two
separate human studies, it was found plasma Aβ42 levels
increased following insulin administration (Kulstad et al., 2006;
Karczewska-Kupczewska et al., 2013). These studies suggest BBB
clearance is likely the process by which insulin decreases brain
Aβ levels. Based on the density of the cerebravasculature
throughout the brain, it is possible that Aβ can be excreted rapidly
out of the brain with the widespread network of capillaries,
venules and veins.

Neurons
Insulin signaling in the CNS is important for promoting neuronal
survival and regulating key processes involved in learning and
memory (synapse density, plasticity, and connectivity). Insulin in
the brain is more closely linked to its ancestral roles by acting
more as a growth factor rather than acting as a metabolite to
regulate glucose uptake as occurs in the periphery (Banks et al.,
2012). Peripheral injection of 1 mU insulin increased cerebral
insulin signaling within 5 min, which was localized to the plasma
membrane of a subset of neurons (Freude et al., 2005).

Mice lacking the insulin receptor specifically in the brain
(NIRKO) were generated in Bruning et al. (2000). NIRKO mice
have a 95% reduction in total insulin receptor expression in brain
with no detectable change in peripheral tissues such as skeletal
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muscle, heart, and liver. The loss of the insulin receptor leads
to impaired peripheral metabolism as the mice aged. NIRKO
mice exhibit decreased dopamine signaling and impairments in
mitochondrial function (Kleinridders et al., 2015). In Xenopus
tadpoles, loss of the insulin receptor specifically in tectal
neurons reduces synapse density, decreases activation, and alters
morphology (Chiu et al., 2008).

Young and aged NIRKO mice do not have memory
impairments compared to age-matched controls (Schubert et al.,
2004). In addition, the insulin receptor was not required for
neuronal survival in vivo (Bruning et al., 2000). While this data
is not in line with other reports on the mechanism of insulin in
the CNS to promote neuronal survival and play a role in memory,
it is likely compensation has occurred due to complete loss of
the insulin receptor throughout the brain for the entire life of
the animal, as previously suggested (Grillo et al., 2015). If the
insulin receptor is downregulated specifically in the hippocampus
of adult rats using a lentivirus, long-term memory is impaired
(Grillo et al., 2015). It is important to note that there were no
metabolic or endocrine changes with specific knock-down in the
hippocampus despite prior work by this group showing metabolic
changes when targeted to the hypothalamus (Grillo et al., 2007).
These differences when the insulin receptor is targeted in specific
regions highlight the need to further investigate the role of the
insulin receptor in a regional context.

Loss of the insulin receptor increases phosphorylation of tau,
suggesting CNS insulin resistance could lead to an increase in
this pathological mediator of Alzheimer’s disease. In addition,
the insulin stimulated phosphorylation of tau was at a site
demonstrated to form tangles (Kimura et al., 1996). This effect
of insulin on tau phosphorylation seems to be time dependent
based on studies in vitro (Lesort et al., 1999; Lesort and Johnson,
2000). Tau phosphorylation was completely abolished in NIRKO
mice (Schubert et al., 2004). These data show that insulin receptor
signaling can impact tau phosphorylation given the right time
and environment.

While numerous groups have shown insulin can affect tau
phosphorylation, there are fewer studies suggesting tau can
regulate insulin signaling. Insulin accumulates intraneuronally
together with hyperphosphorylated tau in Alzheimer’s disease
(Rodriguez-Rodriguez et al., 2017). Tau pathology triggers
insulin accumulation and oligomerization. Inhibition of tau
phosphorylation using okadaic acid decreased insulin receptor
expression levels in neurons, and this was dependent on the
presence of extracellular insulin. In addition, neurons with
increased tau hyperphosphorylation have enhanced insulin
uptake (Rodriguez-Rodriguez et al., 2017).

Primary neuronal cultures with dysfunctional insulin receptor
(transfected with kinase dead insulin receptor) have increased
levels of Aβ oligomers and exacerbated aggregation (Zhao et al.,
2009). It is thought that stimulation of the insulin receptor
in neurons activates insulin degrading enzyme (IDE), reducing
the risk of Aβ buildup. Indeed, activation of insulin receptor
signaling enhances IDE expression in neurons (Zhao et al.,
2004). Insulin can protect cultured rat hippocampal neurons
from Aβ-induced toxicity (Takadera et al., 1993). In addition, Aβ

competes with insulin in binding the insulin receptor, decreasing

the phosphorylation and thus, activity of the insulin receptor
(Xie et al., 2002). Because these studies were completed with
purified components (i.e., insulin receptor isolated from plasma
membranes, insulin, and Aβ), it was only later shown by Rensink
et al. (2004) in vitro that insulin interacted with Aβ directly
to limit membrane binding and fibril formation (see pericyte
section). In addition, Aβ oligomers have been shown to lead
to the removal of insulin receptors from the membranes of
neuronal processes (Zhao et al., 2008; De Felice et al., 2009).
Neuronal specific knockout of the insulin receptor using a
synapsin-1 Cre driver reduced Aβ (1–40 and 1–42) accumulation
in the Tg2576 Alzheimer’s disease mouse model (Stohr et al.,
2013). IDE preferentially degrades insulin over Aβ (Qiu et al.,
1998) suggesting levels of insulin can regulate levels of Aβ.
Lastly, gene expression of amyloid processing genes, such as
APP and PSEN1/2, have varying degrees of correlation with
expression levels of the insulin receptor and IRS1 within the
brain and are considered “co-expressed” genes that share similar
spatial expression patterns (Diehl et al., 2017). These results
greatly support the interaction of insulin, the insulin receptor,
and Aβ within neurons linking changes in CNS insulin with
the development of AD pathology. However, it is still unclear
whether disrupted insulin receptor signaling leads to alterations
in Aβ clearance and degradation or whether Aβ accumulation
leads to disruptions in insulin receptor signaling.

Astrocytes
Primary human astrocytes express the insulin receptor and
downstream signaling mediators and are responsive to insulin
by altering glycogen synthesis and cell proliferation (Heni et al.,
2011). Astrocytes can respond to insulin concentrations as low
as 1 nM, concentrations that are commonly exceeded in the
blood of healthy humans following feeding. These data suggest
that even if CSF insulin levels are low, astrocytes might be
exposed to comparable blood levels due to their close contact
with blood vessels. Specifically in astrocytes, insulin receptor
gene expression increases with age in the mouse (Clarke et al.,
2018). By 9.5 months in mice, levels have reached their highest
in the cortex and striatum. Interestingly, it is not until the age
of 2 years that mouse hippocampal astrocytes reach their peak in
insulin receptor gene expression. Astrocytes are one type of brain
cell that have the ability to proliferate in adults. Astrocyte cell
numbers increase after addition of insulin to the culture medium
but high glucose inhibits astrocyte proliferation (Li et al., 2018).
Astrocytes predominantly express the insulin receptor-B isoform
(Garwood et al., 2015).

While the loss of insulin receptor signaling in neurons
has been studied for decades, the loss in astrocytes has only
recently begun to be investigated. Astrocyte insulin receptor
knock-out mice (GIRKO) have been generated recently (Garcia-
Caceres et al., 2016; Cai et al., 2018). Insulin receptor levels
in astrocytes were decreased by about 50–70% (Garcia-Caceres
et al., 2016; Cai et al., 2018). Postnatal loss of the insulin
receptor in astrocytes affects morphology, circuit connectivity,
and mitochondrial function (Garcia-Caceres et al., 2016). Insulin
signaling in astrocytes also plays a role in potentiating release
of dopamine and ATP (Cai et al., 2018). In an insulin-deficient
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mouse model of diabetes, astrocytes retract at the BBB (Salameh
et al., 2016). This ultimately leads to a disruption of the BBB, both
structurally and via permeability to sucrose. BBB permeability
in models lacking the astrocytic insulin receptor has not been
investigated. The loss of the insulin receptor reduces activation
of neurons by glucose, which ultimately alters glucose transport
across the BBB (Garcia-Caceres et al., 2016). GIRKO mice have
decreased expression of GLUT1 and shifts fuel preference of
astrocytes from glucose to lipids. GLUT1 is more abundantly
expressed in astrocytes compared to brain endothelial cells
(Simpson et al., 1999). Decreased GLUT1 due to loss of astrocyte
insulin receptor likely decreases glucose transport across the
BBB. Alterations in GLUT1 expression at the BBB is associated
with Alzheimer’s disease (Winkler et al., 2015). Astrocytes are a
major source of apolipoprotein E (apoE) in the brain (Kim et al.,
2009). The secretion of apoE4 from astrocytes led to impaired
barrier function in vitro (Nishitsuji et al., 2011) which has been
implicated in Alzheimer’s disease. Loss of the insulin receptor
increased apoE expression by approximately 40% in astrocytes
(Cai et al., 2018). This data suggests insulin can regulate
multiple aspects of astrocyte function, which can ultimately affect
neuronal plasticity and activity in the brain.

In humans, systemically administered insulin can increase
CSF Aβ42 levels (Watson and Craft, 2003). It is possible the
aquaporin-4 water channels present in astrocytes can aid in the
insulin-dependent BBB clearance of CNS Aβ levels either through
BBB clearance or by increasing CSF turnover to shuttle Aβ out
through the glymphatic system (Vandal et al., 2015). Loss of the
insulin receptor present in astrocytes or impairment in insulin
response could weaken this clearance.

Pericytes
Human pericytes express the insulin receptor (James and Cotlier,
1983) yet the alpha subunit is undetectable in cultured human
brain pericytes (Rensink et al., 2004). Insulin does not stimulate
glucose uptake in cultured human brain pericytes (Rensink et al.,
2004) or retinal capillary pericytes (Mandarino et al., 1994). It
has also been shown that cell proliferation is enhanced more in
pericytes due to insulin exposure compared to endothelial cells
(King et al., 1983). Most studies investigating the role of the
insulin receptor in pericytes have been done on cells isolated
from bovine retinal capillaries (Escudero et al., 2017). Insulin can
induce hyperpolarization of pericytes through calcium sensitive
potassium channels (Berweck et al., 1993). Pericyte insulin
signaling reduces endothelial cell death (Kobayashi and Puro,
2007). Pericyte-derived media, but not astrocyte-derived media,
was able to increase the insulin stimulated phosphorylation of
Akt and insulin receptor in a hypothalamic neuronal cell line,
suggesting pericytes can increase insulin sensitivity in these
neurons (Takahashi et al., 2015).

A mouse model with a pericyte specific knockout of the insulin
receptor was used to investigate the role of insulin signaling in
retinal angiogenesis (Warmke et al., 2017). Early on (postnatal
day 5), retinas are hypervascularized in the knockout mice,
which did not persist into adulthood. Alternatively, while pericyte
coverage was similar between controls and knock-outs at this
age, pericyte levels were reduced by 20% in the adult retinal

vasculature. Changes in insulin signaling, pericyte function, or
BBB changes were not reported in this abstract. In addition,
PDGFRβ2, a marker commonly used for pericyte specificity, is
expressed in other mural cells including vascular smooth muscle
cells which would delete the insulin receptor in these cells as well.

Insulin can protect primary human brain pericytes from the
toxic nature of Aβ (Rensink et al., 2004). Insulin inhibits Aβ

fibril formation, binding of Aβ to the cell surface, and potentially
interacts with Aβ itself (Rensink et al., 2004). Therefore, the
protective effects of insulin in Alzheimer’s disease could be due
to pericyte protection from Aβ toxicity.

Even though the loss of the insulin receptor in specific
cell types of the NVU has not been exhaustively investigated
within the last two decades, there is still much to learn from
these various models. For example, it is largely unknown what
combinatorial effects might occur due to the loss of the insulin
receptor in multiple cell types. Second, it is largely unknown
how the loss of the insulin receptor in one cell type impacts
another cell type. The use of the novel ex vivo technique
utilizing BBB organoids (Bergmann et al., 2018) in addition
to in vitro co-culture experiments could help answer some of
these questions about basic interactions. Third, the regional
effect of the insulin receptor has hardly been studied. More
studies utilizing targeted knock-down of the insulin receptor
should be performed in order to better understand the specific
role of the insulin receptor in regions dedicated to different
processes. Another way to get at this question would be to
utilize optogenetics to inhibit the insulin receptor in certain
sub-populations of cell types to determine the downstream
impact. Fourth, as a recent study suggests that 25% of the neurons
present in the adult human frontal cortex does not express the
insulin receptor (Spencer et al., 2018), it will be important to also
understand why insulin receptor signaling might not be necessary
in this rather large subset of cells. Lastly, something that has
not really been touched on here but is important to consider is
the location of the insulin receptor within the cell types. It has
been shown in cultured hippocampal neurons that the insulin
receptor is present primarily in the postsynaptic density (Abbott
et al., 1999), suggesting a role for insulin receptor signaling
in mediating communication between neurons. However, the
localization of the insulin receptor in other cell types in other
regions has largely been uninvestigated. The molecular impact of
the insulin receptor present within these cell types of the BBB
is gaining great interest, likely due to the link in CNS insulin
resistance and Alzheimer’s disease.

INSULIN TRANSPORT AT THE BBB

Investigators have been examining the transport of insulin into
the brain since 1954 when it was observed that minimal amounts
of radioactively labeled insulin appeared in brain tissue following
intravenous or subcutaneous injection (Haugaard et al., 1954). It
was later more definitively shown that serum insulin appeared in
CSF in dogs following insulin infusion (Margolis and Altszuler,
1967). Intravenously administered insulin is detected in brain
within 1 min (Banks and Kastin, 1998; Banks et al., 1999).
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Transport of insulin across the BBB has been validated many
times using various techniques including perfusions (Schwartz
et al., 1991), species-specific immunoassays (Banks et al., 1997c),
and state-of-the art kinetic analyses (Banks et al., 1997a). The
transporter for insulin at the BBB is not static but rather a
dynamic protein regulated by the current physiological state of
the body. In fact, during a time in which the brain is developing
the greatest, the neonatal period, insulin transport across the BBB
and binding to the brain endothelial cells is increased compared
to weanling and adult periods (Frank et al., 1985). CSF and
brain insulin levels are also significantly greater in the neonatal
period. Insulin binding to brain capillaries is highest in the
newborn rabbits compared to adults suggesting the presence of
higher levels of insulin binding sites (Frank et al., 1985). These
discrepancies between neonates and adults is likely due to the
mitogenic nature of insulin action in the CNS rather than the
metabolic role. Other physiological regulators of insulin transport
that relate to insulin resistance are discussed in the next section.

We also know the rate of transport of insulin BBB transport
varies between brain regions based on requirement. Insulin
transport is not flow dependent like glucose. For some time now,
it has been thought the insulin receptor present on the brain
endothelial cell mediates this transport. This concept has some
validity to it as regions in which insulin receptor expression
is greatest, such as the olfactory bulb (Schulingkamp et al.,
2000; Ghasemi et al., 2013), transport is greatest (Banks et al.,
1999; Rhea et al., 2018). However, what is not necessarily taken
into consideration is the amount of insulin receptor present on
neurons, astrocytes, pericytes, and other CNS cell types in these
brain regions versus the levels present on brain endothelial cells.
With the increasing use of single-cell RNA sequencing, we are
beginning to learn more about the expression pattern of the
insulin receptor in different CNS cell types (Zhang et al., 2014)
and will further be able to identify regional differences between
the cell types. In addition, variable cerebral blood circulation,
diverse capillary density in the brain, or other factors, such as
expression levels of insulin transport protein mediators could also
drive the regional transport differences. Studies using in vitro
transport models (Gray et al., 2017), capillary binding assays
(Frank et al., 1985; King and Johnson, 1985), and in vivo static
measurements of transport (Meijer et al., 2016) suggest the
insulin receptor is responsible for physically transporting insulin
across the brain endothelial cell and into the brain. However,
we have recently shown using dynamic, pharmacokinetic in vivo
techniques in a mouse model lacking the insulin receptor in brain
endothelial cells and use of pharmacological inhibition of the
insulin receptor, insulin transport across the BBB is unchanged
(Rhea et al., 2018). It was also confirmed by a separate group
using primary brain endothelial cells and capillaries from bovine,
rat, and mouse that inhibition of the insulin receptor did not
affect transport (Hersom et al., 2018). Regional expression of the
insulin transporter could be responsible for the regional transport
differences. The rationale that the insulin transporter is separate
from the insulin receptor is not far-fetched. An important
signaling peptide such as insulin should have a protein that it
can bind to and elicit an internal signaling cascade in addition to
having another protein that can transport this signaling peptide

to other areas necessary for signaling (Figure 2). In addition,
these separate proteins should be able to be regulated differently,
depending on the physiological necessity at any given time.
For example, insulin receptor signaling in the brain endothelial
cell relays a signal to neurons (Konishi et al., 2017) which we
know has multiple effects on growth and survival. In addition,
insulin signaling in endothelial cells is a vasoregulator (Vicent
et al., 2003). Since endothelial cells create a barrier to other
cells within organs, it can be speculated these cells would also
contain a transporter to independently get insulin to other cell
types in order to act physiologically there. Insulin transport is not
related to amino acid transport, the p-glycoprotein system, a slow
calcium channel, alpha-adrenergic action, or growth hormone,
somatostatin, glucagon, or leptin transport (Frank et al., 1985;
Banks et al., 1997a; Banks, 2001; Yu et al., 2006). Excess IGF-1
can inhibit the transport of insulin across the BBB, suggesting
competitive transport (Yu et al., 2006). However, this study used
about a 220-fold excess amount of IGF-1 so the physiological
relevance on insulin transport is still unclear. Based on the lack
of competitive inhibition with most substrates tested and the data
showing changes in insulin transport under various physiological
conditions, it is likely that the insulin transporter is rather specific
for insulin but is regulated in an allosteric manner.

CONDITIONS WITH ALTERED INSULIN
BBB TRANSPORT

While the molecular mediators regulating insulin transport
across the BBB are not exactly clear, there are specific conditions
and factors that are known to alter the transport rate, total
amount, and level of endothelial binding of insulin at the BBB
(Banks, 2004). However, since the year of that review (2004),
the impact of other factors on BBB insulin transport have been
investigated. Estrogen does not impact the transport of insulin
into the CSF (May et al., 2016a), while the gastrointestinal
hormone cholecystokinin (CCK) increases transport (May et al.,
2016b). Other conditions and factors including starvation
(Urayama and Banks, 2008), triglycerides (Urayama and Banks,
2008), and nitric oxide (Banks et al., 2008) have also been
investigated and will be discussed below with the conditions
related to insulin resistance (Figure 3).

Obesity and Diabetes
Nearly 2 months of high-fat diet feeding in dogs led to an
approximate 60% decrease in insulin BBB transport that was
inversely proportional to body weight (Kaiyala et al., 2000).
Levels of brain insulin were also decreased in obese Zucker
rats compared to lean counterparts (Baskin et al., 1985). In
addition to overall decreases in brain insulin levels in obese
models, it has been shown the transport rate of insulin across
the BBB is about half that in obese mice compared to lean mice
(Urayama and Banks, 2008). This study also showed starvation
(72 h) of obese mice can lead to an increase in transport.
However, these changes in transport were eliminated when
the contribution of serum factors was removed. This suggests
the effect of obesity on insulin BBB transport is mediated by
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FIGURE 2 | Schematic of insulin transport versus insulin receptor signaling at the BBB. Insulin binds the insulin receptor where the complex is internalized via
endocytosis. Insulin activates the receptor, triggering a signaling cascade before insulin then dissociates from the receptor. The receptor is then recycled to the
membrane for subsequent signaling. The insulin transporter is responsible for delivering insulin from the blood to the brain, navigating across the brain endothelial
cell. This has been demonstrated in only the luminal to abluminal direction suggesting a modification of the insulin transporter that prevents binding on the abluminal
surface.

FIGURE 3 | Conditions and factors that regulate insulin transport across the BBB. Brain endothelial cells (center white) separate the blood from the brain and make
up the BBB. Insulin (gray circle) is transported across the BBB by a carrier-mediated system. Diabetes, triglycerides, and inflammation are known enhancers of
insulin transport. Obesity, fasting, and aging/Alzheimer’s disease attenuate this transport.

changes in circulating factors, one of which is the triglyceride
triolein. Triglycerides increase insulin BBB transport, can cross
the BBB, and can induce CNS insulin receptor resistance
(Urayama and Banks, 2008; Banks et al., 2018). These data show
how a peripheral condition such as obesity can have detrimental
effects on CNS insulin signaling.

Contrary to obesity, diabetes mellitus increases BBB insulin
transport and endothelial insulin binding, correlating with the
onset of diabetes (Banks et al., 1997b). This occurred independent
of changes in leptin transport (which share similarities with
insulin). Also opposite of obesity, the enhanced transport of
insulin across the BBB in the streptozotocin-model of diabetes
was not due to changes in serum factors. Instead, there is likely
molecular reorganization of the insulin transport system at the
BBB due to diabetes. A steady increase in serum glucose following
a glucose bolus does not increase the uptake of insulin by the
brain but does increase insulin binding to the endothelium

(Banks et al., 1997b). These data suggest glucose does not
necessarily affect insulin BBB transport but rather can affect
interaction with the brain endothelial cell insulin receptor.

Diabetes can also alter the overall structure and function of the
BBB. In streptozotocin-treated mice, insulin increases cerebral
microvessel expression of tight junction proteins including
occludin, claudin-5, and ZO-1 (Sun et al., 2015). Again, this
data supports the role of insulin in regulating tight junction
protein expression, similar to the data observed in the EndoIRKO
mice (Konishi et al., 2017). Expression of the transport protein
lipoprotein receptor-related protein 1 (LRP1) is downregulated
in mouse brain capillaries (Hong et al., 2009) and CSF LRP1
is increased in type 1 diabetic patients (Ouwens et al., 2014),
suggesting insulin may regulate CNS LRP1. Indeed, insulin
treatment in an immortalized human brain endothelial cell line
increased plasma membrane LRP1 expression but not total cell
expression, suggesting a role for insulin in LRP1 translocation
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(Swaminathan et al., 2018). LRP1 is an important functional
regulator within the brain endothelial cell and interacts with
multiple substrates, including Aβ, aiding in clearance of this
peptide from the CNS. This is one hypothesis as to why people
with diabetes are at a higher risk for developing Alzheimer’s
disease. LRP1 is also downregulated due to inflammation (Jaeger
et al., 2009). Diabetes and obesity can increase inflammation
and serum inflammatory mediators, which can have an adverse
effect on the BBB.

Inflammation has been shown to have multiple detrimental
effects on BBB structure and function. This topic has
been extensively reviewed elsewhere (Erickson and Banks,
2018; Van Dyken and Lacoste, 2018). Inflammation due to
lipopolysaccharide (LPS) administration enhances insulin BBB
transport by up to 2–3 fold (Xaio et al., 2001). Nitric oxide
is a signaling molecule in inflammation, released by nitric
oxide synthase. Nitric oxide isoenzymes can regulate insulin
transport across the BBB under LPS inflammation (Banks et al.,
2008). Transcytosis and paracellular transport is increased due
to inflammation. Inflammation leads to decreased expression
levels of the tight junction proteins claudin-5, ZO-1, and
occludin. P-glycoprotein, LRP1, and amino acid transporters
are also downregulated (Jaeger et al., 2009; Erickson et al., 2012;
Ransohoff et al., 2015) while TNF-alpha and Aβ transporters
are increased (Jaeger et al., 2009; Varatharaj and Galea, 2017).
Proteins responsible for improving transport of immune cells
are also increased (Van Dyken and Lacoste, 2018). It is difficult
to tease apart the contribution of inflammation, glucose, and
changes in hormone levels on BBB permeability in diabetes
and obesity. In addition, it is still unclear what the molecular
mediators are either at the brain endothelial cell or other cell
types of the BBB that alter insulin BBB transport in these
various conditions.

Aging and Alzheimer’s Disease
Due to the data supporting a role for CNS insulin resistance
in Alzheimer’s disease, efforts have been made to investigate
the transport of insulin in Alzheimer’s disease compared to
‘healthy’ aging. While there was no difference in the rate of
insulin BBB transport in an aged non-transgenic Alzheimer’s
disease mouse model (SAMP8) compared to young ones, the
level of reversible binding at the endothelium was increased
regionally (Banks et al., 2000). While this has not been
shown molecularly, the level of binding could be considered
as a marker for the amount of insulin receptor present.
However, in a different mouse model of Alzheimer’s disease
(APP/PS1), insulin BBB transport rate is significantly increased
in specific brain regions including the hippocampus compared
to a wild-type mouse (Poduslo et al., 2001). This could be
due to the Aβ interactions with insulin as noted above,
as the APP/PS1 mice have higher levels of Aβ that are
more fibrillating (and hence more toxic) than the SAMP8.
A comparative study utilizing different mouse models of
Alzheimer’s disease investigating the transport rate of insulin
across the BBB will help us determine what factors might
control the rate of transport due to various Alzheimer’s
disease pathologies.

There is no disruption of the BBB to serum albumin either in
aged SAMP8 mice (Banks et al., 2000) or in APP/PS1 mice that
have substantial Aβ levels in the plasma and brain (Poduslo et al.,
2001). Instead, there was increased binding of serum albumin,
suggestive of a thickened basement membrane. Whether or not
BBB breakdown occurs in patients with Alzheimer’s disease is
still controversial. A lack of BBB permeability to imaging tracers
has been shown in a limited number of subjects (Friedland
et al., 1983; Schlageter et al., 1987; Caserta et al., 1998) while
others have suggested BBB breakdown precedes pathological
hallmarks of Alzheimer’s disease (Nation et al., 2019). The
discrepancies reported in the literature could be due to multiple
factors including technique used, level of cognitive impairment,
or sensitivity of detection.

Patients with Alzheimer’s disease have increased plasma
insulin levels, decreased CSF insulin levels, and thus a reduced
CSF-to-plasma insulin ratio (Craft et al., 1998). This suggests in
Alzheimer’s disease in humans that insulin BBB transport might
be impaired. It has also been shown brain insulin levels and
insulin receptor levels and signaling are decreased in Alzheimer’s
disease (Frolich et al., 1998; Talbot et al., 2012). The insulin
immunoreactivity was localized primarily to pyramidal neurons
and not glial and endothelial cells. There were also decreases
in the insulin receptor expression due to age in the frontal
and parietal cortex while expression of the IGF-1 receptor was
unchanged suggesting a specific susceptibility.

THERAPIES TO INCREASE BBB INSULIN
TRANSPORT AND CNS INSULIN LEVELS

In this review, we have summarized the detrimental effects of
altered insulin signaling within specific cell types at the BBB.
However, many of these detrimental effects are due to decreased
exposure to insulin and hence insulin BBB transport. Therefore,
if CNS insulin can be increased, some of these detrimental effects
could be overcome. Alternative routes to increase CNS insulin
has recently been reviewed by our group in detail (Rhea et al.,
2019). We have highlighted here a couple of therapies that are the
most translational to increase CNS insulin levels.

Intranasal
Intranasal insulin can improve memory in young, healthy adults
(Benedict et al., 2004), people with mild cognitive impairment
and Alzheimer’s disease (Reger et al., 2008a,b), and in mouse
models of Alzheimer’s disease (Salameh et al., 2015; Mao et al.,
2016). When insulin is delivered intranasally, it reaches most
brain regions in both young and aged wild-type and SAMP8
mice (Salameh et al., 2015; Rhea et al., 2017). This therapy has
been shown to improve parts of insulin receptor signaling in the
forebrain (Chen et al., 2014) and hippocampus (Mao et al., 2016).
It is possible insulin acts independent of the insulin receptor
to improve memory. One potential mechanism could be via
the interaction of insulin and Aβ. Intranasal insulin is able to
reduce Aβ plaque deposits by altering the processing of the APP
peptide (Mao et al., 2016). Even though insulin signaling in
the CNS cannot be studied in living humans, brain slices taken
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post-mortem from patients with Alzheimer’s disease respond to
ex vivo insulin stimulation (in terms of insulin receptor signaling
phosphorylation), but not at the level of age-matched controls
(Talbot et al., 2012). This suggests that while insulin signaling
is impaired in Alzheimer’s disease, the brain still has the ability
to respond to insulin. Therefore, delivering insulin to the site of
action as occurs with intranasal delivery will help to overcome
CNS insulin resistance.

Weight Loss
Since obesity is commonly linked with insulin resistance, weight
loss should restore insulin sensitivity. As mentioned earlier, in
animal models of obesity, insulin transport across the BBB is
impaired (Schwartz et al., 1991; Urayama and Banks, 2008).
In an animal study investigating the response of BBB insulin
transport to weight loss, CSF insulin levels increase following
diet reversal and weight loss in male Long-Evans rats (Begg
et al., 2013). The rats were on a high-fat diet for 22 weeks
before a group of them were switched to a low-fat diet for
8 weeks. Therefore, diet-induced CNS insulin resistance can be
reversed if switched to a low-fat diet. Weight loss is associated
with a decrease in triglyceride levels. Triglycerides increase
insulin BBB transport (Urayama and Banks, 2008) but can
cross the BBB and impair CNS insulin signaling (Banks et al.,
2018). It is unclear whether diet reversal can improve CNS
insulin resistance in humans. One could measure CSF and
serum insulin levels following weight loss to assess potential
changes in transport. Indeed, weight loss is associated with
improved cognition (Veronese et al., 2017). Triglycerides and
other lipids including cholesterol and omega-3 fatty acids have
an impact on memory and cognition (Morley and Banks, 2010).
Studies investigating changes in CNS insulin sensitivity following

dietary, behavior changes or surgery, such as bariatric surgery or
liposuction, would help elucidate the true impact of weight loss
on insulin BBB transport.

CONCLUSION

Here, we have summarized for the condition of insulin resistance
the interplay of the BBB and various types of other brain cells
that form the NVU. This interplay has emerged to be particularly
important in Alzheimer’s disease and provides mechanisms for
specific interactions with Aβ and tau and links with metabolic
disease. The BBB with its transport system for insulin is critical
for defining the interactions between peripherally secreted insulin
with its receptors located within the CNS. Thus, the BBB is also
critical in considering therapeutic options. Overall, the barrier
functions in combination with the communication functions of
the BBB result in an operational blood-brain interface vital to
understanding insulin resistance.

AUTHOR CONTRIBUTIONS

ER established the review topic. ER and WB wrote and
edited the manuscript.

FUNDING

This work was supported in part by the VA Puget Sound
Health Care System, the University of Washington Diabetes
Research Center New Investigator Award (ER), and NIH funding
(RO1AG046619 to WB).

REFERENCES
Abbott, M. A., Wells, D. G., and Fallon, J. R. (1999). The insulin receptor tyrosine

kinase substrate p58/53 and the insulin receptor are components of CNS
synapses. J. Neurosci. 19, 7300–7308. doi: 10.1523/jneurosci.19-17-07300.1999

Abbott, N. J., Ronnback, L., and Hansson, E. (2006). Astrocyte-endothelial
interactions at the blood-brain barrier. Nat. Rev. Neurosci. 7, 41–53. doi: 10.
1038/nrn1824

Alvarez, J. I., Dodelet-Devillers, A., Kebir, H., Ifergan, I., Fabre, P. J., Terouz, S.,
et al. (2011). The Hedgehog pathway promotes blood-brain barrier integrity
and CNS immune quiescence. Science 334, 1727–1731. doi: 10.1126/science.
1206936

Armulik, A., Genove, G., Mae, M., Nisancioglu, M. H., Wallgard, E., Niaudet, C.,
et al. (2010). Pericytes regulate the blood-brain barrier. Nature 468, 557–561.

Banks, W. A. (2001). Enhanced leptin transport across the blood-brain barrier
by alpha 1-adrenergic agents. Brain Res. 899, 209–217. doi: 10.1016/s0006-
8993(01)02242-9

Banks, W. A. (2004). The source of cerebral insulin. Eur. J. Pharmacol. 490, 5–12.
doi: 10.1016/j.ejphar.2004.02.040

Banks, W. A. (2016). From blood-brain barrier to blood-brain interface: new
opportunities for CNS drug delivery. Nat. Rev. Drug Dis. 15, 275–292. doi:
10.1038/nrd.2015.21

Banks, W. A., Dohgu, S., Lynch, J. L., Fleegal-DeMotta, M. A., Erickson,
M. A., Nakaoke, R., et al. (2008). Nitric oxide isoenzymes regulate
lipopolysaccharide-enhanced insulin transport across the blood-
brain barrier. Endocrinology 149, 1514–1523. doi: 10.1210/en.2007-
1091

Banks, W. A., Farr, S. A., and Morley, J. E. (2000). Permeability of the blood-
brain barrier to albumin and insulin in the young and aged SAMP8 mouse.
J. Gerontol. A Biol. Sci. Med. Sci. 55, B601–B606.

Banks, W. A., Farr, S. A., Salameh, T. S., Niehoff, M. L., Rhea, E. M., Morley,
J. E., et al. (2018). Triglycerides cross the blood-brain barrier and induce central
leptin and insulin receptor resistance. Int. J. Obes. 42, 391–397. doi: 10.1038/ijo.
2017.231

Banks, W. A., Jaspan, J. B., Huang, W., and Kastin, A. J. (1997a). Transport
of insulin across the blood-brain barrier: saturability at euglycemic
doses of insulin. Peptides 18, 1423–1429. doi: 10.1016/s0196-9781(97)002
31-3

Banks, W. A., Jaspan, J. B., and Kastin, A. J. (1997b). Effect of diabetes mellitus on
the permeability of the blood-brain barrier to insulin. Peptides 18, 1577–1584.
doi: 10.1016/s0196-9781(97)00238-6

Banks, W. A., Jaspan, J. B., and Kastin, A. J. (1997c). Selective, physiological
transport of insulin across the blood-brain barrier: novel demonstration by
species-specific radioimmunoassays. Peptides 18, 1257–1262. doi: 10.1016/
s0196-9781(97)00198-8

Banks, W. A., and Kastin, A. J. (1998). Differential permeability of the blood-brain
barrier to two pancreatic peptides: insulin and amylin. Peptides 19, 883–889.
doi: 10.1016/s0196-9781(98)00018-7

Banks, W. A., Kastin, A. J., and Pan, W. (1999). Uptake and degradation of blood-
borne insulin by the olfactory bulb. Peptides 20, 373–378. doi: 10.1016/s0196-
9781(99)00045-5

Banks, W. A., Owen, J. B., and Erickson, M. A. (2012). Insulin in the brain: there
and back again. Pharmacol. Therap. 136, 82–93. doi: 10.1016/j.pharmthera.
2012.07.006

Frontiers in Neuroscience | www.frontiersin.org 10 June 2019 | Volume 13 | Article 52160

https://doi.org/10.1523/jneurosci.19-17-07300.1999
https://doi.org/10.1038/nrn1824
https://doi.org/10.1038/nrn1824
https://doi.org/10.1126/science.1206936
https://doi.org/10.1126/science.1206936
https://doi.org/10.1016/s0006-8993(01)02242-9
https://doi.org/10.1016/s0006-8993(01)02242-9
https://doi.org/10.1016/j.ejphar.2004.02.040
https://doi.org/10.1038/nrd.2015.21
https://doi.org/10.1038/nrd.2015.21
https://doi.org/10.1210/en.2007-1091
https://doi.org/10.1210/en.2007-1091
https://doi.org/10.1038/ijo.2017.231
https://doi.org/10.1038/ijo.2017.231
https://doi.org/10.1016/s0196-9781(97)00231-3
https://doi.org/10.1016/s0196-9781(97)00231-3
https://doi.org/10.1016/s0196-9781(97)00238-6
https://doi.org/10.1016/s0196-9781(97)00198-8
https://doi.org/10.1016/s0196-9781(97)00198-8
https://doi.org/10.1016/s0196-9781(98)00018-7
https://doi.org/10.1016/s0196-9781(99)00045-5
https://doi.org/10.1016/s0196-9781(99)00045-5
https://doi.org/10.1016/j.pharmthera.2012.07.006
https://doi.org/10.1016/j.pharmthera.2012.07.006
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-00521 May 31, 2019 Time: 17:33 # 11

Rhea and Banks BBB and CNS Insulin Resistance

Baskin, D. G., Stein, L. J., Ikeda, H., Woods, S. C., Figlewicz, D. P., Porte, D. Jr.,
et al. (1985). Genetically obese Zucker rats have abnormally low brain insulin
content. Life Sci. 36, 627–633. doi: 10.1016/0024-3205(85)90166-3

Begg, D. P., Mul, J. D., Liu, M., Reedy, B. M., D’Alessio, D. A., Seeley, R. J.,
et al. (2013). Reversal of diet-induced obesity increases insulin transport into
cerebrospinal fluid and restores sensitivity to the anorexic action of central
insulin in male rats. Endocrinology 154, 1047–1054. doi: 10.1210/en.2012-1929

Begley, D. J. (2004). Delivery of therapeutic agents to the central nervous system:
the problems and the possibilities. Pharmacol. Therap. 104, 29–45. doi: 10.1016/
j.pharmthera.2004.08.001

Belfiore, A., Malaguarnera, R., Vella, V., Lawrence, M. C., Sciacca, L., Frasca, F.,
et al. (2017). Insulin receptor isoforms in physiology and disease: an updated
view. Endocr. Rev. 38, 379–431. doi: 10.1210/er.2017-00073

Bell, R. D., Winkler, E. A., Singh, I., Sagare, A. P., Deane, R., Wu, Z., et al. (2012).
Apolipoprotein E controls cerebrovascular integrity via cyclophilin A. Nature
485, 512–516. doi: 10.1038/nature11087

Benedict, C., Hallschmid, M., Hatke, A., Schultes, B., Fehm, H. L., Born,
J., et al. (2004). Intranasal insulin improves memory in humans.
Psychoneuroendocrinology 29, 1326–1334. doi: 10.1016/j.psyneuen.2004.04.003

Bergmann, S., Lawler, S. E., Qu, Y., Fadzen, C. M., Wolfe, J. M., Regan, M. S., et al.
(2018). Blood-brain-barrier organoids for investigating the permeability of CNS
therapeutics. Nat. Protoc. 13, 2827–2843. doi: 10.1038/s41596-018-0066-x

Berweck, S., Thieme, H., Lepple-Wienhues, A., Helbig, H., and Wiederholt, M.
(1993). Insulin-induced hyperpolarization in retinal capillary pericytes. Invest.
Ophthalmol. Vis. Sci. 34, 3402–3407.

Bonkowski, D., Katyshev, V., Balabanov, R. D., Borisov, A., and Dore-Duffy, P.
(2011). The CNS microvascular pericyte: pericyte-astrocyte crosstalk in the
regulation of tissue survival. Fluids Barriers CNS 8:8. doi: 10.1186/2045-811
8-8-8

Broadwell, R. D. (1989). Transcytosis of macromolecules through the blood-brain
barrier: a cell biological perspective and critical appraisal. Acta Neuropathol. 79,
117–128. doi: 10.1007/bf00294368

Bruning, J. C., Gautam, D., Burks, D. J., Gillette, J., Schubert, M., Orban, P. C.,
et al. (2000). Role of brain insulin receptor in control of body weight and
reproduction. Science 289, 2122–2125. doi: 10.1126/science.289.5487.2122

Cai, W., Xue, C., Sakaguchi, M., Konishi, M., Shirazian, A., Ferris, H. A., et al.
(2018). Insulin regulates astrocyte gliotransmission and modulates behavior.
J. Clin. Invest. 128, 2914–2926. doi: 10.1172/JCI99366

Caserta, M. T., Caccioppo, D., Lapin, G. D., Ragin, A., and Groothuis, D. R. (1998).
Blood-brain barrier integrity in Alzheimer’s disease patients and elderly control
subjects. J. Neuropsychiatry Clin. Neurosci. 10, 78–84. doi: 10.1176/jnp.10.1.78

Chen, Y., Zhao, Y., Dai, C. L., Liang, Z., Run, X., Iqbal, K., et al. (2014). Intranasal
insulin restores insulin signaling, increases synaptic proteins, and reduces Abeta
level and microglia activation in the brains of 3xTg-AD mice. Exp. Neurol. 261,
610–619. doi: 10.1016/j.expneurol.2014.06.004

Chiu, S. L., Chen, C. M., and Cline, H. T. (2008). Insulin receptor signaling
regulates synapse number, dendritic plasticity, and circuit function in vivo.
Neuron 58, 708–719. doi: 10.1016/j.neuron.2008.04.014

Chiu, S. L., and Cline, H. T. (2010). Insulin receptor signaling in the development of
neuronal structure and function. Neural Dev 5:7. doi: 10.1186/1749-8104-5-7

Clarke, L. E., Liddelow, S. A., Chakraborty, C., Munch, A. E., Heiman, M., and
Barres, B. A. (2018). Normal aging induces A1-like astrocyte reactivity. Proc.
Natl. Acad. Sci. U.S.A. 115, E1896–E1905. doi: 10.1073/pnas.1800165115

Craft, S., Peskind, E., Schwartz, M. W., Schellenberg, G. D., and Raskind, M. P.
(1998). Cerebrospinal fluid and plasma insulin levels in Alzheimer’s disease:
relationship to severity of dementia and apolipoprotein E genotype. Neurology
50, 164–168. doi: 10.1212/wnl.50.1.164

Daneman, R., and Prat, A. (2015). The blood-brain barrier. Cold Spring Harb.
Perspect. Biol. 7, a020412. doi: 10.1101/cshperspect.a020412

Daneman, R., Zhou, L., Kebede, A. A., and Barres, B. A. (2010). Pericytes are
required for blood-brain barrier integrity during embryogenesis. Nature 468,
562–566. doi: 10.1038/nature09513

De Felice, F. G., Vieira, M. N., Bomfim, T. R., Decker, H., Velasco, P. T., Lambert,
M. P., et al. (2009). Protection of synapses against Alzheimer’s-linked toxins:
insulin signaling prevents the pathogenic binding of Abeta oligomers. Proc.
Natl. Acad. Sci. U.S.A. 106, 1971–1976. doi: 10.1073/pnas.0809158106

Diehl, T., Mullins, R., and Kapogiannis, D. (2017). Insulin resistance in Alzheimer’s
disease. Transl. Res. 183, 26–40. doi: 10.1016/j.trsl.2016.12.005

Erickson, M. A., and Banks, W. A. (2018). Neuroimmune axes
of the blood-brain barriers and blood-brain interfaces: bases
for physiological regulation. disease states, and pharmacological
interventions. Pharmacol. Rev. 70, 278–314. doi: 10.1124/pr.117.01
4647

Erickson, M. A., Hansen, K., and Banks, W. A. (2012). Inflammation-induced
dysfunction of the low-density lipoprotein receptor-related protein-1 at the
blood-brain barrier: protection by the antioxidant N-acetylcysteine. Brain
Behav. Immun. 26, 1085–1094. doi: 10.1016/j.bbi.2012.07.003

Escudero, C. A., Herlitz, K., Troncoso, F., Guevara, K., Acurio, J., Aguayo, C., et al.
(2017). Pro-angiogenic role of insulin: from physiology to pathology. Front.
Physiol. 8:204. doi: 10.3389/fphys.2017.00204

Frank, H. J., Jankovic-Vokes, T., Pardridge, W. M., and Morris, W. L. (1985).
Enhanced insulin binding to blood-brain barrier in vivo and to brain
microvessels in vitro in newborn rabbits. Diabetes Metab. Res. Rev 34, 728–733.
doi: 10.2337/diab.34.8.728

Freude, S., Plum, L., Schnitker, J., Leeser, U., Udelhoven, M., Krone, W., et al.
(2005). Peripheral hyperinsulinemia promotes tau phosphorylation in vivo.
Diab. Metab. Res. Rev. 54, 3343–3348. doi: 10.2337/diabetes.54.12.3343

Freude, S., Schilbach, K., and Schubert, M. (2009). The role of IGF-1 receptor
and insulin receptor signaling for the pathogenesis of Alzheimer’s disease:
from model organisms to human disease. Curr. Alzheimer Res. 6, 213–223.
doi: 10.2174/156720509788486527

Friedland, R. P., Budinger, T. F., Ganz, E., Yano, Y., Mathis, C. A., Koss, B.,
et al. (1983). Regional cerebral metabolic alterations in dementia of the
Alzheimer type: positron emission tomography with [18F]fluorodeoxyglucose.
J. Comput. Assist. Tomogr. 7, 590–598. doi: 10.1097/00004728-198308000-
00003

Frolich, L., Blum-Degen, D., Bernstein, H. G., Engelsberger, S., Humrich, J., Laufer,
S., et al. (1998). Brain insulin and insulin receptors in aging and sporadic
Alzheimer’s disease. J. Neural Transm. 105, 423–438.

Garcia-Caceres, C., Quarta, C., Varela, L., Gao, Y., Gruber, T., Legutko, B., et al.
(2016). Astrocytic insulin signaling couples brain glucose uptake with nutrient
availability. Cell 166, 867–880. doi: 10.1016/j.cell.2016.07.028

Garwood, C. J., Ratcliffe, L. E., Morgan, S. V., Simpson, J. E., Owens, H.,
Vazquez-Villasenor, I., et al. (2015). Insulin and IGF1 signalling pathways in
human astrocytes in vitro and in vivo; characterisation, subcellular localisation
and modulation of the receptors. Mol. Brain 8:51. doi: 10.1186/s13041-015-
0138-6

Ghasemi, R., Haeri, A., Dargahi, L., Mohamed, Z., and Ahmadiani, A. (2013).
Insulin in the brain: sources, localization and functions. Mol. Neurobiol. 47,
145–171. doi: 10.1007/s12035-012-8339-9

Gray, S. M., Aylor, K. W., and Barrett, E. J. (2017). Unravelling the regulation of
insulin transport across the brain endothelial cell. Diabetologia 60, 1512–1521.
doi: 10.1007/s00125-017-4285-4

Grillo, C. A., Piroli, G. G., Lawrence, R. C., Wrighten, S. A., Green, A. J., Wilson,
S. P., et al. (2015). hippocampal insulin resistance impairs spatial learning and
synaptic plasticity. Diabetes Metab. Res. Rev. 64, 3927–3936. doi: 10.2337/db15-
0596

Grillo, C. A., Tamashiro, K. L., Piroli, G. G., Melhorn, S., Gass, J. T., Newsom,
R. J., et al. (2007). Lentivirus-mediated downregulation of hypothalamic insulin
receptor expression. Physiology & behavior 92, 691–701. doi: 10.1016/j.
physbeh.2007.05.043

Gu, H., Marth, J. D., Orban, P. C., Mossmann, H., and Rajewsky, K. (1994).
Deletion of a DNA polymerase beta gene segment in T cells using cell
type-specific gene targeting. Science 265, 103–106. doi: 10.1126/science.801
6642

Hamilton, N. B., and Attwell, D. (2010). Do astrocytes really exocytose
neurotransmitters? Nat. Rev. Neurosci. 11, 227–238. doi: 10.1038/nrn2803

Haugaard, N., Vaughan, M., Haugaard, E. S., and Stadie, W. C. (1954). Studies of
radioactive injected labeled insulin. J. Biol. Chem. 208, 549–563.

Hayden, M. R., Banks, W. A., Shah, G. N., Gu, Z., and Sowers, J. R. (2013).
Cardiorenal metabolic syndrome and diabetic cognopathy. Cardiorenal. Med.
3, 265–282. doi: 10.1159/000357113

Heni, M., Hennige, A. M., Peter, A., Siegel-Axel, D., Ordelheide, A. M., Krebs,
N., et al. (2011). Insulin promotes glycogen storage and cell proliferation in
primary human astrocytes. PLoS One 6:e21594. doi: 10.1371/journal.pone.00
21594

Frontiers in Neuroscience | www.frontiersin.org 11 June 2019 | Volume 13 | Article 52161

https://doi.org/10.1016/0024-3205(85)90166-3
https://doi.org/10.1210/en.2012-1929
https://doi.org/10.1016/j.pharmthera.2004.08.001
https://doi.org/10.1016/j.pharmthera.2004.08.001
https://doi.org/10.1210/er.2017-00073
https://doi.org/10.1038/nature11087
https://doi.org/10.1016/j.psyneuen.2004.04.003
https://doi.org/10.1038/s41596-018-0066-x
https://doi.org/10.1186/2045-8118-8-8
https://doi.org/10.1186/2045-8118-8-8
https://doi.org/10.1007/bf00294368
https://doi.org/10.1126/science.289.5487.2122
https://doi.org/10.1172/JCI99366
https://doi.org/10.1176/jnp.10.1.78
https://doi.org/10.1016/j.expneurol.2014.06.004
https://doi.org/10.1016/j.neuron.2008.04.014
https://doi.org/10.1186/1749-8104-5-7
https://doi.org/10.1073/pnas.1800165115
https://doi.org/10.1212/wnl.50.1.164
https://doi.org/10.1101/cshperspect.a020412
https://doi.org/10.1038/nature09513
https://doi.org/10.1073/pnas.0809158106
https://doi.org/10.1016/j.trsl.2016.12.005
https://doi.org/10.1124/pr.117.014647
https://doi.org/10.1124/pr.117.014647
https://doi.org/10.1016/j.bbi.2012.07.003
https://doi.org/10.3389/fphys.2017.00204
https://doi.org/10.2337/diab.34.8.728
https://doi.org/10.2337/diabetes.54.12.3343
https://doi.org/10.2174/156720509788486527
https://doi.org/10.1097/00004728-198308000-00003
https://doi.org/10.1097/00004728-198308000-00003
https://doi.org/10.1016/j.cell.2016.07.028
https://doi.org/10.1186/s13041-015-0138-6
https://doi.org/10.1186/s13041-015-0138-6
https://doi.org/10.1007/s12035-012-8339-9
https://doi.org/10.1007/s00125-017-4285-4
https://doi.org/10.2337/db15-0596
https://doi.org/10.2337/db15-0596
https://doi.org/10.1016/j.physbeh.2007.05.043
https://doi.org/10.1016/j.physbeh.2007.05.043
https://doi.org/10.1126/science.8016642
https://doi.org/10.1126/science.8016642
https://doi.org/10.1038/nrn2803
https://doi.org/10.1159/000357113
https://doi.org/10.1371/journal.pone.0021594
https://doi.org/10.1371/journal.pone.0021594
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-00521 May 31, 2019 Time: 17:33 # 12

Rhea and Banks BBB and CNS Insulin Resistance

Hersom, M., Helms, H. C., Schmalz, C., Pedersen, T. A., Buckley, S. T., and
Brodin, B. (2018). The insulin receptor is expressed and functional in cultured
blood-brain barrier endothelial cells, but does not mediate insulin entry from
blood-to-brain. Am. J. Physiol. Endocrinol. Metab. 315, E531–E542. doi: 10.
1152/ajpendo.00350.2016

Hong, H., Liu, L. P., Liao, J. M., Wang, T. S., Ye, F. Y., Wu, J., et al. (2009).
Downregulation of LRP1 [correction of LPR1] at the blood-brain barrier
in streptozotocin-induced diabetic mice. Neuropharmacology 56, 1054–1059.
doi: 10.1016/j.neuropharm.2009.03.001

Iliff, J. J., Wang, M., Liao, Y., Plogg, B. A., Peng, W., Gundersen, G. A., et al. (2012).
A paravascular pathway facilitates CSF flow through the brain parenchyma and
the clearance of interstitial solutes, including amyloid beta. Sci. Transl. Med.
4:147ra111. doi: 10.1126/scitranslmed.3003748

Jaeger, L. B., Dohgu, S., Sultana, R., Lynch, J. L., Owen, J. B., Erickson, M. A., et al.
(2009). Lipopolysaccharide alters the blood-brain barrier transport of amyloid
beta protein: a mechanism for inflammation in the progression of Alzheimer’s
disease. Brain Behav. Immun. 23, 507–517. doi: 10.1016/j.bbi.2009.01.017

James, C. R., and Cotlier, E. (1983). Fate of insulin in the retina: an autoradiographic
study. Br. J. Ophthalmol. 67, 80–88. doi: 10.1136/bjo.67.2.80

Kaiyala, K. J., Prigeon, R. L., Kahn, S. E., Woods, S. C., and Schwartz, M. W.
(2000). Obesity induced by a high-fat diet is associated with reduced brain
insulin transport in dogs. Diabetes Metab. Res. Rev. 49, 1525–1533. doi: 10.
2337/diabetes.49.9.1525

Karczewska-Kupczewska, M., Lelental, N., Adamska, A., Nikolajuk, A., Kowalska,
I., Gorska, M., et al. (2013). The influence of insulin infusion on the metabolism
of amyloid beta peptides in plasma. Alzheimers. Dement. 9, 400–405. doi: 10.
1016/j.jalz.2012.01.013

Katakam, P. V., Domoki, F., Lenti, L., Gaspar, T., Institoris, A., Snipes, J. A., et al.
(2009). Cerebrovascular responses to insulin in rats. J. Cereb Blood Flow Metab.
29, 1955–1967. doi: 10.1038/jcbfm.2009.177

Kim, J., Basak, J. M., and Holtzman, D. M. (2009). The role of apolipoprotein E in
Alzheimer’s disease. Neuron 63, 287–303. doi: 10.1016/j.neuron.2009.06.026

Kimura, T., Ono, T., Takamatsu, J., Yamamoto, H., Ikegami, K., Kondo, A.,
et al. (1996). Sequential changes of tau-site-specific phosphorylation during
development of paired helical filaments. Dementia 7, 177–181. doi: 10.1159/
000106875

King, G. L., Buzney, S. M., Kahn, C. R., Hetu, N., Buchwald, S., Macdonald,
S. G., et al. (1983). Differential responsiveness to insulin of endothelial and
support cells from micro- and macrovessels. J. Clin. Invest. 71, 974–979.
doi: 10.1172/jci110852

King, G. L., and Johnson, S. M. (1985). Receptor-mediated transport of insulin
across endothelial cells. Science 227, 1583–1586. doi: 10.1126/science.3883490

Kleinridders, A., Cai, W., Cappellucci, L., Ghazarian, A., Collins, W. R., Vienberg,
S. G., et al. (2015). Insulin resistance in brain alters dopamine turnover and
causes behavioral disorders. Proc. Natl. Acad. Sci. U.S.A. 112, 3463–3468.
doi: 10.1073/pnas.1500877112

Kobayashi, T., and Puro, D. G. (2007). Loss of insulin-mediated vasoprotection:
early effect of diabetes on pericyte-containing microvessels of the retina. Invest.
Ophthalmol. Vis. Sci. 48, 2350–2355.

Kondo, T., Hafezi-Moghadam, A., Thomas, K., Wagner, D. D., and Kahn, C. R.
(2004). Mice lacking insulin or insulin-like growth factor 1 receptors in vascular
endothelial cells maintain normal blood-brain barrier. Biochem. Biophys. Res.
Commun. 317, 315–320. doi: 10.1016/j.bbrc.2004.03.043

Konishi, M., Sakaguchi, M., Lockhart, S. M., Cai, W., Li, M. E., Homan, E. P.,
et al. (2017). Endothelial insulin receptors differentially control insulin signaling
kinetics in peripheral tissues and brain of mice. Proc. Natl. Acad. Sci. U.S.A. 114,
E8478–E8487. doi: 10.1073/pnas.1710625114

Kulstad, J. J., Green, P. S., Cook, D. G., Watson, G. S., Reger, M. A., Baker, L. D.,
et al. (2006). Differential modulation of plasma beta-amyloid by insulin in
patients with Alzheimer disease. Neurology 66, 1506–1510. doi: 10.1212/01.wnl.
0000216274.58185.09

Lee, S. W., Kim, W. J., Choi, Y. K., Song, H. S., Son, M. J., Gelman, I. H., et al. (2003).
SSeCKS regulates angiogenesis and tight junction formation in blood-brain
barrier. Nat. Med. 9, 900–906. doi: 10.1038/nm889

Lesort, M., and Johnson, G. V. (2000). Insulin-like growth factor-1 and insulin
mediate transient site-selective increases in tau phosphorylation in primary
cortical neurons. Neuroscience 99, 305–316. doi: 10.1016/s0306-4522(00)
00200-1

Lesort, M., Jope, R. S., and Johnson, G. V. (1999). Insulin transiently increases
tau phosphorylation: involvement of glycogen synthase kinase-3beta and Fyn
tyrosine kinase. J. Neurochem. 72, 576–584. doi: 10.1046/j.1471-4159.1999.
0720576.x

Li, W., Roy Choudhury, G., Winters, A., Prah, J., Lin, W., Liu, R., et al.
(2018). Hyperglycemia Alters Astrocyte Metabolism and Inhibits
Astrocyte Proliferation. Aging Dis. 9, 674–684. doi: 10.14336/AD.20
17.1208

Man, S., Ubogu, E. E., and Ransohoff, R. M. (2007). Inflammatory cell migration
into the central nervous system: a few new twists on an old tale. Brain Pathol.
17, 243–250. doi: 10.1111/j.1750-3639.2007.00067.x

Mandarino, L. J., Finlayson, J., and Hassell, J. R. (1994). High glucose
downregulates glucose transport activity in retinal capillary pericytes but not
endothelial cells. Invest. Ophthalmol. Vis. Sci. 35, 964–972.

Mao, Y. F., Guo, Z., Zheng, T., Jiang, Y., Yan, Y., Yin, X., et al. (2016).
Intranasal insulin alleviates cognitive deficits and amyloid pathology in
young adult APPswe/PS1dE9 mice. Aging Cell 15, 893–902. doi: 10.1111/acel.
12498

Margolis, R. U., and Altszuler, N. (1967). Insulin in the cerebrospinal fluid. Nature
215, 1375–1376.

May, A. A., Bedel, N. D., Shen, L., Woods, S. C., and Liu, M. (2016a). Estrogen and
insulin transport through the blood-brain barrier. Physiol. Behav. 163, 312–321.
doi: 10.1016/j.physbeh.2016.05.019

May, A. A., Liu, M., Woods, S. C., and Begg, D. P. (2016b). CCK increases the
transport of insulin into the brain. Physiol. Behav. 165, 392–397. doi: 10.1016/j.
physbeh.2016.08.025

Meijer, R. I., Gray, S. M., Aylor, K. W., and Barrett, E. J. (2016). Pathways for
insulin access to the brain: the role of the microvascular endothelial cell. Am.
J. Physiol. Heart Circ. Physiol. 311, H1132–H1138. doi: 10.1152/ajpheart.000
81.2016

Mestre, H., Hablitz, L. M., Xavier, A. L., Feng, W., Zou, W., Pu, T., et al. (2018).
Aquaporin-4-dependent glymphatic solute transport in the rodent brain. Elife
7:e40070. doi: 10.7554/eLife.40070

Mi, H., Haeberle, H., and Barres, B. A. (2001). Induction of astrocyte differentiation
by endothelial cells. J. Neurosci. 21, 1538–1547. doi: 10.1523/jneurosci.21-05-
01538.2001

Miller, F. N., and Sims, D. E. (1986). Contractile elements in the regulation of
macromolecular permeability. Fed. Proc. 45, 84–88.

Morley, J. E., and Banks, W. A. (2010). Lipids and cognition. J. Alzheimers Dis. 20,
737–747. doi: 10.3233/jad-2010-091576

Nation, D. A., Sweeney, M. D., Montagne, A., Sagare, A. P., D’Orazio, L. M.,
Pachicano, M., et al. (2019). Blood-brain barrier breakdown is an early
biomarker of human cognitive dysfunction. Nat. Med. 25, 270–276. doi: 10.
1038/s41591-018-0297-y

Nedergaard, M. (2013). Neuroscience. garbage truck of the brain. Science 340,
1529–1530. doi: 10.1126/science.1240514

Neuwelt, E., Abbott, N. J., Abrey, L., Banks, W. A., Blakley, B., Davis, T., et al.
(2008). Strategies to advance translational research into brain barriers. Lancet.
Neurol. 7, 84–96. doi: 10.1016/s1474-4422(07)70326-5

Nishitsuji, K., Hosono, T., Nakamura, T., Bu, G., and Michikawa, M. (2011).
Apolipoprotein E regulates the integrity of tight junctions in an isoform-
dependent manner in an in vitro blood-brain barrier model. J. Biol. Chem. 286,
17536–17542. doi: 10.1074/jbc.M111.225532

Ofengeim, D., Giagtzoglou, N., Huh, D., Zou, C., and Yuan, J. (2017). Single-Cell
RNA sequencing: unraveling the brain one cell at a time. Trends Mol. Med. 23,
563–576. doi: 10.1016/j.molmed.2017.04.006

Ouwens, D. M., van Duinkerken, E., Schoonenboom, S. N., Herzfeld de Wiza, D.,
Klein, M., van Golen, L., et al. (2014). Cerebrospinal fluid levels of Alzheimer’s
disease biomarkers in middle-aged patients with type 1 diabetes. Diabetologia
57, 2208–2214. doi: 10.1007/s00125-014-3333-6

Poduslo, J. F., Curran, G. L., Wengenack, T. M., Malester, B., and Duff, K. (2001).
Permeability of proteins at the blood-brain barrier in the normal adult mouse
and double transgenic mouse model of Alzheimer’s disease. Neurobiol. Dis. 8,
555–567. doi: 10.1006/nbdi.2001.0402

Price, T. O., Eranki, V., Banks, W. A., Ercal, N., and Shah, G. N. (2012). Topiramate
treatment protects blood-brain barrier pericytes from hyperglycemia-induced
oxidative damage in diabetic mice. Endocrinology 153, 362–372. doi: 10.1210/
en.2011-1638

Frontiers in Neuroscience | www.frontiersin.org 12 June 2019 | Volume 13 | Article 52162

https://doi.org/10.1152/ajpendo.00350.2016
https://doi.org/10.1152/ajpendo.00350.2016
https://doi.org/10.1016/j.neuropharm.2009.03.001
https://doi.org/10.1126/scitranslmed.3003748
https://doi.org/10.1016/j.bbi.2009.01.017
https://doi.org/10.1136/bjo.67.2.80
https://doi.org/10.2337/diabetes.49.9.1525
https://doi.org/10.2337/diabetes.49.9.1525
https://doi.org/10.1016/j.jalz.2012.01.013
https://doi.org/10.1016/j.jalz.2012.01.013
https://doi.org/10.1038/jcbfm.2009.177
https://doi.org/10.1016/j.neuron.2009.06.026
https://doi.org/10.1159/000106875
https://doi.org/10.1159/000106875
https://doi.org/10.1172/jci110852
https://doi.org/10.1126/science.3883490
https://doi.org/10.1073/pnas.1500877112
https://doi.org/10.1016/j.bbrc.2004.03.043
https://doi.org/10.1073/pnas.1710625114
https://doi.org/10.1212/01.wnl.0000216274.58185.09
https://doi.org/10.1212/01.wnl.0000216274.58185.09
https://doi.org/10.1038/nm889
https://doi.org/10.1016/s0306-4522(00)00200-1
https://doi.org/10.1016/s0306-4522(00)00200-1
https://doi.org/10.1046/j.1471-4159.1999.0720576.x
https://doi.org/10.1046/j.1471-4159.1999.0720576.x
https://doi.org/10.14336/AD.2017.1208
https://doi.org/10.14336/AD.2017.1208
https://doi.org/10.1111/j.1750-3639.2007.00067.x
https://doi.org/10.1111/acel.12498
https://doi.org/10.1111/acel.12498
https://doi.org/10.1016/j.physbeh.2016.05.019
https://doi.org/10.1016/j.physbeh.2016.08.025
https://doi.org/10.1016/j.physbeh.2016.08.025
https://doi.org/10.1152/ajpheart.00081.2016
https://doi.org/10.1152/ajpheart.00081.2016
https://doi.org/10.7554/eLife.40070
https://doi.org/10.1523/jneurosci.21-05-01538.2001
https://doi.org/10.1523/jneurosci.21-05-01538.2001
https://doi.org/10.3233/jad-2010-091576
https://doi.org/10.1038/s41591-018-0297-y
https://doi.org/10.1038/s41591-018-0297-y
https://doi.org/10.1126/science.1240514
https://doi.org/10.1016/s1474-4422(07)70326-5
https://doi.org/10.1074/jbc.M111.225532
https://doi.org/10.1016/j.molmed.2017.04.006
https://doi.org/10.1007/s00125-014-3333-6
https://doi.org/10.1006/nbdi.2001.0402
https://doi.org/10.1210/en.2011-1638
https://doi.org/10.1210/en.2011-1638
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-00521 May 31, 2019 Time: 17:33 # 13

Rhea and Banks BBB and CNS Insulin Resistance

Qiu, W. Q., Walsh, D. M., Ye, Z., Vekrellis, K., Zhang, J., Podlisny, M. B., et al.
(1998). Insulin-degrading enzyme regulates extracellular levels of amyloid beta-
protein by degradation. J. Biol. Chem. 273, 32730–32738. doi: 10.1074/jbc.273.
49.32730

Ransohoff, R. M., Schafer, D., Vincent, A., Blachere, N. E., and Bar-Or, A. (2015).
Neuroinflammation: ways in which the immune system affects the brain.
Neurotherapeutics 12, 896–909. doi: 10.1007/s13311-015-0385-3

Reese, T. S., and Karnovsky, M. J. (1967). Fine structural localization of a blood-
brain barrier to exogenous peroxidase. J. Cell Biol. 34, 207–217. doi: 10.1083/
jcb.34.1.207

Reger, M. A., Watson, G. S., Green, P. S., Baker, L. D., Cholerton, B., Fishel, M. A.,
et al. (2008a). Intranasal insulin administration dose-dependently modulates
verbal memory and plasma amyloid-beta in memory-impaired older adults.
J. Alzheimers Dis. 13, 323–331. doi: 10.3233/jad-2008-13309

Reger, M. A., Watson, G. S., Green, P. S., Wilkinson, C. W., Baker, L. D., Cholerton,
B., et al. (2008b). Intranasal insulin improves cognition and modulates beta-
amyloid in early AD. Neurology 70, 440–448. doi: 10.1212/01.wnl.0000265401.
62434.36

Reichenbach, A., and Wolburg, H. (2005). Astrocytes and ependymal
glia. Neuroglia 2, 19–35. doi: 10.1093/acprof:oso/9780195152227.003.
0002

Rensink, A. A., Otte-Holler, I., de Boer, R., Bosch, R. R., ten Donkelaar, H. J., de
Waal, R. M., et al. (2004). Insulin inhibits amyloid beta-induced cell death in
cultured human brain pericytes. Neurobiol. Aging 25, 93–103. doi: 10.1016/
s0197-4580(03)00039-3

Rhea, E. M., Humann, S. R., Nirkhe, S., Farr, S. A., Morley, J. E., and Banks,
W. A. (2017). intranasal insulin transport is preserved in aged SAMP8 mice
and is altered by albumin and insulin receptor inhibition. J. Alzheimers Dis. 57,
241–252. doi: 10.3233/JAD-161095

Rhea, E. M., Rask-Madsen, C., and Banks, W. A. (2018). Insulin transport
across the blood-brain barrier can occur independently of the insulin receptor.
J. Physiol. 596, 4753–4765. doi: 10.1113/JP276149

Rhea, E. M., Salameh, T. S., and Banks, W. A. (2019). Routes for the delivery of
insulin to the central nervous system: a comparative review. Exp. Neurol. 313,
10–15. doi: 10.1016/j.expneurol.2018.11.007

Rodriguez-Rodriguez, P., Sandebring-Matton, A., Merino-Serrais, P.,
Parrado-Fernandez, C., Rabano, A., Winblad, B., et al. (2017). Tau
hyperphosphorylation induces oligomeric insulin accumulation and
insulin resistance in neurons. Brain 140, 3269–3285. doi: 10.1093/brain/
awx256

Sagare, A. P., Bell, R. D., Zhao, Z., Ma, Q., Winkler, E. A., Ramanathan, A., et al.
(2013). Pericyte loss influences Alzheimer-like neurodegeneration in mice. Nat.
Commun. 4:2932. doi: 10.1038/ncomms3932

Salameh, T. S., Bullock, K. M., Hujoel, I. A., Niehoff, M. L., Wolden-Hanson, T.,
Kim, J., et al. (2015). Central nervous system delivery of intranasal insulin:
mechanisms of uptake and effects on cognition. J. Alzheimers Dis. 47, 715–728.
doi: 10.3233/JAD-150307

Salameh, T. S., Shah, G. N., Price, T. O., Hayden, M. R., and Banks, W. A.
(2016). Blood-Brain barrier disruption and neurovascular unit dysfunction in
diabetic mice: protection with the mitochondrial carbonic anhydrase inhibitor
topiramate. J. Pharmacol. Exp. Ther. 359, 452–459. doi: 10.1124/jpet.116.
237057

Savettieri, G., Di Liegro, I., Catania, C., Licata, L., Pitarresi, G. L., D’Agostino,
S., et al. (2000). Neurons and ECM regulate occludin localization in
brain endothelial cells. Neuroreport 11, 1081–1084. doi: 10.1097/00001756-
200004070-00035

Schaffer, L., Brand, C. L., Hansen, B. F., Ribel, U., Shaw, A. C., Slaaby, R.,
et al. (2008). A novel high-affinity peptide antagonist to the insulin receptor.
Biochem. Biophys. Res. Commun. 376, 380–383. doi: 10.1016/j.bbrc.2008.08.151

Schlageter, K. E., Molnar, P., Lapin, G. D., and Groothuis, D. R. (1999). Microvessel
organization and structure in experimental brain tumors: microvessel
populations with distinctive structural and functional properties. Microvasc.
Res. 58, 312–328. doi: 10.1006/mvre.1999.2188

Schlageter, N. L., Carson, R. E., and Rapoport, S. I. (1987). Examination of blood-
brain barrier permeability in dementia of the Alzheimer type with [68Ga]EDTA
and positron emission tomography. J. Cereb. Blood Flow Metab. 7, 1–8.
doi: 10.1038/jcbfm.1987.1

Schubert, M., Gautam, D., Surjo, D., Ueki, K., Baudler, S., Schubert, D., et al. (2004).
Role for neuronal insulin resistance in neurodegenerative diseases. Proc. Natl.
Acad. Sci. U.S.A. 101, 3100–3105.

Schulingkamp, R. J., Pagano, T. C., Hung, D., and Raffa, R. B. (2000). Insulin
receptors and insulin action in the brain: review and clinical implications.
Neurosci. Biobehav. Rev. 24, 855–872. doi: 10.1016/s0149-7634(00)00040-3

Schwartz, M. W., Bergman, R. N., Kahn, S. E., Taborsky, G. J Jr., Fisher, L. D.,
Sipols, A. J., et al. (1991). Evidence for entry of plasma insulin into cerebrospinal
fluid through an intermediate compartment in dogs. Quantitative aspects and
implications for transport. J. Clin. Invest. 88, 1272–1281. doi: 10.1172/jci115431

Sengillo, J. D., Winkler, E. A., Walker, C. T., Sullivan, J. S., Johnson, M., and
Zlokovic, B. V. (2013). Deficiency in mural vascular cells coincides with blood-
brain barrier disruption in Alzheimer’s disease. Brain Pathol. 23, 303–310.
doi: 10.1111/bpa.12004

Shepro, D., and Morel, N. M. (1993). Pericyte physiology. FASEB J. 7, 1031–1038.
doi: 10.1096/fasebj.7.11.8370472

Shiiki, T., Ohtsuki, S., Kurihara, A., Naganuma, H., Nishimura, K., Tachikawa, M.,
et al. (2004). Brain insulin impairs amyloid-beta(1-40) clearance from the brain.
J. Neurosci. 24, 9632–9637. doi: 10.1523/jneurosci.2236-04.2004

Simpson, I. A., Appel, N. M., Hokari, M., Oki, J., Holman, G. D., Maher, F.,
et al. (1999). Blood-brain barrier glucose transporter: effects of hypo- and
hyperglycemia revisited. J. Neurochem. 72, 238–247. doi: 10.1046/j.1471-4159.
1999.0720238.x

Spencer, B., Rank, L., Metcalf, J., and Desplats, P. (2018). Identification of insulin
receptor splice variant B in neurons by in situ detection in human brain
samples. Sci. Rep. 8:4070. doi: 10.1038/s41598-018-22434-2

Stohr, O., Schilbach, K., Moll, L., Hettich, M. M., Freude, S., Wunderlich, F. T.,
et al. (2013). Insulin receptor signaling mediates APP processing and beta-
amyloid accumulation without altering survival in a transgenic mouse model
of Alzheimer’s disease. Age 35, 83–101. doi: 10.1007/s11357-011-9333-2

Sun, Y. N., Liu, L. B., Xue, Y. X., and Wang, P. (2015). Effects of insulin combined
with idebenone on blood-brain barrier permeability in diabetic rats. J. Neurosci.
Res. 93, 666–677. doi: 10.1002/jnr.23511

Swaminathan, S. K., Ahlschwede, K. M., Sarma, V., Curran, G. L., Omtri, R. S.,
Decklever, T., et al. (2018). Insulin differentially affects the distribution kinetics
of amyloid beta 40 and 42 in plasma and brain. J. Cereb. Blood Flow Metab. 38,
904–918. doi: 10.1177/0271678X17709709

Sweeney, M. D., Ayyadurai, S., and Zlokovic, B. V. (2016). Pericytes of the
neurovascular unit: key functions and signaling pathways. Nat. Neurosci. 19,
771–783. doi: 10.1038/nn.4288

Sweeney, M. D., Zhao, Z., Montagne, A., Nelson, A. R., and Zlokovic, B. V. (2019).
Blood-Brain barrier: from physiology to disease and back. Physiol. Rev. 99,
21–78. doi: 10.1152/physrev.00050.2017

Takadera, T., Sakura, N., Mohri, T., and Hashimoto, T. (1993). Toxic effect
of a beta-amyloid peptide (beta 22-35) on the hippocampal neuron and
its prevention. Neurosci. Lett. 161, 41–44. doi: 10.1016/0304-3940(93)
90135-8

Takahashi, H., Takata, F., Matsumoto, J., Machida, T., Yamauchi, A., Dohgu, S.,
et al. (2015). Brain pericyte-derived soluble factors enhance insulin sensitivity in
GT1-7 hypothalamic neurons. Biochem. Biophys. Res. Commun. 457, 532–537.
doi: 10.1016/j.bbrc.2015.01.016

Talbot, K., Wang, H. Y., Kazi, H., Han, L. Y., Bakshi, K. P., Stucky, A., et al.
(2012). Demonstrated brain insulin resistance in Alzheimer’s disease patients
is associated with IGF-1 resistance. IRS-1 dysregulation, and cognitive decline.
J. Clin. Invest. 122, 1316–1338. doi: 10.1172/JCI59903

Tietz, S., and Engelhardt, B. (2015). Brain barriers: crosstalk between complex tight
junctions and adherens junctions. J. Cell Biol. 209, 493–506. doi: 10.1083/jcb.
201412147

Unger, J., McNeill, T. H., Moxley, R. T. III, White, M., Moss, A., and Livingston,
J. N. (1989). Distribution of insulin receptor-like immunoreactivity in the rat
forebrain. Neuroscience 31, 143–157. doi: 10.1016/0306-4522(89)90036-5

Urayama, A., and Banks, W. A. (2008). Starvation and triglycerides reverse the
obesity-induced impairment of insulin transport at the blood-brain barrier.
Endocrinology 149, 3592–3597. doi: 10.1210/en.2008-0008

Van Dyken, P., and Lacoste, B. (2018). Impact of metabolic syndrome on
neuroinflammation and the blood-brain barrier. Front. Neurosci. 12:930.
doi: 10.3389/fnins.2018.00930

Frontiers in Neuroscience | www.frontiersin.org 13 June 2019 | Volume 13 | Article 52163

https://doi.org/10.1074/jbc.273.49.32730
https://doi.org/10.1074/jbc.273.49.32730
https://doi.org/10.1007/s13311-015-0385-3
https://doi.org/10.1083/jcb.34.1.207
https://doi.org/10.1083/jcb.34.1.207
https://doi.org/10.3233/jad-2008-13309
https://doi.org/10.1212/01.wnl.0000265401.62434.36
https://doi.org/10.1212/01.wnl.0000265401.62434.36
https://doi.org/10.1093/acprof:oso/9780195152227.003.0002
https://doi.org/10.1093/acprof:oso/9780195152227.003.0002
https://doi.org/10.1016/s0197-4580(03)00039-3
https://doi.org/10.1016/s0197-4580(03)00039-3
https://doi.org/10.3233/JAD-161095
https://doi.org/10.1113/JP276149
https://doi.org/10.1016/j.expneurol.2018.11.007
https://doi.org/10.1093/brain/awx256
https://doi.org/10.1093/brain/awx256
https://doi.org/10.1038/ncomms3932
https://doi.org/10.3233/JAD-150307
https://doi.org/10.1124/jpet.116.237057
https://doi.org/10.1124/jpet.116.237057
https://doi.org/10.1097/00001756-200004070-00035
https://doi.org/10.1097/00001756-200004070-00035
https://doi.org/10.1016/j.bbrc.2008.08.151
https://doi.org/10.1006/mvre.1999.2188
https://doi.org/10.1038/jcbfm.1987.1
https://doi.org/10.1016/s0149-7634(00)00040-3
https://doi.org/10.1172/jci115431
https://doi.org/10.1111/bpa.12004
https://doi.org/10.1096/fasebj.7.11.8370472
https://doi.org/10.1523/jneurosci.2236-04.2004
https://doi.org/10.1046/j.1471-4159.1999.0720238.x
https://doi.org/10.1046/j.1471-4159.1999.0720238.x
https://doi.org/10.1038/s41598-018-22434-2
https://doi.org/10.1007/s11357-011-9333-2
https://doi.org/10.1002/jnr.23511
https://doi.org/10.1177/0271678X17709709
https://doi.org/10.1038/nn.4288
https://doi.org/10.1152/physrev.00050.2017
https://doi.org/10.1016/0304-3940(93)90135-8
https://doi.org/10.1016/0304-3940(93)90135-8
https://doi.org/10.1016/j.bbrc.2015.01.016
https://doi.org/10.1172/JCI59903
https://doi.org/10.1083/jcb.201412147
https://doi.org/10.1083/jcb.201412147
https://doi.org/10.1016/0306-4522(89)90036-5
https://doi.org/10.1210/en.2008-0008
https://doi.org/10.3389/fnins.2018.00930
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-00521 May 31, 2019 Time: 17:33 # 14

Rhea and Banks BBB and CNS Insulin Resistance

Vandal, M., Bourassa, P., and Calon, F. (2015). Can insulin signaling pathways
be targeted to transport Abeta out of the brain? Front. Aging Neurosci. 7:114.
doi: 10.3389/fnagi.2015.00114

Vandal, M., White, P. J., Tremblay, C., St-Amour, I., Chevrier, G., Emond, V., et al.
(2014). Insulin reverses the high-fat diet-induced increase in brain Abeta and
improves memory in an animal model of Alzheimer disease. Diab. Metab. Res.
Rev. 63, 4291–4301. doi: 10.2337/db14-0375

Varatharaj, A., and Galea, I. (2017). The blood-brain barrier in systemic
inflammation. Brain Behav. Immun. 60, 1–12. doi: 10.1016/j.bbi.2016.03.010

Veronese, N., Facchini, S., Stubbs, B., Luchini, C., Solmi, M., Manzato, E., et al.
(2017). Weight loss is associated with improvements in cognitive function
among overweight and obese people: a systematic review and meta-analysis.
Neurosci. Biobehav. Rev. 72, 87–94. doi: 10.1016/j.neubiorev.2016.11.017

Vicent, D., Ilany, J., Kondo, T., Naruse, K., Fisher, S. J., Kisanuki, Y. Y., et al. (2003).
The role of endothelial insulin signaling in the regulation of vascular tone and
insulin resistance. J. Clin. Invest. 111, 1373–1380. doi: 10.1172/jci15211

Warmke, N., Griffin, K. J., and Cubbon, R. M. (2016). Pericytes in diabetes-
associated vascular disease. J. Diab. Comp. 30, 1643–1650. doi: 10.1016/j.
jdiacomp.2016.08.005

Warmke, N., Griffin, K. J., Slater, C. I., Walker, A. M. N., Yuldasheva, N. Y., and
Cubbon, R. M. (2017). 186 Reduced pericyte insulin signalling causes abnormal
developmental angiogenesis. Heart 103, A127–A128.

Watson, G. S., and Craft, S. (2003). The role of insulin resistance in the
pathogenesis of Alzheimer’s disease: implications for treatment. CNS Drugs 17,
27–45. doi: 10.2165/00023210-200317010-00003

Winkler, E. A., Nishida, Y., Sagare, A. P., Rege, S. V., Bell, R. D., Perlmutter,
D., et al. (2015). GLUT1 reductions exacerbate Alzheimer’s disease vasculo-
neuronal dysfunction and degeneration. Nat. Neurosci. 18, 521–530. doi: 10.
1038/nn.3966

Wosik, K., Cayrol, R., Dodelet-Devillers, A., Berthelet, F., Bernard, M., Moumdjian,
R., et al. (2007). Angiotensin II controls occludin function and is required for
blood brain barrier maintenance: relevance to multiple sclerosis. J. Neurosci. 27,
9032–9042. doi: 10.1523/jneurosci.2088-07.2007

Wozniak, M., Rydzewski, B., Baker, S. P., and Raizada, M. K. (1993). The cellular
and physiological actions of insulin in the central nervous system. Neurochem.
Int. 22, 1–10. doi: 10.1016/0197-0186(93)90062-a

Xaio, H., Banks, W. A., Niehoff, M. L., and Morley, J. E. (2001). Effect of LPS on
the permeability of the blood-brain barrier to insulin. Brain Res. 896, 36–42.
doi: 10.1016/s0006-8993(00)03247-9

Xie, L., Helmerhorst, E., Taddei, K., Plewright, B., Van Bronswijk, W., and Martins,
R. (2002). Alzheimer’s beta-amyloid peptides compete for insulin binding to the
insulin receptor. J. Neurosci. 22:RC221.

Yu, Y., Kastin, A. J., and Pan, W. (2006). Reciprocal interactions of insulin
and insulin-like growth factor I in receptor-mediated transport across the
blood-brain barrier. Endocrinology 147, 2611–2615. doi: 10.1210/en.2006-
0020

Zhang, Y., Chen, K., Sloan, S. A., Bennett, M. L., Scholze, A. R., O’Keeffe, S.,
et al. (2014). An RNA-sequencing transcriptome and splicing database of glia,
neurons, and vascular cells of the cerebral cortex. J. Neurosci. 34, 11929–11947.
doi: 10.1523/JNEUROSCI.1860-14.2014

Zhang, Y., Sloan, S. A., Clarke, L. E., Caneda, C., Plaza, C. A., Blumenthal,
P. D., et al. (2016). Purification and characterization of progenitor and mature
human astrocytes reveals transcriptional and functional differences with mouse.
Neuron 89, 37–53. doi: 10.1016/j.neuron.2015.11.013

Zhao, L., Teter, B., Morihara, T., Lim, G. P., Ambegaokar, S. S., Ubeda,
O. J., et al. (2004). Insulin-degrading enzyme as a downstream target
of insulin receptor signaling cascade: implications for Alzheimer’s disease
intervention. J. Neurosci. 24, 11120–11126. doi: 10.1523/jneurosci.2860-04.
2004

Zhao, W. Q., De Felice, F. G., Fernandez, S., Chen, H., Lambert, M. P.,
Quon, M. J., et al. (2008). Amyloid beta oligomers induce impairment of
neuronal insulin receptors. FASEB J. 22, 246–260. doi: 10.1096/fj.06-770
3com

Zhao, W. Q., Lacor, P. N., Chen, H., Lambert, M. P., Quon, M. J., Krafft, G. A., et al.
(2009). Insulin receptor dysfunction impairs cellular clearance of neurotoxic
oligomeric a{beta}. J. Biol. Chem. 284, 18742–18753. doi: 10.1074/jbc.M109.
011015

Zlokovic, B. V. (2005). Neurovascular mechanisms of Alzheimer’s
neurodegeneration. Trends Neurosci. 28, 202–208. doi: 10.1016/j.tins.
2005.02.001

Zlokovic, B. V. (2008). The blood-brain barrier in health and chronic
neurodegenerative disorders. Neuron 57, 178–201. doi: 10.1016/j.neuron.2008.
01.003

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Rhea and Banks. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 14 June 2019 | Volume 13 | Article 52164

https://doi.org/10.3389/fnagi.2015.00114
https://doi.org/10.2337/db14-0375
https://doi.org/10.1016/j.bbi.2016.03.010
https://doi.org/10.1016/j.neubiorev.2016.11.017
https://doi.org/10.1172/jci15211
https://doi.org/10.1016/j.jdiacomp.2016.08.005
https://doi.org/10.1016/j.jdiacomp.2016.08.005
https://doi.org/10.2165/00023210-200317010-00003
https://doi.org/10.1038/nn.3966
https://doi.org/10.1038/nn.3966
https://doi.org/10.1523/jneurosci.2088-07.2007
https://doi.org/10.1016/0197-0186(93)90062-a
https://doi.org/10.1016/s0006-8993(00)03247-9
https://doi.org/10.1210/en.2006-0020
https://doi.org/10.1210/en.2006-0020
https://doi.org/10.1523/JNEUROSCI.1860-14.2014
https://doi.org/10.1016/j.neuron.2015.11.013
https://doi.org/10.1523/jneurosci.2860-04.2004
https://doi.org/10.1523/jneurosci.2860-04.2004
https://doi.org/10.1096/fj.06-7703com
https://doi.org/10.1096/fj.06-7703com
https://doi.org/10.1074/jbc.M109.011015
https://doi.org/10.1074/jbc.M109.011015
https://doi.org/10.1016/j.tins.2005.02.001
https://doi.org/10.1016/j.tins.2005.02.001
https://doi.org/10.1016/j.neuron.2008.01.003
https://doi.org/10.1016/j.neuron.2008.01.003
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-00629 June 15, 2019 Time: 17:43 # 1

MINI REVIEW
published: 18 June 2019

doi: 10.3389/fnins.2019.00629

Edited by:
Eugenio Barone,

Sapienza University of Rome, Italy

Reviewed by:
Roland Brandt,

University of Osnabrück, Germany
Paola Gamba,

University of Turin, Italy

*Correspondence:
Mikko Hiltunen

mikko.hiltunen@uef.fi
Teemu Natunen

teemu.natunen@uef.fi

Specialty section:
This article was submitted to

Neurodegeneration,
a section of the journal

Frontiers in Neuroscience

Received: 27 February 2019
Accepted: 31 May 2019

Published: 18 June 2019

Citation:
Gabbouj S, Ryhänen S,

Marttinen M, Wittrahm R, Takalo M,
Kemppainen S, Martiskainen H,

Tanila H, Haapasalo A, Hiltunen M
and Natunen T (2019) Altered Insulin

Signaling in Alzheimer’s Disease
Brain – Special Emphasis on PI3K-Akt

Pathway. Front. Neurosci. 13:629.
doi: 10.3389/fnins.2019.00629

Altered Insulin Signaling in
Alzheimer’s Disease Brain – Special
Emphasis on PI3K-Akt Pathway
Sami Gabbouj1, Simo Ryhänen1, Mikael Marttinen1, Rebekka Wittrahm1, Mari Takalo1,
Susanna Kemppainen1, Henna Martiskainen1, Heikki Tanila2, Annakaisa Haapasalo2,
Mikko Hiltunen1* and Teemu Natunen1*

1 Institute of Biomedicine, University of Eastern Finland, Kuopio, Finland, 2 A.I. Virtanen Institute for Molecular Sciences,
University of Eastern Finland, Kuopio, Finland

Alzheimer’s disease (AD) and type 2 diabetes (T2D) are both diseases with increasing
prevalence in aging populations. T2D, characterized by insulin resistance and defective
insulin signaling, is a common co-morbidity and a risk factor for AD, increasing the
risk approximately two to fourfold. Insulin exerts a wide variety of effects as a growth
factor as well as by regulating glucose, fatty acid, and protein metabolism. Certain
lifestyle factors, physical inactivity and typical Western diet (TWD) containing high fat
and high sugar are strongly associated with insulin resistance and T2D. The PI3K-Akt
signaling pathway is a major mediator of effects of insulin and plays a crucial role in
T2D pathogenesis. Decreased levels of phosphatidylinositol-4,5-bisphosphate 3-kinase
(PI3K) subunits as well as blunted Akt kinase phosphorylation have been observed in
the AD brain, characterized by amyloid-β and tau pathologies. Furthermore, AD mouse
models fed with TWD have shown to display altered levels of PI3K subunits. How
impaired insulin-PI3K-Akt signaling in peripheral tissues or in the central nervous system
(CNS) affects the development or progression of AD is currently poorly understood.
Interestingly, enhancement of PI3K-Akt signaling in the CNS by intranasal insulin (IN)
treatment has been shown to improve memory in vivo in mice and in human trials. Insulin
is known to augment neuronal growth and synapse formation through the PI3K-Akt
signaling pathway. However, PI3K-Akt pathway mediates signaling related to different
functions also in other cell types, like microglia and astrocytes. In this review, we will
discuss the most prominent molecular mechanisms related to the PI3K-Akt pathway in
AD and how T2D and altered insulin signaling may affect the pathogenesis of AD.

Keywords: Alzheimer’s disease, type 2 diabetes, insulin, phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K),
Akt (Protein kinase B, PKB), glucose metabolism, neuroinflammation, autophagy

INTRODUCTION

Both Alzheimer’s disease (AD) and type 2 diabetes (T2D) are diseases reaching epidemic
proportions. The main neuropathological findings in AD, the most common form of dementia,
are β-amyloid plaques, composed of extracellular aggregates of the β-amyloid (Aβ) peptide, and
intracellular neurofibrillary tangles (NFT) formed of hyperphosphorylated tau protein (Hardy and
Selkoe, 2002). However, there are several other pathological features related to AD, including loss of
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synapses and neurons, inflammatory activation of microglia and
astrocytes as well as impairment in glucose metabolism and
insulin-phosphatidylinositol-4,5-bisphosphate 3-kinase (PIK3)-
Akt signaling in the brain (Mosconi et al., 2008; Serrano-Pozo
et al., 2011; Talbot et al., 2012).

Type 2 diabetes is a complex, age- and lifestyle-related chronic
disease. It is characterized by increased glucose and insulin levels
in the blood, insulin resistance, metabolic abnormalities, and
chronic inflammation (Sjöholm and Nyström, 2006; Ashcroft
and Rorsman, 2012). T2D is one of the most important co-
morbidities of AD, increasing the risk of AD two to fourfold
(Craft, 2007; Sims-Robinson et al., 2010). Lifestyle factors,
such as physical inactivity and excess calories gained from
the typical Western diet (TWD), play a central role in T2D
(Khazrai et al., 2014). Several in vivo studies in AD mouse
models have shown that TWD induces T2D phenotype and
exacerbates memory impairments, which are linked to altered
PI3K-Akt signaling in the brain (Kang et al., 2017; Kothari et al.,
2017; Salas et al., 2018). Insulin is a crucial factor controlling
blood glucose levels and it facilitates cellular glucose uptake in
peripheral tissues by activating the PI3K-Akt pathway (Kim and
Feldman, 2012). In the brain, insulin does not have a major
role in glucose metabolism. However, insulin and the PI3K-Akt
signaling pathway play a significant role in neuronal health as
well as synapse formation and maintenance (Van Der Heide et al.,
2005; Chiu et al., 2008; Lee et al., 2011). Apart from neurons,
PI3K-Akt signaling pathway also plays a central role in other cell
types in the brain and TWD has been shown to affect, e.g., the
function of microglia (Spagnuolo et al., 2015; Spencer et al., 2019).

Imaging studies have shown that T2D is often associated with
changes in the brain that are typically detected in patients with
AD and related dementias, including decreased hippocampal
volume, reduced glucose metabolism, and changes in cerebral
blood flow (Baker et al., 2011; Moran et al., 2013; Willette et al.,
2015). Furthermore, alterations in the insulin signaling pathway
as well as decreased levels of insulin and insulin receptors
(IR) have been observed in the AD brain (Steen et al., 2005;
Talbot et al., 2012). Similarly, to T2D, other abnormalities such
as metabolic stress and inflammation are also characteristic
in AD (Moloney et al., 2010; Talbot et al., 2012). However,
the relationship between T2D and the main neuropathological
finding in AD, cerebral Aβ accumulation, remains unclear.
While most of the studies have reported no association, two
studies have found a significant correlation between peripheral
insulin resistance and brain Aβ levels as measured by Pittsburgh
compound B-positron emission tomography (PiB-PET) (Willette
et al., 2015; Ekblad et al., 2018). The impaired insulin-PI3K-
Akt signaling observed in the AD brain has led to clinical
trials studying whether the enhancement of this pathway using
intranasal insulin (IN) treatment is beneficial. Intranasally
administered insulin reaches the brain via the olfactory and
trigeminal nerves (Lochhead et al., 2019). Further, doses up to 40
IU in elderly subjects seem not to induce systemic hypoglycemia
(Craft et al., 2012). The majority of results from studies in
cognitively healthy humans as well as in AD patients are
encouraging, suggesting that IN enhances memory and cognition
(reviewed by Chapman et al., 2017). However, the effects appear

to depend on the dose and the dose regime (acute vs. repeated),
cognitive test used, and the APOE genotype. Interestingly, in a
preclinical APP/PS1 AD mouse model, IN treatment led to the
specific activation of the Akt2 isoform (Gabbouj et al., 2019).
This suggests that Akt kinases may have isoform-specific roles
in insulin signaling in the brain. Furthermore, the same study
revealed differential effects of IN on the expression profile of
homeostatic microglia and the markers of autophagy in the
hippocampus of WT and APP/PS1 mice.

Despite the strong epidemiological association between AD
and T2D, the underlying molecular mechanisms are still not fully
understood. It is probable that T2D affects the development and
progression of AD and related disorders via several mechanisms,
some of which may be directly or indirectly linked to the insulin-
PI3K-Akt signaling pathway. The aim in this review article is to
summarize and discuss the effects of altered insulin-PI3K-Akt
signaling and T2D on the pathogenesis of AD.

GLUCOSE METABOLISM AND INSULIN
RESISTANCE IN THE BRAIN

Common findings in T2D are hyperglycemia and insulin
resistance, meaning that peripheral tissues do not respond
normally to insulin in order to take up glucose from the blood.
Insulin resistance can be clinically assessed using, e.g., the
homeostatic model assessment for insulin resistance (HOMA-IR)
from fasting insulin and glucose levels (Matthews et al., 1985).
However, the definition of insulin resistance in the brain is not
as clear. While glucose uptake in peripheral tissues is heavily
dependent on insulin, glucose uptake in the brain is mainly
independent of insulin (Kim and Feldman, 2012). The term
“brain insulin resistance” has been used to provide an underlying
reason for the glucose hypometabolism observed in the AD brain.
However, since insulin does not play a major role in brain glucose
metabolism, insulin resistance in the brain is considered as an
impairment in the insulin signaling pathway.

Glucose uptake in peripheral tissues is based on the insulin-
dependent glucose transporter 4 (GLUT4) (Huang and Czech,
2007). Insulin activates the PI3K-Akt pathway and the activated
Akt kinase subsequently phosphorylates Akt substrate 160 kDa
(AS160), which recruits GLUT4 to the plasma membrane,
allowing glucose to efficiently enter the cell (Figure 1). In the
brain, endothelial cells and astrocytes, which are part of the
blood-brain barrier (BBB), express mainly GLUT1, while the
most common glucose transporter in neurons is GLUT3. Both
GLUT1 and GLUT3 are insulin-independent. However, it has
been shown that insulin-dependent GLUT4 is expressed to some
extent in several brain regions, such as hippocampus, cerebellum,
and olfactory bulb (Vannucci et al., 1998).

Recently, a rare P50T variant in AKT2 gene was shown
to increase the risk of T2D in humans as well as the fasting
levels of insulin on average ∼15% as compared to matched
controls (Manning et al., 2017). Interestingly, the carriers of this
variant showed decreased glucose uptake in the peripheral tissues,
such as skeletal muscle, whereas glucose uptake in the brain
was elevated ∼20% upon hyperinsulinemic–euglycemic clamp
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FIGURE 1 | A schematic presentation of PI3K-Akt intracellular signaling. Different extracellular stimuli, e.g., growth factors mediate their effects by receptors
belonging to receptor tyrosine kinase (RTK) family locating in the cell membrane. Binding of insulin to IR leads to activating tyrosine phosphorylation of insulin
receptor substrate (IRS). This activates phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) consisting of regulatory p85 and catalytic p110 subunits. PI3K
converts phosphatidylinositol (3,4)-bisphosphate (PIP2) into phosphatidylinositol (3,4,5)-trisphosphate (PIP3), which recruits Akt-kinase to cell membrane. PIP3

activates phosphoinositide-dependent protein kinase 1 (PDK1) to phosphorylate threonine 308 site in Akt1. For the full activation of Akt, serine 473 phosphorylation
by mammalian target for rapamycin complex 2 (mTORC2) is needed. PI3K-Akt pathway regulates several cellular functions via downstream factors; Akt substrate
160 kDa (AS160) controls insulin dependently on glucose transporter 4 (GLUT4) translocation to the cell membrane and glucose uptake into the cell, mTORC1
regulates autophagy, protein synthesis, and cell growth, glycogen synthase kinase 3 (GSK3) affects glycogen synthesis, axon growth, and tau phosphorylation, and
forkhead box (FOX) transcription factors regulate many functions, such as cell survival. In microglia, cell surface receptor TREM2 signaling regulates the
phagocytosis, motility, autophagy, survival, and proliferation. TREM2 is activated by several ligands including phospholipids, lipoproteins, and oligomeric Aβ leading
to interaction with activating adaptor protein DAP12. This in turn, leads to activation of PI3K-Akt pathway.

(Latva-Rasku et al., 2018). Given these observations, further
studies are needed to uncover whether this genetic variation
affects cognitive performance at the higher age or the
risk of dementia.

INSULIN-PI3K-AKT SIGNALING IN THE
BRAIN

Insulin, a hormone produced in the pancreas, has a wide variety
of functions. Of these, the best known is the regulation of glucose
uptake into peripheral tissues, such as skeletal muscle, liver,
and adipose tissue (Dimitriadis et al., 2011). Insulin is able to
penetrate the BBB via a saturable transport system (Banks et al.,
2012), meaning that increased serum insulin levels elevate those
of brain insulin only to a certain level.

Insulin transport varies between different brain regions. The
olfactory bulb is reported to have the highest rate of insulin
transport, probably due to having the highest concentration of
IRs (Hill et al., 1986; Gupta et al., 1992). In general, IRs are
more abundantly expressed in neurons as compared to other cell
types in the brain (Frölich et al., 1998). IRs have been observed
in all compartments of neurons, particularly in dendrites and
presynaptic terminals, emphasizing their role in dendritic growth
and synapse formation (Abbott et al., 1999; Lee et al., 2011).

The binding of insulin to the IR can activate two distinct
branches of insulin signaling: the Ras-mitogen-activated protein

kinase (MAPK) and PI3K-Akt pathways (Figure 1; Kim
and Feldman, 2012). The IR and the insulin-like growth
factor 1 (IGF1) receptor (IGF1R) are the major activators of
PI3K. IR and IGF1R belong to the receptor tyrosine kinase
(RTK) family, which includes receptors for many growth
factors, such as vascular endothelial growth factor (VEGF)
and nerve growth factor (NGF) (Lemmon and Schlessinger,
2010). Furthermore, the different RTKs are able to activate the
same intracellular PI3K-Akt pathway as insulin. The binding
of insulin causes a conformational change in the IR, inducing
autophosphorylation followed by the recruitment of intracellular
insulin receptor substrate (IRS) proteins, which are subsequently
tyrosine-phosphorylated. While the phosphorylation of specific
tyrosine residues activates IRS, there are serine phosphorylation
sites that inactivate IRSs by causing their dissociation from
the IR and decreasing tyrosine phosphorylation (Copps and
White, 2012). Tyrosine-phosphorylated IRS activates PI3Ks,
a kinase family involved in several intracellular signaling
transduction processes.

PI3K is a heteromeric protein consisting of a p110 catalytic
subunit and a p85 regulatory subunit (Figure 1). The SH2
domain of the PI3K p85 subunit binds to the phosphotyrosines
in the cytosolic domain of the plasma membrane-resident RTKs.
P110 converts phosphatidylinositol (3,4)-bisphosphate (PIP2)
into phosphatidylinositol (3,4,5)-trisphosphate (PIP3), leading to
the activation of numerous downstream kinases, such as Akt
(Boura-Halfon and Zick, 2009).

Frontiers in Neuroscience | www.frontiersin.org 3 June 2019 | Volume 13 | Article 62967

https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-00629 June 15, 2019 Time: 17:43 # 4

Gabbouj et al. PI3K-Akt Pathway in Alzheimer’s Disease

Akt is a family of serine/threonine kinases consisting of three
isoforms: Akt1, Akt2, and Akt3. These isoforms exhibit different
expression patterns depending on the brain region and cell
type. For example, Akt1 and Akt3 are distributed throughout
the somatic layers of the hippocampus, while Akt2 is mostly
expressed in astrocytes but not in neurons of the hippocampus
(Levenga et al., 2017). Once activated, Akt regulates cell
survival, proliferation, cytoskeletal organization, cell metabolism,
vesicle trafficking, and glucose transport (Noguchi and Suizu,
2012). Akt is activated upon its interaction with the pleckstrin
homology (PH)-domain of PIP3 allowing phosphoinositide-
dependent protein kinase 1 (PDK1) to phosphorylate threonine
308/309/305 of Akt1/2/3, respectively, at the plasma membrane.
Full activation of Akt also requires the phosphorylation of serine
473/474/472 of Akt1/2/3, respectively. The kinase responsible
for the serine phosphorylation of Akt is mammalian target for
rapamycin complex 2 (mTORC2), although the exact mechanism
of this mTORC2-mediated activation is still unclear (Noguchi
and Suizu, 2012). PI3K/Akt regulates downstream factors, such
as glycogen synthase kinase 3 (GSK3), mTORC1, and forkhead
box (FOX) transcription factors, affecting a plethora of cellular
functions in peripheral tissues and in the brain (Figure 1; Kim
and Feldman, 2012).

ALTERATIONS OF PI3K-AKT SIGNALING
IN THE AD BRAIN

In the AD brain, alterations in the PI3K-Akt pathway primarily
manifest as decreased phosphorylation or total levels of the
components in the insulin-PI3K-Akt signaling cascade (Steen
et al., 2005; Liu et al., 2011). Previous studies have found that
Aβ oligomers inhibit the PI3K-Akt pathway, which leads to
neuronal death. Post-mortem analysis of different AD brain
regions has revealed reduced levels of insulin, IR, IGF1, and
IGF1R (Steen et al., 2005; Liu et al., 2011). In addition, the
analysis of post-mortem AD brain samples showed decreased
levels of PI3K subunits (both p85 and p110) and reduced
phosphorylation of Akt and GSK3β (Steen et al., 2005; Moloney
et al., 2010). Interestingly, these changes were associated with
several important pathological hallmarks of AD, such as the NFT
pathology as well as microglial and astroglial markers (Rivera
et al., 2005). Progression of NFT pathology in AD brain from
one brain region to another during the disease course exhibits a
certain chronological pattern, which is defined by Braak staging
and correlates relatively well with clinical dementia symptoms
(Braak et al., 2006). GSK3β is one of the most important tau-
phosphorylating kinases (Wilson et al., 2013). PI3K-Akt signaling
regulates GSK3β by phosphorylating the serine 9 residue, which
inhibits GSK3β activity. In cultured neurons, insulin and IGF1
have been shown to decrease tau phosphorylation through Akt-
mediated GSK3β inhibition (Hong and Lee, 1997). Talbot et al.
(2012) subjected hippocampal tissue from normal post-mortem
brains and from AD brains to ex vivo insulin stimulation with
physiological doses. The normal tissue responded strongly to
insulin as measured by the enhanced phosphorylation of IRS-1,
Akt, GSK3α, and GSK3β. In contrast, the AD hippocampal tissue

demonstrated drastically reduced insulin-mediated downstream
activation (Talbot et al., 2012). Interestingly, two separate studies
showed abnormal basal phosphorylation levels of proteins in
the insulin-IRS-1-Akt pathway in post-mortem AD brains.
Furthermore, these changes correlated positively with Aβ and
tau lesions and negatively with memory and global cognition
scores. Intriguingly, hippocampal insulin resistance contributed
to the presence of Aβ and tau lesions independently of cognitive
impairment (Bomfim et al., 2012; Talbot et al., 2012).

Disturbances in autophagy play a significant role in many
neurodegenerative diseases, including AD, which is characterized
by the accumulation of toxic intracellular protein aggregates
(Son et al., 2012). mTOR, a key regulator of autophagy
induction, is a central protein in two complexes, mTORC1
and mTORC2, which are both important downstream factors
in the PI3K-Akt signaling pathway. As mentioned above,
mTORC2 activates Akt by phosphorylating it at serine 473,
while Akt activates mTORC1. In turn, active mTORC1 inhibits
the induction of autophagy and promotes protein synthesis
in neurons (Stoica et al., 2011), making mTORC1 a crucial
factor regulating the balance between autophagy and protein
synthesis. Different stimuli, such as insulin, IGFs, growth factors,
and amino acids activate the PI3K-Akt-mTORC1 pathway
and inhibit autophagy, while e.g., starvation inactivates this
pathway, leading to increased autophagy. Constitutive autophagy
is considered highly efficient in healthy neurons. Neurons in
the AD brain display large amounts of autophagosomal vesicles
(Boland et al., 2008) but it is not currently clear whether
this results from decreased activation mTORC1, leading to
increased autophagosome formation, or from defects in the later
steps of autophagy, such as impairment in the clearance of
autophagosomes through lysosomes (Boland et al., 2008).

Neuroinflammation and PI3K-Akt
Signaling in AD Brain
Chronic, low-grade inflammation is one of the main features
observed in both T2D (Calle and Fernandez, 2012) and AD as
well as other neurodegenerative diseases (Heneka et al., 2015).
Elevated levels of inflammatory markers, such as tumor necrosis
factor alpha (TNFα) and other cytokines, have been observed in
brain and in blood samples of AD patients (Perry et al., 2010;
Swardfager et al., 2010) and in peripheral tissues of subjects with
T2D (Sjöholm and Nyström, 2006). TNFα plays a crucial role
in peripheral insulin resistance. It activates c-Jun kinase (JNK),
which leads to inhibitory serine phosphorylation of IRS and
blockade of insulin signaling (Gregor and Hotamisligil, 2011).
Aβ oligomers have also been shown to activate JNK, leading
to inhibitory phosphorylation of IRS in hippocampal neurons
of Aβ plaque producing transgenic mice (Bomfim et al., 2012).
Importantly, this finding was also confirmed in post-mortem AD
brains (Bomfim et al., 2012).

Microglia, the resident immune cells in the CNS, are
responsible for neuroinflammation. High insulin levels promote
inflammatory responses in the brain, based on increased TNFα,
interleukin 1β and 6 (IL1β and IL6) levels observed in the
CSF of healthy individuals after an acute dose of insulin
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(Craft, 2005; Fishel et al., 2005). In addition to the secretion of
these pro-inflammatory cytokines, the same study showed that
hyperinsulinemia increased Aβ levels in the plasma, suggesting
that hyperinsulinemia can exacerbate neuroinflammation and
provoke AD pathogenesis (Fishel et al., 2005). This may be
explained by the competition of insulin and Aβ for degradation
by the same enzyme, insulin degrading enzyme (Zhao, 2004).

There are two extremes in the spectrum of the classical
activation status of microglia: M1 and M2. M2 represents
the anti-inflammatory phenotype, characterized by the
secretion of anti-inflammatory cytokines, such as IL10,
while M1 is pro-inflammatory (Tang and Le, 2016).
Microglia adopt the M1 phenotype when Toll-like receptor
4 (TLR4) is activated by ligands, e.g., lipopolysaccharide.
This leads to activation and secretion of high levels of
pro-inflammatory cytokines, such as TNFα, IL1β, IL6, and
nitric oxide (NO). Activation of TLR4 triggers the PI3K-
Akt-mTORC1 pathway, which in turn regulates nuclear
factor-kappa B (NFκB), which controls transcription,
cytokine production and cell survival in immune cells
(Fang et al., 2017).

Secretion of inflammatory mediators TNFα, IL1α and
complement component 1q (C1q), by activated microglia leads
to inflammatory responses also in astrocytes and to transition

from A2 to the neurotoxic A1 phenotype in astrocytes (Liddelow
et al., 2017). Reactive A1 astrocytes lose their ability to support
neuronal outgrowth and synaptogenesis leading to death of
neurons. Interestingly, transition to A1 phenotype can be rescued
by upregulating PI3K-Akt pathway (Xu et al., 2018).

Importantly, a recent study utilizing a single cell RNA
sequencing technology revealed a novel disease-associated
microglia (DAM) phenotype in amyloid plaque producing
transgenic mice (Keren-Shaul et al., 2017). DAMs are a subset
of microglia occurring also in other neurodegenerative diseases,
such as amyotrophic lateral sclerosis (ALS), and they co-exist
with Aβ plaques in AD (Keren-Shaul et al., 2017). DAM
development is a two-step process where Trem2-PI3K-Akt
pathway plays a central role. Stage 1 DAM transition is Trem2-
independent, and factors driving this step are currently unknown.

At stage 1, there is a significant downregulation of homeostatic
microglia genes, including Cx3cr1, P2ry12, and simultaneously
increased expression of Trem2 regulators/adaptors Dap12
(Tyrobp) and Apoe. Interestingly, the levels of Pik3r1 (p85) were
decreased in microglia upon the transition from homeostatic to
DAM phenotype (Keren-Shaul et al., 2017). Proceeding to stage
2 is Trem2-dependent and it is characterized by the elevated
expression of certain genes such as Trem2, Lpl, Cst7, and Clec7a,
which are involved in lysosomal, phagocytic and lipid metabolism

FIGURE 2 | Schematic illustration of the cell type-specific effects of impaired PI3K-Akt signaling in AD brain. The impaired PI3K-Akt signaling might be due to
decreased PI3K subunit levels observed in the brain of AD patients or due to T2D, which alters insulin levels and affects PI3K-Akt pathway in the brain, augmenting
AD pathogenesis. These alterations could have distinct effects in different cell types in the brain, as shown in the figure. Activation of PI3K-Akt signaling pathway by
several extracellular stimuli, such as growth factors (insulin, BDNF, etc.), affects proliferation, metabolism, and survival in various cell types. In neurons, GSK3β activity
and tau phosphorylation and mTOR activity affecting autophagy are influenced. Microglial transit to DAM phenotype, phagocytosis, and cytokine production, and
formation of microglia clusters around Aβ plaques are affected. Inflammatory cytokines secreted by microglia activate astrocytes, which transit to the reactive A1
phenotype unable to support neuronal outgrowth and synaptogenesis. Furthermore, genetic variation in AKT2 gene alters glucose uptake, probably in astrocytes,
potentially affecting brain energy metabolism.
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pathways (Keren-Shaul et al., 2017; Deczkowska et al., 2018).
In addition to enhanced phagocytic activity, production of
proinflammatory cytokines is suppressed in microglia with the
DAM phenotype (Ma et al., 2015).

TREM2 activation leads to DAP12 phosphorylation via Src
family kinases, initiating the downstream signaling cascades
including PI3K, PKC, and ERK. The PI3K-Akt signaling
pathway has been shown to be downstream of Trem2-
mediated signaling in microglia (Figure 1), since siRNA-
mediated knockdown of Trem2 in microglia leads to decreased
serine 473 phosphorylation of Akt and consequently decreased
phosphorylation of GSK3β at serine 9 (Zheng et al., 2017).
Additionally, it was recently shown that defective Trem2
signaling in microglia of Aβ plaque producing transgenic mice
resulted in impaired Akt-mTORC1 signaling with simultaneous
activation of AMP activated protein kinase. This led to the
accumulation of autophagosomes, metabolic impairment, and
further, decreased ability of microglia to form clusters around
Aβ-plaques and increased formation of dystrophic neurites
(Ulland et al., 2017). Thus, TREM2-DAP12 signaling utilizes at
least partially the same intracellular PI3K-Akt signaling as insulin
to induce its downstream effects.

CONCLUDING REMARKS

The insulin-PI3K-Akt signaling pathway plays an important role
in a variety of physiological functions in the brain, such as
metabolism, synapse formation, and cell growth and survival.
Results from epidemiological, clinical, and animal model-based
studies have already established a strong association between T2D
and AD, and alteration in PI3K-Akt signaling is the common
denominator in these diseases. PI3K subunit (p85 and p110)
levels are decreased in AD brain which might have versatile
effects in different cell types (Figure 2). Insulin regulates cell
growth, apoptosis, autophagy, and protein synthesis in the
brain, but plays a minor role there in the control of glucose
uptake. An interesting, recent finding revealed that P50T genetic
variation in AKT2 gene, which leads to insulin resistance and
hyperinsulinemia in the periphery, increased the glucose uptake
in the brain as assessed by [18F]-FDG PET imaging (Latva-Rasku
et al., 2018). This suggests that specific genetic alterations may
exert differential, and also perhaps cell type-specific, functional
outcomes in terms of glucose uptake and metabolism. Consistent
with this idea, it was recently demonstrated that the signal
in [18F]-FDG PET imaging does not only represent neuronal
glucose uptake but is also strongly affected by the activation of
astrocytes (Zimmer et al., 2017). These findings emphasize the
role of different cell types and diverse molecular mechanisms
underlying the glucose uptake in the brain, but further studies

are needed to determine how these novel observations linked to
brain glucose uptake and metabolism may mechanistically affect
cellular processes relevant for AD pathogenesis. Furthermore,
recent findings related to neuroinflammation and TREM2-
signaling further underscore the seminal role of the PI3K-Akt
pathway in microglia in the context of AD-related pathogenesis.
The levels of PI3K subunits p85 and p110 have been shown
to be decreased in AD brain (Moloney et al., 2010), which is
particularly interesting given that the microglial expression of
p85 decreases upon the transition from homeostatic to DAM
phenotype (Keren-Shaul et al., 2017). Also, the deficiency of
TREM2 in microglia has been shown to impair Akt-mTOR
signaling and hence affect autophagy and energy metabolism as
well as decrease the ability of microglia to form clusters around
Aβ-plaques leading to increased formation of dystrophic neurites
(Ulland et al., 2017). These results raise the question whether T2D
or life-style factors could affect TREM2-PI3K-Akt signaling and
thus the function and activity of microglia.

IN has been shown to activate PI3K-Akt signaling in the
brain and to have beneficial effects in individuals with cognitive
impairment (Mao et al., 2016; Chapman et al., 2017). IN was
also shown to differentially alter the expression of homeostatic
microglia markers in AD mice as compared to wild-type
mice, suggesting that IN affects the function and activity of
microglia depending on the disease status (Gabbouj et al., 2019).
Collectively, these genetic and functional findings reinforce the
idea that PI3K-Akt signaling cascade in glial cells encompasses
a central role in different cellular processes affecting AD
pathogenesis beyond its conventional functions in glucose uptake
and metabolism. Thus, unraveling the mechanisms in the PI3K-
Akt signaling pathway related to altered glial cell function in AD
may eventually provide much-needed novel therapeutic targets
and treatment strategies for neurodegenerative diseases.
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Epidemiological data suggest an increased risk of developing Alzheimer’s disease

(AD) in individuals with type 2 diabetes (T2D). AD is anatomically associated with an

early progressive accumulation of Aβ leading to a gradual Tau hyperphosphorylation,

which constitute the main characteristics of damaged brain in AD. Apart from these

processes, mounting evidence suggests that specific features of diabetes, namely

impaired glucose metabolism and insulin signaling in the brain, play a key role in AD.

Moreover, several studies report a potential role of Aβ and Tau in peripheral tissues

such as pancreatic β cells. Thus, it appears that several biological pathways associated

with diabetes overlap with AD. The link between peripheral insulin resistance and

brain insulin resistance with concomitant cognitive impairment may also potentially be

mediated by a liver/pancreatic/brain axis, through the excessive trafficking of neurotoxic

molecules across the blood-brain barrier. Insulin resistance incites inflammation and

pro-inflammatory cytokine activation modulates the homocysteine cycle in T2D patients.

Elevated plasma homocysteine level is a risk factor for AD pathology and is also closely

associated with metabolic syndrome. We previously demonstrated a strong association

between homocysteine metabolism and insulin via cystathionine beta synthase (CBS)

activity, the enzyme implicated in the first step of the trans-sulfuration pathway, in

Goto-Kakizaki (GK) rats, a spontaneous model of T2D, with close similarities with human

T2D. CBS activity is also correlated with DYRK1A, a serine/threonine kinase regulating

brain-derived neurotrophic factor (BDNF) levels, and Tau phosphorylation, which are

implicated in a wide range of disease such as T2D and AD. We hypothesized that

DYRK1A, BDNF, and Tau, could be among molecular factors linking T2D to AD. In this

focused review, we briefly examine the main mechanisms linking AD to T2D and provide

the first evidence that certain circulating AD biomarkers are found in diabetic GK rats.

We propose that the spontaneous model of T2D in GK rat could be a suitable model to

investigate molecular mechanisms linking T2D to AD.

Keywords: diabetes, Alzheimer’s disease, GK rat, BDNF, Dyrk1A, plasma biomarkers, tau
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INTRODUCTION

Type 2 diabetes (T2D) and Alzheimer disease (AD) are both
age-related, degenerative diseases, with increasing prevalence.
Epidemiological data show strong association between AD and
T2D (1). Although AD patients are not routinely evaluated
for T2D or hyperinsulinemia (2), it is estimated that T2D
nearly doubles the risk of dementia (3), cognitive dysfunction
and AD (4). Despite the large body of epidemiological
evidence linking AD to T2D, the precise molecular mechanisms
underlying this association are yet unknown. Clinically, AD
is a progressive neurodegenerative disease that begins with a
subtle decline in the ability to encode new memories, and
follows by more profound cognitive and behavioral/personality
deterioration (5, 6). AD is anatomically associated with an early
progressive accumulation of β-amyloid peptides (Aβ), leading
to a gradual Tau hyperphosphorylation, which constitute the
main characteristics of damaged brain in AD (7, 8). Apart
from these processes, mounting evidence suggests that specific
features of diabetes, namely impaired glucose metabolism and
insulin signaling, play a key role in the brain during AD. This
concept is supported by human postmortem studies showing that
brain insulin resistance is consistently present in AD brains and
worsens with disease progression (1, 9). The discovery of brain-
specific insulin signaling deficiencies in the early stages of AD
pathogenesis has led to the designation of AD as “type 3 diabetes”
(10). Thus, AD lies on an intricate crosstalk between age-related
metabolic, vascular, and hormonal changes that goes beyond its
traditional central nervous system boundaries (6, 11).

THE CONNECTION BETWEEN T2D AND AD

There are several hypotheses in support of mechanistic links
between AD and T2D. Numerous reviews have detailed the
main and consolidated mechanisms linking these two conditions
[review in (12–16)]. Some of the most documented mechanisms
include defective insulin signaling and inflammation.

Importantly, T2D and AD might have a bi-directional
relationship, showing both causative and consequential
implications in their mutual development (Figure 1). Indeed,
studies have shown that AD patients have an increased risk
of developing T2D (17, 18). Studies in animal models of AD
revealed increased susceptibility to develop metabolic disorders
(19, 20). Several biological pathways associated with diabetes
overlap with AD (21, 22). Similar to AD, pathological changes
in insulin production and action occur years before patients
receive a diagnosis of T2D (5, 6, 23). T2D is characterized by
the association of peripheral insulin resistance and pancreatic β

cell failure (24). The main organs involved in T2D development
include the endocrine pancreas, liver, skeletal muscle, and
adipose tissue, but also brain and small intestine. Emerging
data suggest that insulin resistance (diabetic milieu) can either
contribute to or serve as co-factor in its pathogenesis (1, 10). In
the brain, insulin regulates peripheral Aβ and tau metabolism
which influences the Aβ release in the brain by regulating
amyloid precursor protein (APP) metabolism to modulate the
balance between Aβ anabolism and catabolism (10). Lack of

insulin or its action may link T2D to AD by modification of Aβ

production and degradation.
Beyond its role in glucose metabolism in the body, insulin

plays an important neurotrophic role in the nervous system
[review in (12, 13)]. Numerous studies have demonstrated the
implication of insulin and its signaling in neuronal survival and
synaptic function and plasticity (25, 26). In vitro, insulin has been
shown to promote neurite outgrowth in a population of dorsal
root ganglions neurons (27).

Areas of the central nervous system such as the hippocampus,
which are important for memory, have high expression of
insulin receptor (28, 29). Therefore, impaired insulin levels
or signaling in the brain can lead to neuronal and synaptic
loss, and thus contribute to the development of AD and other
neurodegenerative diseases.

Insulin can also have indirect effects, by inducing the
expression of other neurotrophic factors. It has been shown that
insulin treatment increases the expression of the brain-derived
neurotrophic factor (BDNF) and tropomyosin receptor kinase B
(TrkB) receptors in the hippocampus of young rats (30).

Some of the effects of insulin might also be mediated through
its binding to insulin-like growth factor (IGF) receptors. IGF1 is
a growth factor exerting trophic effects on neuronal regeneration.
It stimulates protein synthesis in neurons, glia, oligodendrocytes,
and Schwann cells, and favor neuronal survival while inhibiting
apoptosis (31). Finally, insulin can promote neuronal survival by
protecting the brain against neuroinflammation (32).

Inflammation plays a critical role in the pathogenesis of
AD and T2D. AD pathology could be influenced by tissues
involved in T2D (Liver, adipose tissue, pancreas), through
the excessive trafficking of neurotoxic molecules such as pro-
inflammatory mediators, generated by the diabetic condition,
across the blood-brain barrier. Thus, periphery-derived pro-
inflammatory molecules could aggravate AD pathogenesis in the
central nervous system (Figure 1) (15, 16, 33).

However, despite intense research efforts, our knowledge
of the cellular and molecular pathways linking AD and
metabolic disorders remains incomplete. The understanding of
the common molecular mechanisms associated with both AD
and diabetes, are crucial because it could ultimately lead to
the identification of common therapeutic targets for these two
interconnected conditions.

SHARED MOLECULAR PATHWAYS
LINKING T2D TO AD

Abnormalities in insulin/IGF signaling pathways have been
shown in brains with AD (34, 35). These abnormalities were
associated with reduced levels of insulin receptor substrate
(IRS) mRNA, tau mRNA, IRS-associated phosphotidylinositol
3-kinase, and phospho-Akt. They also increased glycogen
synthase kinase-3β (GSK3β) activity, an enzyme involved in Tau
phosphorylation, and APP mRNA expression (36). Hence, the
disruption of insulin functions in diabetic condition interrupts
insulin signaling involved in the clearance of Aβ plaques and
in neurofibrillary tangles (NFTs) pathology. This participates

Frontiers in Neurology | www.frontiersin.org 2 June 2019 | Volume 10 | Article 64974

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Movassat et al. Alzheimer’s-Related Biomarkers in GK Rats

FIGURE 1 | The vicious circle between type 2 diabetes and Alzheimer’s disease. Type 2 diabetes is associated with relative insulin deficiency and insulin resistance.

Peripheral tissues generate proinflammatory and oxidative stress mediators which can reach the central nervous system. Impaired insulin action and the excess of

neurotoxic agents may lead to neuronal loss and impaired synaptic plasticity, thus participating to the cognitive and memory loss characteristics of AD. In turn,

deterioration of brain areas important for glucose and energy metabolism such as the hypothalamus and hippocampus may contribute to peripheral metabolic

dysfunction, thus aggravating the diabetic condition.

to the accelerated formation of neurotoxic Aβ and NFTs via
various mechanisms including GSK3β and the dual-specificity
tyrosine-(Y)-phosphorylation regulated kinase DYRK1A (37).
Thus, insulin resistance and T2D can interact with key pathways
involved in AD pathology.

Hyperphosphorylated Tau protein is the main constituent
of NFTs, which alongside amyloid β plaques, have long
been considered as key histopathological hallmarks of AD.
Interestingly, amyloid deposition (amylin) and abnormal Tau
processing may provide yet another link between diabetes and
AD. Indeed, studies report a potential role of Aβ and Tau in
peripheral tissues. In humans, pancreatic amyloid deposition,
similar to its damaging effect in brain during AD, is associated
with β cell loss and global dysmetabolism (38). High levels of
phosphorylated Tau were found in pancreas from T2D patients
(39). GSK3β is involved in the formation of both Aβ deposits and
NFTs. GSK3β induces Tau hyperphoshorylation to form NFTs
through PI3K/Akt/GSK3β signaling pathway (40). Importantly,
GSK3β is also involved in many aspects of T2D pathogenesis.
As a negative effector of the insulin signaling pathway, GSK3β is
involved in insulin resistance (41). GSK3β expression and activity
were shown to be increased in muscle of diabetic patients and
was implicated in muscle insulin resistance (42). Furthermore,
we and others have reported that beyond its implication in
insulin resistance in target tissues, GSK3β acts as a negative
regulator of β-cell growth and function, thus further implicating

this enzyme in the relative insulin deficiency associated with
T2D (43–46).

Peripheral insulin resistance, a hallmark of T2D, can cause
brain insulin resistance via a liver/pancreas/brain axis. Elevated
plasma homocysteine (Hcy) level is a risk factor for AD
pathology and is also closely associated with metabolic syndrome
(47–49). Elevated Hcy levels have been linked with gray and
white matter volume reduction among individuals with mild
cognitive impairment and AD (50). Plasma Hcy is highly
dependent on intracellular Hcy metabolism in the liver and
kidney, but it may also reflect one-carbon metabolism in a
number of other cell types, notably in pancreas and brain.
Hepatic insulin resistance during T2D leads to inflammation
which could in turn results in excessive Hcy production.
Cytotoxic Hcy generated in liver, traffics through the circulation
following injury or cell death, and can cross the blood-
brain barrier and exert neurotoxic effects by impairing central
insulin signaling and activating pro-inflammatory cytokines.
These abnormalities establish or help propagate a cascade
of neurodegeneration associated with oxidative stress, which
exacerbate brain insulin resistance, cell death, and neuro-
inflammation (51) (Figure 1).

Another potentially important player in AD pathogenesis
is DYRK1A (52). DYRK1A interacts with APP and APP
processing by direct phosphorylation of APP at Thr-668
and indirect phosphorylation of the presenilin 1 (PS1) at
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Thr-354, promoting the pathological Aβ pathway (53, 54).
Increased expression of DYRK1A seems to promote brain
β-amyloidosis by enhancing the phosphorylation and the
amyloidogenic cleavage of APP, increasing the amyloidogenic
levels of Aβ40 and Aβ42 (54). It also promotes neurofibrillary
degeneration directly through hyperphosphorylation of tau and
indirectly through phosphorylation of alternative splicing factor,
therefore participating to neurodegeneration and neuronal
loss appearing in AD (54–56). Moreover, we have shown
that AD patients exhibited a positive correlation between
plasma DYRK1A levels and CSF tau and phosphorylated-tau
proteins (57).

In recent years, increasing interest has been drawn to the
role of DYRK1A in β cell biology, making it another possible
molecular link between AD and T2D. Several studies show that
inhibition of DYRK1A alone (58, 59) or associated with the
inhibition of GSK3β (60), or with SMAD and Trithorax pathways
(61) induces human β cell proliferation.

However, other data in mice model of DYRK1A
overexpression showed expansion of β cell mass through
increased proliferation and cell size (62), suggesting a positive
effect of DYRK1A on β cell growth in this model, which contrasts
with the data on human β cells cited above.

DYRK1A has been demonstrated to be involved in the
cycle of Hcy (63, 64), and its overexpression was linked with
BDNF reduction (65). BDNF, the most widely distributed
neurotrophin in the central nervous system, has a pivotal
role in maturation, synaptic connection, neuronal repair,
and plasticity of the central nervous system (66). Loss of
BDNF in neurodegenerative disorders is a key mediator
of synaptic dysfunction, neurodegeneration and subsequent
cognitive decline (67). AD subjects show reduced BDNF levels in
the serum and brain as compared with healthy elderly controls
(68–70). Interestingly, there was a notable increase in plasma
Hcy level and significant decrease in serum BDNF level in
amnesticmild cognitive impairment patients that converts to AD,
especially in those with the APOE ε4 allele (71).

Higher expression of BDNF slows down cognitive decline
in the elderly, especially in the setting of advancing AD
neuropathology, indicating that the brain BDNF level could
be used as a novel marker for evaluating AD progression
(68, 72). Combined assessment of DYRK1A and the related
markers BDNF and Hcy has been validated by our team,
by logistic regression analysis as diagnostic marker for AD
in two unrelated AD patient cohorts with age-matched
controls (73).

FIGURE 2 | Age-dependent changes in plasma Dyrk1A levels. Blood was collected at the tail vein of Wistar and GK rats of 3 and 6 months of age, at 9:00 a.m.

Analyses were performed in plasma. (A) Schematic representation of Dyrk1A with distinct epitopes recognized by different antibodies. Plasma levels of full-length

Dyrk1A form (B) and full-length and truncated forms of Dyrk1A (C). The DYRK1A levels were assessed by a solid phase immobilized epitope- immunoassay set up for

antibody 7D10 (Abnova; immunogen: 674 aa ∼763 aa) and antibody D1694 (Sigma; immunogen: 32 aa ∼51 aa) (73). After removal of unbound conjugates, bound

enzyme activity was assessed by use of a chromogenic substrate for measurement at 450 nm by a microplate reader (Flex Station 3, Molecular Device, San Diego,

CA, USA). All the assays were performed in duplicate. For multiple pairwise comparisons between genotypes and ages, statistical analysis was done with two-way

ANOVA followed by Fisher’s post-hoc test using Statview software. The results are expressed as means ± SEM (standard error of the mean). n = number of rats. Data

were considered significant when p < 0.05.
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Interestingly, several reports also documented an
association between plasma BDNF and systemic or peripheral
inflammatory conditions, notably T2D (74). Plasma BDNF
levels were found to be decreased in T2D patients (75–78).
Interestingly, the relationship between T2D, BDNF and
dementia was reported in one study which demonstrated
lower plasma BDNF levels in patient group with both
T2D and dementia than in non-diabetic patients with
dementia (79).

Treatments to alleviate brain insulin resistance, such as
intranasal insulin administration, have been evaluated in mice
models and AD patients (80–84). Insulinotropic hormones
such as glucagon-like peptide-1 (GLP-1), have also been
proposed as a treatment for neurodegenerative disorders. Indeed,
exenatide, a glucagon-like peptide-1 (GLP-1) agonist used
for the treatment of T2D led to improvements in motor
assessments in patients with Parkinson’s disease (85). The
potential relevance of this drug for other neurodegenerative
disorders (e.g., AD) has being assessed in pre-clinical studies.
Exenatide was tested in different mice models of AD, in
3xTg-AD mice on a high-fat diet, in APP/PS1 mice, and
in adult wild-type mice as a model of mid-life brain aging.
Results demonstrate a beneficial effect of drug treatment
not only on cognition but also on BDNF neurotrophic
axis (86–88).

FIGURE 3 | Age-dependent changes in plasma BDNF. Blood was collected at

the tail vein of Wistar and GK rats of 3 and 6 months of age, at 9:00 a.m.

Analyses were performed in plasma. BDNF was assessed using sandwich

ELISA (ELISA E-Max, Promega, Madison, WI, USA). After removal of unbound

conjugates, bound enzyme activity was assessed by use of a chromogenic

substrate for measurement at 450 nm by a microplate reader (Flex Station 3,

Molecular Device, San Diego, CA, USA). All the assays were performed in

duplicate. For multiple pairwise comparisons between genotypes and ages,

statistical analysis was done with two-way ANOVA followed by Fisher’s

post-hoc test using Statview software. The results are expressed as means ±

SEM (standard error of the mean). n = number of rats. Data were considered

significant when p < 0.05.

ANIMAL MODELS OF COMBINED AD
AND T2D

Several animal models, mostly in rodents, have been designed
to study the interconnection between AD and T2D. These
models include high fat died-induced insulin resistance,
streptozotocin-induced diabetes or monosodium glutamate
(MSG)-treated rodents (89, 90). A variety of cognitive/behavioral
impairments and/or histopathological defects have been reported
in these studies, thus providing the experimental basis for the
epidemiological data that link T2D to AD. However, most of
available models have back draws since they do not replicate
the progressive characteristics of T2D with a silent phase
followed by the development of insulin resistance and relative
insulin deficiency.

The Goto–Kakizaki (GK) rats is a spontaneous model of T2D
with close similarities with human T2D (91). The chronology
of the infra-clinical and clinical phases in the GK rat, ranging
from primary defects in the endocrine pancreas, as early as
the fetal stage, followed by a neonatal phase of pre-diabetes,
and finally the occurrence of overt hyperglycemia in adult
individuals has been extensively described by our team (91, 92).
The relevance of the GK rat as a T2D model lies in the fact
that it is a spontaneous model without genetic manipulation,
in which diabetes develops through a gradual process following
a well-characterized phase of pre-diabetes (93), similar to the
human T2D pathology. We have previously demonstrated in
GK rats, a strong association between Hcy metabolism and
insulin via cystathionine beta synthase (CBS) activity, the enzyme
implicated in the first step of the trans-sulfuration pathway
(94). In addition to several metabolic defects, GK rats also
display impairment in their learning abilities and memory
capabilities. Interestingly, cognitive dysfunction in GK rats was
correlated with their insulin resistance index (95). Another
study have reported significant decrease in phosphorylation of
Akt, as well as reduced expression of CREB, an important
regulator in the expression of functional proteins associated with
learning and memory in this model of T2D (96). Studies using
transgenic models of AD have generated mounting evidence
supporting alteration in neurogenesis (97). Previous studies
by our group and other’s showed that chronic hyperglycemia
impairs hippocampus neurogenesis in adult diabetic GK rats
(98, 99), showing similarity with defects reported transgenic mice
models of AD.

TABLE 1 | Correlations between plasma levels of Dyrk1A, BDNF, and Tau

determined by Spearman’s rank correlation.

Full-length Dyrk1A Full-length and

truncated forms

of Dyrk1A

BDNF

BDNF r = −0.58

p < 0.017

Tau r = 0.758 r = −0.646

p < 0.0007 p < 0.005

Tau46 r = 0.571 r = 0.646 r = −0.646

p < 0.01 p < 0.002 p < 0.005
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FIGURE 4 | Age-dependent changes in plasma Tau. Blood was collected at the tail vein of Wistar and GK rats of 3 and 6 months of age, at 9:00 a.m. Analyses were

performed in plasma. (A) Schematic representation of Tau with distinct epitopes recognized by different antibodies (Tau5 and Tau46) used for the truncation detection

at D421. Plasma relative intensities of (B) Tau5 (1/1000, ThermoFisher/ AHB0042; immunogen 210 aa ∼230 aa) and (C) Tau46 (1/1000, ThermoFisher/13-6400;

immunogen 404 aa ∼441 aa). (D) The relative intensities of Tau46 were normalized to those of Tau5. Data were normalized to the mean of wild-type rats at 3 months.

For multiple pairwise comparisons between genotypes and ages, statistical analysis was done with two-way ANOVA followed by Fisher’s post-hoc test using Statview

software. The results are expressed as means ± SEM (standard error of the mean). n = number of rats. Data were considered significant when p < 0.05.

Based on the literature described above, the spontaneous
GK model of T2D appears as a valuable tool to investigate the
relationship between T2D and AD.

STATEMENT OF HYPOTHESIS: PLASMA
LEVELS OF DYRK1A, BDNF, AND TAU ARE
MODIFIED IN GOTO-KAKIZAKI RATS

Taking advantage of the characteristics of this model, we sought
to analyze the circulating levels of some of the biomarkers of
AD, which could potentially be related to T2D, namely DYRK1A,
BDNF and Tau, in 3 and 6 months old diabetic GK rats.

Jin et al. have reported that DYRK1A was truncated in the
brains of AD patients resulting in formation of truncated forms
due to increased calpain activity (100), associated with a decrease
of the full-length form (Figure 2A). DYRK1A contains a PEST

sequence, a signal peptide for protein degradation via calpain
(101, 102). Recently, Souchet et al. found that this DYRK1A
cleavage is a consequence of the amyloid pathology (103).
Resulting truncated forms accumulate in astrocytes and exhibit
increased affinity toward a regulator of inflammatory process
(103). Here, we analyzed these different forms by the use of two
different antibodies, one recognizing the full-length form, and the
other the full-length and truncated forms of Dyrk1A (Figure 2A)
in plasma of control Wistar (WT) and GK rats. No difference
was found betweenWT and GK rats at 3 months (Figures 2B,C),
while an increase of full-length and the truncated forms was
found in GK rats at 6 months (Figure 2C). The full-length form
was also increased at 6 months inWT rats compared to 3 months
old WT rats (Figure 2B), suggesting an age-related effect.

BDNF levels were decreased in plasma of GK rats at 3
and 6 months, compared to age-matched WT rats (Figure 3).
This was in keeping with studies showing decreased plasma
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levels of BDNF in diabetic patients (75–78). There is also
solid evidence demonstrating a reduction in BDNF mRNA and
protein levels in AD cortex and hippocampus (104, 105), and
decreased BDNF levels contribute to cognitive dysfunction in
AD (66). A significant decrease in BDNF serum concentration
has been found in AD patients compared with healthy controls
(106). Correlations were determined by using Spearman’s rank
correlation, as data were not normally distributed according to
Shapiro-Wilk test. A negative correlation was found between
plasma BDNF and full-length and truncated forms of Dyrk1A
levels (Table 1). As Dyrk1A is involved in controlling numerous
pathways, this result emphasizes the role of this kinase on
BDNF signaling pathways, as previously suggested by our
team (65, 73).

Tau protein truncated at amino acid D421 has been detected
in AD (Figure 4A). This C-terminal truncation introduces a
conformational change contributing to aggregation (107, 108).
We therefore measured the levels of centrally-situated Tau
epitope (Figure 4B) and levels of Tau 46 (Figure 4C), to evaluate
the index of truncation. The index of C-terminal truncation was
provided by the ratio of Tau46/Tau5 (Figure 4D). Tau levels
(Tau5 immunoreactivity) increased in plasma of GK rats at 3
and 6 months, compared to age-matched WT rats. There was
no difference of Tau levels between WT rats at 3 and 6 months
(Figure 4A). Tau levels are correlated positively with full-length
and truncated forms of Dyrk1A levels (Table 1) and negatively
with BDNF levels (Table 1). Interestingly, we previously found a
positive correlation between plasma Dyrk1A levels and CSF Tau
proteins in AD patients (57).

An increased Tau46 immunoreactivity and Tau46/Tau 5
was found in plasma of GK rats as early as 3 months and
persisted at 6 months of age compared to age-matched WT
rats (Figures 4C,D). Interestingly, Tau46 immunoreactivity and
Tau46/Tau5 ratio increased in an age-dependent manner within
the WT group (Figures 4C,D). The Tau46 immunoreactivity
also correlated positively with full-length form of Dyrk1A levels
(Table 1), full-length and truncated forms of Dyrk1A levels
(Table 1), and negatively with BDNF levels (Table 1). These
results indicate that Tau undergoes increased C-terminal cleavage
as early as 3 months in the GK rats, while this effect appears in
non-diabetic Wistar rats only at 6 months.

CONCLUSION

In this paper we used the type 2 diabetic GK rat as a tool
to assess circulating biomarkers for AD. We show that plasma

BDNF and the index of C-terminal truncation of Tau could
be considered as early biomarkers, while plasma Dyrk1A could
represent a late biomarker. As a spontaneous model of T2D with
gradual progression, the GK rat is acknowledged as a valuable
tool to study the pathogenesis of diabetes. Here we propose
that the GK rat could be a new model to investigate the link
between T2D and AD. It could therefore be a useful tool for
pre-clinical studies to assess drug efficacy in the onset of the
disease. Currently, we are addressing the question of possible
abnormalities in the expression/activity of the above markers
in the brain and the pancreas of the GK rat, to validate the
relevance of this model as a model of T2D-associated AD. These
results need to be compared with those described in validated
rodent models of AD with different grade pathology. Further
longitudinal studies of metabolic and cognitive parameters with
pharmacological intervention are warranted to comprehend the
causal relationship underlining the progression of AD and T2D.
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Aging is one of the strongest risk factor for Alzheimer’s disease (AD). However, several

data suggest that dyslipidemia can either contribute or serve as co-factors in AD

appearance. AD could be examined as a metabolic disorder mediated by peripheral

insulin resistance. Insulin resistance is associated with dyslipidemia, which results in

increased hepatic ceramide generation. Hepatic steatosis induces pro-inflammatory

cytokine activation which is mediated by the increased ceramides production. Ceramides

levels increased in cells due to perturbation in sphingolipid metabolism and upregulated

expression of enzymes involved in ceramide synthesis. Cytotoxic ceramides and

related molecules generated in liver promote insulin resistance, traffic through the

circulation due to injury or cell death caused by local liver inflammation, and because

of their hydrophobic nature, they can cross the blood-brain barrier and thereby exert

neurotoxic responses as reducing insulin signaling and increasing pro-inflammatory

cytokines. These abnormalities propagate a cascade of neurodegeneration associated

with oxidative stress and ceramide generation, which potentiate brain insulin resistance,

apoptosis, myelin degeneration, and neuro-inflammation. Therefore, excess of toxic lipids

generated in liver can cause neurodegeneration. Elevated homocysteine level is also a

risk factor for AD pathology and is narrowly associated with metabolic diseases and

non-alcoholic fatty liver disease. The existence of a homocysteine/ceramides signaling

pathway suggests that homocysteine toxicity could be partly mediated by intracellular

ceramide accumulation due to stimulation of ceramide synthase. In this article, we briefly

examined the role of homocysteine and ceramide metabolism linking metabolic diseases

and non-alcoholic fatty liver disease to AD. We therefore analyzed the expression of

mainly enzymes implicated in ceramide and sphingolipid metabolism and demonstrated

deregulation of de novo ceramide biosynthesis and S1P metabolism in liver and brain of

hyperhomocysteinemic mice.
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INTRODUCTION

Insulin resistance is a major public health outcome by
its association with the non-alcoholic fatty liver disease
(NAFLD), metabolic syndrome, type 2 diabetes mellitus (T2DM),
obesity, and Alzheimer’s disease (AD)-type neurodegeneration
epidemics. Aging is also a powerful AD risk factor. However,
many data imply dyslipidemic conditions as contributor or co-
factors in pathogenesis of AD. The classical “amyloid cascade”
hypothesis in AD, actually deeply debated, demonstrates that
cognitive defects and memory loss implicate the development of
wide and insoluble beta amyloid plaques in various brain areas,
resulting in apoptosis of neurons (1).

Apart from amyloid-β peptide (Aβ), many evidences suggest
that impairing of insulin signaling and brain glucose metabolism
act an important role in AD development. Human post-
mortem studies support this notion, indicating that insulin
resistance in AD brain is systematically showed and increased
with disease advancement (2–4). Another connection between
T2DM and AD could be supplied by Tau processing failures.
Neurofibrillary tangles (NFTs) are principally constituted by
hyperphosporylated tau proteins. NFTs, such as amyloid beta
plaques, account as important histopathological characteristics of
AD. Some authors have called AD as “type 3 diabetes” in relation
with the alterations, at the very early disease stages, of insulin
signaling more specifically in the brain (2). Insulin resistance
is linked with inflammation and dyslipidemia which results
in increased ceramides generation notably in hepatic function
(5, 6). For this reason, AD could be considered like metabolic
diseases mediated by disorders due to peripheral insulin
resistance. Progressive hepatic steatosis induces inflammation
with activation of pro-inflammatory cytokines, leading not
only to increased ceramide production, but also alteration in
one carbon metabolism. Ceramides build up in cells because
of disruptions in sphingolipid metabolism and activation of
pro-ceramides genes (7). Cytotoxic ceramides and related
molecules generated in liver promote insulin resistance, traffic
through the circulation due to injury or apoptosis caused by
local liver inflammation, and because of their hydrophobic
nature, can pass through the blood-brain barrier (BBB),
thereby exerting toxic responses as reducing insulin signaling
and increasing pro-inflammatory cytokines. These defects
initiate or support propagation of neurodegeneration with an
oxidative stress and ceramide production, exacerbating brain
insulin resistance, neuronal apoptosis, and neuro-inflammation.
Therefore, neurodegeneration can be caused by toxic liver
lipid production (5). In mice, increased production of toxic
lipid/ceramide can be induced by liver/peripheral tissue-brain
axis of neurodegeneration and be moved through the BBB
resulting cognitive impairments (8).

Disturbances in one carbon metabolism, determined
by enzyme failures integral to this process, comply with
abnormally increased plasma homocysteine (Hcy) levels,
namely hyperhomocysteinemia (HHcy). HHcy has been
frequently linked with T2DM, cardiovascular diseases (CVD),
atherosclerosis and present in NAFLD (9–11). Given that the
majority of dietary methionine metabolism is made in liver,

this organ represents the major place for Hcy metabolism
(12). During liver failure, metabolism of Hcy was modified in
association with lipid metabolism disturbance (13–15). Increased
Hcy level is also associated with AD pathology (16–19). Taken
as a whole, results suggest that Hcy/ceramides signaling
pathway exists which suggests a link between Hcy toxicity
and intracellular ceramide accumulation via the activation of
ceramide synthase (20).

HOMOCYSTEINE, A LINK BETWEEN
NAFLD, T2DM, AND AD

In the world, NAFLD is the most shared hepatic disorder,
its incidence reaching 70–90%. It is also linked with obesity,
T2DM and related metabolic diseases (21). NAFLD is linked
to hepatic insulin resistance and occurs frequently with
obesity/T2DM. Intrahepatic fat accumulation is the feature
of NAFLD. Progression of NAFLD is more likely to take
place in metabolic diseases patients (22). Oxidative stress
associated with insulin resistance have an essential part in
NAFLD (23). One-carbon metabolism is involved in methylation
of notably proteins, DNA, RNA, and protects cells against
oxidation (24). S-adenosylmethionine (SAM) is produced
by methionine adenosylation and is the most important
methyl-group donor in cellular metabolism (25) (Figure 1).
DNA methylation capacity of cells can be modified by a
reduction of SAM concentration associated with a reduction
in SAM: S-adenosylhomocysteine (SAH) ratio (26). One-
carbon metabolism perturbation consequently participates to
pathogenesis and NAFLD promotion.

In the liver, Hcy, a thiol-containing amino acid, is involved
in metabolism of dietary methionine. SAH metabolism
produces Hcy, SAH being produced through methylation
reactions implicating SAM and methyltransferases. Hcy can be
metabolized by conversion to cysteine via the transsulfuration
pathway, the first step involving cystathionine beta synthase
(CBS) (27) (Figure 1). In alcoholic fatty liver disease (28) but
also in non-alcoholic steatohepatitis (NASH) (29), serum Hcy
levels are elevated and good predictor of disease progression.
Hepatic steatosis in human patients and in mice with CBS
deficiency is associated with HHcy (29–32). In rats, HHcy due
to decreased hepatic CBS activity is elicited by NAFLD induced
by high fat diet (15). Therefore, NAFLD is early characterized
by HHcy. The involvement of dual-specificity tyrosine-(Y)-
phosphorylation regulated kinase (DYRK1A) in one carbon
metabolism is strengthened by the positive correlation between
hepatic protein expression and CBS activity (33, 34). DYRK1A,
a protein involved in development, growth and apoptosis (35),
is also implicated in Hcy cycle (36, 37) (Figure 1). DYRK1A
is also implicated in β-cell mass adjustment and involved in
carbohydrate metabolism (38, 39). In mice, DYRK1A is also
implicated in liver damage induced by alcohol consumption (34).

Individuals with NAFLD can exhibit neuropsychiatric
dysfunction, including anxiety and depression, which frequently
precede cognitive impairment and dementia. Factors affecting
one-carbon metabolism and consequently elevated Hcy levels
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FIGURE 1 | Integrated pathways for homocysteine/cysteine synthesis from methionine and sphingolipid synthesis. BHMT, betaine-homocysteine methyl transferase;

CBS, cystathionine beta-synthase; Cers, ceramide synthases; CERT, ceramide transferase; CGL, cystathionine gamma-lyase; DEGS1, dihydroceramide desaturase

1; KSR, 3-keto-sphinganine reductase; MAT, methionine adenosyl transferase; MS, methionine synthase; MTHFR, 5,10-methylene tetrahydrofolate reductase;

SAHH, S-adenosyl homocysteine hydrolase; SGPL, sphingosine-1-phosphate lyase; Sphk, sphingosine kinase; SPTlc, serine palmitoyltransferase; STHM,

serine transhydroxymethylase.

have been linked to AD. Divers risk factors of sporadic AD have
been characterized by long-term and prospective population and
cross-sectional retrospective studies, as hypercholesterolemia,
T2DM, and HHcy (40). Elevated proinflammatory cytokines
have metabolic connotation (40). Older patients suffering from
mild hypertension showed association between hippocampal
atrophy, and white matter atrophy, with HHcy. Elderly patients
with HHcy showed increased rate of hippocampal atrophy and
cognitive decline (41, 42). In the aged population, elevated Hcy
level can be established as a risk factor for cognitive decline (43).
Progression of white matter hyperintensities and faster rates
of total brain volume loss have been associated with increased
plasma Hcy levels in patients with hypertension (19). Many
studies have demonstrated that moderately elevated Hcy levels
increased late-onset Alzheimer’s disease (LOAD) risk, even if
the value is close to the critical threshold (16–19, 44). According
to recent international consensus statement (45), moderately
elevated Hcy level can increase the relative risk of dementia in
the elderly 1.15- to 2.5-fold, with the Population Attributable
risk from 4.3 to 31%.

Many mechanisms have been suggested to connect
elevated Hcy level with AD. Many experimental studies
have demonstrated that elevated Hcy level can produce many
neurotoxic effects implying excitotoxicity, oxidative stress,

mitochondrial dysfunction, DNA damage and apoptosis.
Therefore, HHcy can participate to AD neurodegeneration (46).
Preclinical studies show that HHcy generates Aβ accumulation
in brain (47–51) and increased hyperphosphorylation of tau
(52). The link of Hcy to Aβ can lead to the development of
interconnections and consequently to the development of
aggregates (53). Elevation of Hcy contributes to the decrease
of SAM levels. Demethylation of DNA can be produced by
decreased SAM level, leading to overexpression of presenilin
(PSEN1) and beta-secretase (BACE1), the β-site amyloid
precursor protein (APP)-cleaving enzyme (54). Another study
demonstrates that dimerization of apoE3 can be block by Hcy,
reducing apoE3-mediated high-density lipoprotein (HDL)
generation and consequently reducing microglial degradation
of soluble Aβ (55). Patients with HHcy, compared to control
subjects, have lower ratio of apoE3 dimers in their cerebrospinal
fluid (CSF).

Many studies demonstrate the involvement of DYRK1A in
AD (56). DYRK1A interacts with APP, and plays a role in
APP processing by direct phosphorylation of APP at Thr-668
and indirect phosphorylation of PSEN1 at Thr-354, promoting
the pathological Aβ pathway and the production of Aβ.
Increased DYRK1A expression enhances APP phosphorylation
and its cleavage, resulting in increased Aβ40 and Aβ42 levels
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and thus promoting brain β-amyloidosis (57). Its direct tau
hyperphophorylation and indirect phosphorylation of alternative
splicing factor promotes neurofibrillary degeneration, showing
its involvement in neurodegenerative processes and neuronal
depletion appearing in AD (57–60). We have previously shown,
on the one hand, that plasma DYRK1A levels correlate positively
with CSF tau and phosphorylated-tau proteins in AD (61),
and on the other hand that combined assessment of plasma
levels of DYRK1A and Hcy can be validate as diagnostic
marker for AD (44). Lipidomics analysis showed that not
only triglycerides (TG) content but also ceramide content were
increased in HHcy mice which have decreased liver DYRK1A
protein expression (36, 62). We previously demonstrated altered
lipoprotein metabolism in mice overexpressing DYRK1A (63).
Note that mice overexpressing DYRK1A have, on the contrary,
not only a decreased plasma Hcy level (37) but also a decreased
serum TG level (0.369 ± 0.04 vs. 0.519 ± 0.057 mmol/L; p <

0.05 by Student’s t-test; n = 8 for each). It will be important to
demonstrate if the effects of Hcy not only in liver but also in brain
are mediated by ceramide signaling.

SPHINGOLIPID METABOLISM AND AD

Considered for a long time as structural compounds, several
evidences demonstrated that bioactive sphingolipids are involved
as signaling molecules in the various tissues including the
brain. In these tissues, sphingolipids play important role in
several pathologies including neurodegenerative diseases, such
as AD. Sphingolipids could be produced by several pathways.
De novo sphingolipid synthesis is initiated in the cytoplasmic
face of the endoplasmic reticulum (ER) which is started with
the condensation of palmitoyl-CoA L-serine with to form 3-
ketosphinganine (Figure 1). Serine palmitoyl-transferase (SPT)
catalyzes this reaction (64). Two subunits, SPTLC1 and SPTLC2,
showing a similarity at amino acid sequence of around 20%,
compose the heterodimer SPT. SPTLC1 and SPTLC2 seem to
be both required for enzyme activity. However, the SPTLC2
subunit contains a pyridoxal phosphate binding motif (65) and
produces the common and major C18-sphingoid bases. A third
SPT subunit, SPTLC3, has been identified, with 68% homology
to the SPTLC2 subunit. However, SPTLC3 is involved in the
production of C14- and C16-sphingoid bases. SPTLC2 and
SPTLC3 are therefore distinct from a specificity point of view
(66). The SPT substrate preference toward the requirement
of longer acyl-CoA could be modulated by the differential
expression of SPTLC2 and SPTLC3. Moreover, C16-sphingoid
bases could be transformed into more complex sphingolipids,
such as C16-ceramide and glycosphingolipid. Sphingolipids
can be implicated in AβPP/Aβ metabolism and therefore AD
development due to their structural roles in cellular membranes
including lipid rafts (67). Conversely, ceramide formation can
be promoted by accumulation of oligomerized Aβ in AD brain.
Indeed, Aβ peptides can activate SPT, resulting in neurotoxic
ceramide increase by the de novo synthesis pathway (68,
69). Interestingly, SPTLC2 was found to be up-regulated in
AD (70, 71). However, a regulation of SPTLC3 subunit has

not been explored in neurodegenerative diseases development,
such as AD.

3-ketosphinganine is formed and rapidly reduced by 3-
ketosphinganine reductase into dihydrosphingosine (DH-Sph)
(Figure 1). The reaction results in DH-Sph, implicated in the
production of various species of dihydro-ceramides by ceramide
synthases (CerS) (Figure 1). This species will differ by the nature
of acyl-CoA chain length used for the N-acylation of DH-Sph
(72). The dihydroceramide desaturases (DEGS1) metabolizes
dihydro-ceramides into ceramides (Figure 1). Interestingly,
CerS1 and CerS2 are up-regulated in AD brains whereas CerS6
is reduced (70, 71), suggesting a remodeling of ceramide species
during the development of AD. The ceramide produced are
converted in the Golgi apparatus into sphingomyelin or glucosyl-
ceramides by sphingomyelin synthase and glucosyl-ceramide
synthase, respectively (73) (Figure 1).

Ceramidases could deacylated ceramides to produce
sphingosine (Figure 1). In cells, sphingosine but also other
sphingoid bases can be phosphorylated by two sphingosine
kinases (SphK 1 and SphK2) to form sphingosine-1-phopshate
(S1P). S1P can be dephosphorylated to sphingosine by specific
S1P phosphohydrolases, the reaction being reversible, or can
be cleaved by a pyridoxal-dependent S1P lyase (SGPL) into
ethanolamine phosphate and hexadecenal, the reaction being
irreversible (74) (Figure 1). S1P, in contrary to ceramide, is
known to be a pro-survival lipid for various cells including
neurons (74). Interestingly, S1P metabolism has also been related
to AD. Indeed, FTY720, a substrate of SphK2 that can bind S1P
receptors has been shown to reduce neuronal Aβ generation (75).
Loss of neuroprotective S1P and SPHK activity was found early
in AD development prior to AD diagnosis with a decrease of
Sphk2 activity in hippocampus (76). However, the role of SphK2
is still controversial in AD since S1P production by SphK2 and
Aβ processing seemed to be positively correlated (77). This
discrepancy could come from subcellular distribution of SphK2
between cytosol and nucleus which is altered in AD brains (78).
These data suggest that the pro-survival cytosolic S1P may be
less efficient by a shift in the subcellular localization of the S1P
generating by SphK2 which will lead to the production of nuclear
S1P associated with deleterious effects in AD pathogenesis. Up to
date, SphK2 and SGPL (70) have been shown to be overexpressed
whereas SphK1 was found to be down-regulated in AD brain
suggesting a deregulation of S1P signaling in this pathology
which remained to be clarified.

CERAMIDES, A LINK BETWEEN NAFLD,
T2DM, AND AD

Ceramides are also important mediators of insulin resistance
in various peripheral tissues but also in pancreatic β cell
deregulation induced by obesity (79, 80). Obesity is well-
established as a predisposing factor for the appearance of hepatic
steatosis, NAFLD being strongly associated with both hepatic
and peripheral insulin resistance with a defect in the ability
of insulin to suppress endogenous glucose production (81). In
addition, NAFLD is linked to important hepatic changes in
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lipid metabolites, such as an increase in hepatic cholesterol.
When excess of saturated fatty acids are poorly incorporated
into hepatocyte triglycerides, they induce lipotoxicity, resulting
in liver injuries (82). Excess of saturated fatty acids constitutes a
preferential substrate for the de novo ceramide biosynthesis (83).
It is known that ceramide levels contribute to the development of
NAFLD by mediating obesity, inflammation, insulin resistance,
and oxidative stress (84).

In addition to intracellular-based actions, circulating
extracellular ceramides have roles in insulin resistance. In vitro
studies showed that hepatocytes treated with palmitate could
efficiently secrete newly synthesized ceramide in response
to hyperlipidemia, demonstrated by increased extracellular
ceramide concentration (85). Ceramide could be either
transported by lipoproteins but also by cell-derived membrane
shed both basally and under stress conditions called extracellular
vesicles (86, 87). Interestingly, advanced pathological signs of
AD and also induced neuronal apoptosis could be elicited by
chronic NAFLD in mice (88). Therefore, chronic inflammation
induced by obesity-associated NAFLD outside from the brain is
sufficient to induce neurodegeneration in the absence of genetic
predisposition. Since NAFLD is associated with an increase of
circulating sphingolipid, such as ceramide, it is tempting to
suggest that circulating ceramide originating from liver could
also target brain tissues and favor the development of AD.

Some of sphingolipids could constitute biomarkers to identify
individuals who are at risk to develop T2DM. Therefore, it
will be more important to quantify circulating sphingolipid
concentrations. Plasma dihydro-ceramides levels were showed
effectively to be significantly elevated up to 9 years before the
detection of the disease of individuals from two human cohorts
who will progress to diabetes (89). Interestingly, deregulation
of ceramide metabolism reflected by an increase of plasma
ceramide level could arise in different stages of AD progression
(90, 91). Moreover, it would be important to define whether
AD is associated with a differential distribution of ceramides
in lipoproteins, but also in exosomes, which could serve as
biomarkers of disease progression.

S1P has been also shown as a potent regulator of NAFLD,
treatment with S1P enhancing hepatic lipid storage (92). A 2-
fold increase of SphK1 was determined in livers from humans
with NAFLD but also in mice feeded with a high saturated fat
diet (92, 93). These mice showed activation of NFκB, elevated
cytokine production, and immune cell infiltration. Importantly,
a total SphK1-null mice were protected from these outcomes.
To date, the role of SphK2 has not been explored in the context
of NALFD. In contrast, it has been shown that a total SPL-
null mice resulted in a widespread change in lipid metabolism
genes expression pattern, with a significant increase in the
expression of PPARgamma, a key transcriptional regulator of
lipid metabolism (94), suggesting that regulation of SGPL could
be a potent regulator of NAFLD. The liver is known to be
engaged in regulating the plasma level of S1P, as liver produces a
chaperone for S1P transport, the apolipoprotein M (apoM) (95).
Interestingly, polarized endothelial cells, composing the lining of
the BBB, also express and secrete apoM toward the brain as well
as to the circulation suggesting that circulating S1P could target

the brain by this way (96). Therefore, as ceramide, secretion of
S1P by hepatocytes could constitute a potent regulator of AD by
targeting the brain.

STATEMENT OF HYPOTHESIS: CERAMIDE
AND SPHINGOLIPID METABOLISM IS
MODIFIED IN LIVER AND
HYPOTHALAMUS OF
HYPERHOMOCYSTEINEMIC MICE ON A
HIGH FAT DIET

Based on the results described above, we used mice heterozygous
for targeted disruption of the Cbs gene (Cbs+/−) (30) and
wild type (Cbs+/+) mice on the same background, fed on a
standard diet supplemented with 0.5% L-methionine (Sigma-
Aldrich, France) in drinking water to induce intermediate HHcy
in Cbs+/− mice (97), and with a high-fat diabetogenic diet (HFD)
(98). As expected, Cbs+/− mice showed a significant increase of
plasma Hcy level (37.1± 3.2µM vs. 6.4± 0.4µM; p < 0.0001 by
Student’s t-test n = 8 for each). We previously evaluated plasma
Hcy levels in transgenic mouse models of AD. No significant
difference was observed in blood of transgenic mouse models
of AD compared to control mice, indicating that Hcy is not
a primary cause of AD (99). Animal studies using AD-like
transgenic mouse models, on a methionine enriched diet, were
used to provide potential mechanisms by which HHcy might
influence AD development. Tg2576 transgenic female mice
expressing hAPP with the Swedish mutation (K670N/M671L) on
amethionine enriched diet exhibited an increase from 6 to 35µM
(51, 100).

Effect of HHcy and HFD on Enzymes
Expression Involved in Ceramide and
Sphingolipid Metabolism in Liver
Gene expression of mainly enzymes implicated in ceramide
and sphingolipid metabolism has first been analyzed by Q-PCR
in mice liver. As expected, Cbs+/− mice showed a significant
decrease of liver CBS activity (45.2 ± 11.1 vs. 102 ± 21.6; p <

0.05 by Student’s t-test n = 4 for each), commensurate with a
decrease in mRNA expression (13.5 ± 7.3 vs. 100 ± 26; p < 0.03
by Student’s t-test n = 4 for each). Cbs+/− mice also showed a
significant decrease of liver Dyrk1A level (40.6 ± 6.3 vs. 100 ±

16; p < 0.02 by Student’s t-test n = 4 for each) (36), associated
with a decrease in mRNA expression (18.9 ± 14 vs. 100 ± 21.3;
p < 0.023 by Student’s t-test n = 4 for each). SGPL1 and SPTlc2
expression were decreased in liver of Cbs+/− on methionine and
HFD (Table 1) (Figures 2A,B). In agreement with the decreased
gene expression of SPTlc2, we also found a decrease in protein
level (Figure 2C). Hepatic expression of CBS and SGPL1 (r =

0.96, p< 0.02), Sphk2 (r= 0.83, p< 0.05), and SPTlc2 (r= 0.93, p
< 0.03) were positively correlated, Dyrk1A and Cers5 expression
being correlated negatively (r =−0.93, p < 0.02).

Ceramide is a potent regulator of cell proliferation, activation,
and apoptosis. Ceramide plays an key role in different cellular
functions, such as plasma lipoprotein metabolism and cell
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TABLE 1 | Relative liver and hypothalamus mRNA expression based upon Q-PCR data obtained from wild-type (Cbs+/+ mice) and mice heterozygous for targeted

disruption of the Cbs (Cbs+/− mice) on a methionine enriched diet (Met) and high fat diet (HFD).

mRNA (%) Hypothalamus Cbs+/+ mice

Met/HFD

(n = 4)

Hypothalamus Cbs+/− mice

Met/HFD

(n = 4)

Liver Cbs+/+ mice

Met/HFD

(n = 4)

Liver Cbs+/− mice

Met/HFD

(n = 4)

Cers1 100 ± 52.2 354 ± 211 100 ± 71 107.7 ± 52.8

Cers2 104 ± 8 247 ± 29** 100 ± 21 124 ± 15

Cers3 100 ± 26 115 ± 48 100 ± 41 95 ± 24

Cers4 99.9 ± 63.9 103.1 ± 58.8 100.9 ± 29.3 101.7 ± 55.1

Cers5 100 ± 18 226 ± 87 100 ± 28 189 ± 43

Cers6 100 ± 33 157 ± 58 100 ± 30 82 ± 21

CERT 100.4 ± 22.5 40.8 ± 17.1 100 ± 35.2 48.2 ± 25.4

DEGS1 100 ± 38.9 61.1 ± 26.1 100 ± 10.3 105.8 ± 29.6

SGPL1 100 ± 51.6 57.3 ± 23 100 ± 15.3 13.5 ± 7.4**

Sphk1 99.3 ± 27.9 71.6 ± 39.2 100.4 ± 44 21 ± 10

Sphk2 100.1 ± 36.4 14.8 ± 6.5* 100.4 ± 24.2 45 ± 21.6

SPTIc1 100 ± 28 10.5 ± 1* 100 ± 22.9 115.4 ± 32.3

SPTIc2 100 ± 2 52 ± 20.6 100 ± 31.6 9.5 ± 6.3*

SPTIc3 98.3 ± 47 371.3 ± 118.3 97.5 ± 24.9 294.5 ± 144.6

Total RNA was isolated from the hypothalamus and liver, reverse transcribed and real time quantitative PCR amplification reactions were carried as described using the LightCycler

FastStart DNA Master plus SYBR Green I kit (Roche) (97). The mRNA transcript level was normalized against the mean of two genes: H1a and TBP (Table S1). Data were normalized

to the mean of Cbs+/+ mice on Met/HFD. Data are presented as mean ± SEM, and analyzed with the Student’s t-test by using Statview software. n, number of mice. *p < 0.05; **p

< 0.01. Data were considered significant when p < 0.05.

FIGURE 2 | Effect of hyperhomocysteinemia and high fat diet on liver (A) SGPL1 mRNA, (B) SPTlc2 mRNA, (C) SPTlc2 protein, (D) Cers2 hypothalamus mRNA, (E)

Sphk2 hypothalamus mRNA, and (F) SPTlc1 hypothalamus mRNA level in wild type (Cbs+/+ mice) and mice heterozygous for targeted disruption of the Cbs

(Cbs+/− mice) on a methionine enriched diet (Met) and high fat diet (HFD). Relative liver and hypothalamus mRNA expression was described in Table 1. Liver SPTlc2

was determined by western blot and quantified by slot blotting [1/1,000 (101)]. β-actin (1/10,000) (Sigma-Aldrich, France) was used as an internal control for Western

blot analysis or ponceau-S coloration for slot blot analysis. Data are presented as mean ± SEM, and analyzed with the Student’s t-test by using Statview software. n,

number of mice. Data were considered significant when p < 0.05.

membrane formation, known to contribute to the development
of atherosclerosis and other sclerotic diseases, such as insulin
resistance, obesity, and AD (102, 103). Previous results have
demonstrated that de novo ceramide biosynthesis is implicated
in induction of kidney NAD(P)H oxidase activity in HHcy rats

fed a folate-free diet and report the important role of redox
signaling catalyzed by ceramides in glomerular injury induced by
HHcy in rats (104). Acid sphingomyelinase is also involved in the
development of glomerular oxidative stress and injury induced
by HHcy (105, 106).
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In HHcy induced by supplementation of Hcy in drinking
water for 6 weeks in mice, hepatic steatosis was found to
be associated with a notable increase in ceramide-related
metabolites and subsequent upregulation of ceramide synthesis
genes including Sptlc3, Degs2, Cer4, and Smpd4 (62). Moreover,
ceramide synthases were suggested to be involved in Hcy-
induced ceramide production by the fact that abolishing
the expression of Sptlc3 and Degs2 by omega-3 significantly
ameliorated HHcy-mediated increases of hepatic ceramide (62).
In our study, the increase of Cers5 (correlating negatively
with Dyrk1A expression), the non-significant increase of Sptlc3
support an increased ceramide levels in liver of Cbs+/−

mice on methionine and HFD mediated through specific
ceramide synthases. The SPTLC3 subunit has been identified
as generating short chain sphingoid bases (66) compared to
SPTLC2. Commensurate with the increased Sptlc3 level, Sptlc2
was found to be decreased in liver of Cbs+/− mice onmethionine
and HFD, correlating with CBS expression. Palmitate-CoA is
the predominant substrate for SPTLC2, whereas mysristoyl and
lauryl-CoA is the preferential substrates for SPTLC3, which
results in the production of different chain length of the
sphingoid base. It is possible that these two subunits can be
switched in a SPT enzyme complex to replenish the ceramide
pool, knocking down all SPTLC subunits being necessary to
decrease total ceramides significantly (107). The hepatic decrease
of SPTLC2 in Cbs+/− mice on methionine and HFD could
therefore lead to a decrease of ceramides with a C18-sphingoid
bases backbone and promotes the synthesis of ceramide species
through the action of SPLTC3 with a C16-sphingoid base
backbone. Interestingly, SPTLC3 expression has been associated
with NAFLD (108) and therefore could participate to its
development under the context of HHcy. We also found a
strong hepatic decrease of SGPL in Cbs+/− on methionine
and HFD suggesting an altered catabolism of S1P. Knowing
the novel role of S1P in hepatic injury, such as NAFLD (109),
it will tempting to propose that S1P metabolism also could
contribute to NAFLD in Cbs+/− mice on methionine and
HFD (109). More importantly, down-regulation of SGPL could
also contribute to increased circulating S1P levels since it has
been shown that saturated fatty acids serve to the synthesis
of S1P in hepatocytes which is released in the extracellular
environment (110). Increasing S1P levels in HHcy mice could
have repercussion on glucose homeostasis by targeting peripheral
tissues but could also target the brain where S1P is a potent
regulator of AD development (111). Hypothalamic insulin
resistance and lipotoxicity have been previously reported to be
induce by de novo ceramide biosynthesis (101). Therefore, we
also analyzed the main enzymes implicated in ceramide and
sphingolipid metabolism in hypothalamus of mice.

Effect of HHcy and HFD on Enzymes
Expression Involved in Ceramide and
Sphingolipid Metabolism in Hypothalamus
As expected, Cbs+/− mice showed a significant decrease of CBS
mRNA expression in hypothalamus (15 ± 10 vs. 100 ± 29; p <

0.03 by Student’s t-test n = 4 for each). A significant increase of

hypothalamus Dyrk1A level (259 ± 22.3 vs. 101.4 ± 25.2; p <

0.003 by Student’s t-test n = 4 for each) was found as expected,
without difference in mRNA level (58.9 ± 21.1 vs. 100 ± 30.7;
n = 4 for each) (112). Expression of Cers2 was increased, with a
decrease of Sphk2 and SPTlc1 in hypothalamus of Cbs+/− mice
on methionine and HFD (Table 1) (Figures 2D–F). A positive
correlation was found between hypothalamic expression of CBS
and SGPL1 (r = 0.76, p < 0.04), Sphk2 (r = 0.81, p < 0.03), and
SPTlc1 (r = 0.94, p < 0.04). We also found a positive correlation
between liver expression of CBS and hypothalamic expression of
Sphk2 (r = 0.86, p < 0.02), and SPTlc1 (r = 0.79, p < 0.04).

It has been demonstrated that Hcy-treatment of cerebral
endothelial cells induces acid sphingomyelinase ceramide
pathway (113). The increase of Cers2, the decrease of Sphk2 with
the non-significant increase of Sptlc3 and the non-significant
decrease of SGPL (Sphk2 and SGPL correlating positively with
CBS expression) support increased hypothalamic ceramide levels
in HHcy mice on HFD mediated through the regulation of
specific ceramide synthases. Previous results found in human
post-mortem brain andmouse transgenic ADmodel an increased
mRNA level of Cers1, Cers2, and a decrease in Sphk1 and Sphk2
(68, 76, 114). Loss of neuroprotective S1P and SPHK activity
was found early in AD pathogenesis prior to AD diagnosis
(76). Altogether, our results suggest that local alteration of S1P
metabolism also could contribute to AD development associated
with HHcy.

CONCLUSION

In this study, we used HHcy mice due to CBS deficiency to
analyze expression of the main enzymes implicated in ceramide
and sphingolipid metabolism. Our results support an increased
ceramide levels in liver of HHcy mice, particularly implicated in
NAFLD, and altered hepatic catabolism of S1P, which could target
the brain where S1P is a potent regulator of AD development.
Our results also support an increased hypothalamic ceramide
levels in HHcy mice, with a local alteration of S1P metabolism.
Altogether, our study emphasizes the role of Hcy/ceramides
pathway in AD pathology.
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114. Jeśko H, Wencel PL, Lukiw WJ, Strosznajder RP. Modulatory

effects of fingolimod (FTY720) on the expression of sphingolipid

metabolism-related genes in an animal model of Alzheimer’s

disease. Mol Neurobiol. (2019) 56:174–85. doi: 10.1007/s12035-018-

1040-x

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2019 Le Stunff, Véret, Kassis, Denom, Meneyrol, Paul, Cruciani-

Guglielmacci, Magnan and Janel. This is an open-access article distributed under

the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No

use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Neurology | www.frontiersin.org 11 July 2019 | Volume 10 | Article 80793

https://doi.org/10.1038/sj.ki.5001517
https://doi.org/10.1016/j.ajpath.2011.07.019
https://doi.org/10.1371/journal.pone.0045020
https://doi.org/10.1194/jlr.M020941
https://doi.org/10.3892/or.2015.3745
https://doi.org/10.3390/ijms19030722
https://doi.org/10.1007/s00125-013-3123-6
https://doi.org/10.1007/s12035-018-1448-3
https://doi.org/10.1007/s12031-012-9835-0
https://doi.org/10.1016/j.pnpbp.2013.05.003
https://doi.org/10.1007/s12035-018-1040-x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


fnins-13-00788 July 30, 2019 Time: 15:35 # 1

REVIEW
published: 31 July 2019

doi: 10.3389/fnins.2019.00788

Edited by:
Eugenio Barone,

Sapienza University of Rome, Italy

Reviewed by:
Andrea Giaccari,

Fondazione Policlinico Universitario A.
Gemelli, Università Cattolica del Sacro

Cuore, Italy
Viviana Triaca,

Italian National Research Council
(CNR), Italy

João M. N. Duarte,
Lund University, Sweden

*Correspondence:
Salvatore Fusco

salvatore.fusco@unicatt.it
Claudio Grassi

claudio.grassi@unicatt.it

†Shared last authorship

Specialty section:
This article was submitted to

Neurodegeneration,
a section of the journal

Frontiers in Neuroscience

Received: 30 April 2019
Accepted: 15 July 2019
Published: 31 July 2019

Citation:
Spinelli M, Fusco S and Grassi C

(2019) Brain Insulin Resistance
and Hippocampal Plasticity:

Mechanisms and Biomarkers
of Cognitive Decline.

Front. Neurosci. 13:788.
doi: 10.3389/fnins.2019.00788

Brain Insulin Resistance and
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and Biomarkers of Cognitive Decline
Matteo Spinelli1, Salvatore Fusco2*† and Claudio Grassi1,2*†

1 Institute of Human Physiology, Università Cattolica del Sacro Cuore, Rome, Italy, 2 Fondazione Policlinico Universitario
Agostino Gemelli IRCCS, Rome, Italy

In the last decade, much attention has been devoted to the effects of nutrient-related
signals on brain development and cognitive functions. A turning point was the discovery
that brain areas other than the hypothalamus expressed receptors for hormones related
to metabolism. In particular, insulin signaling has been demonstrated to impact on
molecular cascades underlying hippocampal plasticity, learning and memory. Here,
we summarize the molecular evidence linking alteration of hippocampal insulin sensitivity
with changes of both adult neurogenesis and synaptic plasticity. We also review the
epidemiological studies and experimental models emphasizing the critical role of brain
insulin resistance at the crossroad between metabolic and neurodegenerative disease.
Finally, we brief novel findings suggesting how biomarkers of brain insulin resistance,
involving the study of brain-derived extracellular vesicles and brain glucose metabolism,
may predict the onset and/or the progression of cognitive decline.

Keywords: brain insulin resistance, hippocampus, Alzheimer’s disease, synaptic plasticity, adult neurogenesis

INTRODUCTION

Since the discovery of insulin almost a century ago, much efforts have been conducted to study
the effects of this hormone on all organs. Insulin was originally shown to act on the brain by
stimulating the hypothalamic satiety center and inhibiting the feeding behavior (Debons et al.,
1970). For long time the impact of insulin on other brain areas remained unknown because the
central nervous system was considered a non-insulin dependent tissue. In the last decades, the
discovery of insulin receptor (IR) expression in brain areas involved in functions different from
the feeding control, such as learning and memory, has revolutionized this idea and paved the way
for the understanding of how the brain is a highly insulin-sensitive organ (Hill et al., 1986; Zhao
and Alkon, 2001). Brain plasticity, the capability of this organ to undergo structural and functional
changes in response to environmental stimuli, is finely modulated by diet and nutrient-dependent
hormones including insulin (Mainardi et al., 2015). Accordingly, alteration of insulin signaling
into the central nervous system may accelerate brain aging, affect brain plasticity and promote
neurodegeneration (Kullmann et al., 2016).

Here, we review the effects of insulin on hippocampus, a brain area playing a pivotal role in
learning and memory and primarily affected in Alzheimer’s disease (AD) (Bartsch and Wulff,
2015). First, we will describe the effects of insulin on both hippocampal synaptic plasticity and
hippocampal adult neurogenesis. In addition, we will illustrate the crosstalk between insulin and
neurotrophin signaling, the impact of insulin on cognitive function and the role of its signaling on
brain aging. Moreover, we will describe how alteration of brain insulin signaling develops (i.e.,
brain insulin resistance, hereinafter named BIR) and we will summarize the effects of BIR on
hippocampal plasticity, learning and memory along with the link between BIR and AD.
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Finally, we will discuss novel evidence suggesting that both
brain-derived extracellular vesicles and brain glucose metabolism
may represent novel biomarkers of BIR able to predict and follow
up cognitive decline.

INSULIN AND BRAIN PLASTICITY

Neurons are high energy-consuming cells. Most energy is spent
to generate action and postsynaptic potentials (Howarth et al.,
2012), and for the biosynthesis of neurotransmitters (Dienel,
2012). Glucose is the main energy source used by brain cells
and its transport across the plasma membrane is mediated
by a specific family of membrane proteins known as glucose
transporters (GLUTs) (Shepherd and Kahn, 1999). Though
numerous GLUT isoforms (1–14) have been identified and
characterized, only some of these transporters are expressed in
the brain and can be involved in neuronal homeostasis and brain
function (Duelli and Kuschinsky, 2001). Specifically, the insulin-
independent transporters GLUT1 and GLUT3 mediate glucose
uptake into glial and neuronal cells, respectively (Simpson et al.,
2007), suggesting that the impact of insulin on synaptic plasticity
should be independent of glucose uptake.

Moreover, GLUT2 and GLUT4 expression has been
characterized in specific brain areas: GLUT2 is predominantly
localized in the hypothalamus that regulates food intake (Eny
et al., 2008), whereas GLUT4 has been identified in cerebellum,
neocortex, and hippocampus, suggesting a role of GLUT-driven
glucose uptake in neuronal activity (Vannucci et al., 1998;
Sankar et al., 2002). GLUT4 is also expressed in astrocytes and
insulin stimulation promotes both glucose uptake and glycogen
accumulation in astrocyte cultures (Heni et al., 2011). However,
not much data are available in the literature on the role of insulin
on astrocytic functions. GLUT5 expression is less relevant and
mainly detected in human and rat brain microglia (Payne et al.,
1997). GLUT6 and GLUT13, which have very low affinity to
glucose, are also expressed in the brain, but their role in central
nervous system has yet to be clarified (Joost and Thorens, 2001).
Conversely, GLUT8 has been shown to drive hippocampal
neuron proliferation during embryogenesis (Membrez et al.,
2006). However, tissue/cell type specific expression of GLUTs
in the brain still remains matter of debate. Further, several
growth factors have been reported to modulate the insulin
pathway, GLUT plasma membrane translocation and glucose
uptake by transactivation of the IR downstream effectors
(Assefa et al., 2017).

In this section, we brief the insulin cascade effectors and the
effects of this hormone on both synaptic plasticity and adult
neurogenesis in the hippocampus along with their impact on
cognitive functions.

Insulin Signaling in the Brain
Insulin and the insulin-like growth factor 1 (IGF-1) exert
their biological effects through two tyrosine kinase receptors,
the IR and the IGF-1 receptors (IGF-1R), which are closely
related and highly distributed throughout the brain (Belfiore
et al., 2009). In the mouse, IR is predominantly expressed

in the olfactory bulb, hippocampus, neocortex, hypothalamus,
and cerebellum, whereas IGF-1R is highly expressed in the
hippocampus, neocortex, and thalamus, with lower expression
in the hypothalamus, cerebellum, olfactory bulb, midbrain,
and brainstem (Bruning et al., 2000; Fernandez and Torres-
Aleman, 2012). As reported in other tissues, IRs and IGF-
1Rs can heterodimerize in the brain and partially transactivate
their signaling (Bailyes et al., 1997). Moreover, IR and IGF-
1R share intracellular signaling machinery, and all major
components of brain signaling cascades are similar to those
present in peripheral tissues, including IR substrate 1 and
2 (IRS1 and IRS2, respectively), the major downstream
phosphoinositide-3-kinase–protein kinase B/Akt (PI3K/Akt)
pathway, the downstream effectors target of rapamycin (mTOR)
and glycogen synthase kinase 3 beta (GSK3β), and the
transcription factors cAMP response element-binding protein
(CREB) and forkhead box O (FOXO) family (Fernandez and
Torres-Aleman, 2012; Figure 1).

Many molecules involved in these signaling cascades have
been demonstrated to have key roles in brain functions.
Activation of PI3-kinase is required for glutamate receptor
insertion at plasma membranes during synaptic plasticity
(Man et al., 2003). GSK3β regulates neural progenitor cell
proliferation and neuroplasticity, and its activation induces
hyper-phosphorylation of tau protein that is considered a major
determinant of AD pathogenesis (Salcedo-Tello et al., 2011).
Insulin induces phosphorylation of GSK3β on inhibitory serine
9 residue, thus reducing its enzymatic activity. Moreover, mTOR
complex 1 (mTORC1) is fundamental for both protein synthesis
and autophagy, which are molecular processes involved in the
regulation of long-term synaptic plasticity and degradation of
misfolded proteins in neurons, respectively (Stoica et al., 2011;
Son et al., 2012). Insulin/IGF-1 signaling also stimulates the
growth factor receptor-bound protein 2- Son of Sevenless-
Rat sarcoma-mitogen activated protein kinase (Grb2-SOS-Ras-
MAPK) cascade, which plays a pivotal role in cytoskeletal
modifications underlying the dendritic spine reorganization and
memory formation (Adams and Sweatt, 2002).

The origin of insulin in the central nervous system is
controversial. Insulin crosses the blood-brain barrier (BBB) via
an IR-dependent transport operated by vascular endothelium
and its concentration increases after meals (Woods et al.,
2003). However, insulin can be also synthesized and secreted by
neurons and adult neural progenitor cells of the hippocampus
(Devaskar et al., 1994; Kuwabara et al., 2011), although no
evidence clearly demonstrated that insulin synthesis in the brain
is physiologically relevant.

However, as described in the next paragraphs, physiological
levels of insulin play a neurotrophic action on both differentiated
neurons and neural stem cells (NSCs).

Insulin, Synaptogenesis and
Hippocampal Synaptic Plasticity
Modifications of both activity and number of synapses
are the functional and structural substrates, respectively,
of brain plasticity underlying learning and memory
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FIGURE 1 | Insulin signaling. IR, Insulin receptor; IRS1 and IRS2, IR substrate 1 and 2; PI3K, phosphoinositide-3-kinase–protein kinase B; AKT, protein kinase B;
mTOR, target of rapamycin; GSK3β, glycogen synthase kinase 3 beta; GRB2, growth factor receptor-bound protein 2; SOS, Son of Sevenless; RAS, Rat sarcoma
GTPase protein; MAPK, mitogen activated protein kinase; FOXO, forkhead box O transcription factor; CREB, cAMP response element-binding protein.

(Nakahata and Yasuda, 2018). Changes of the synaptic strength,
either potentiation or depression, and generation of new
dendritic spines are causally related to the acquisition and
consolidation of behavioral modifications.

Insulin stimulation of hippocampal neurons induces both
presynaptic and postsynaptic effects. Insulin increases basal
neurotransmitter release from presynaptic terminals, as revealed
by enhanced frequency of miniature excitatory postsynaptic
currents (mEPSCs) (Lee et al., 2011). This effect is paralleled
by a Rac1-mediated cytoskeleton rearrangement leading
to increased density of dendritic spines (Lee et al., 2011).
Moreover, insulin promotes synaptic plasticity by modulating
long-term potentiation (LTP) or long-term depression (LTD)
at hippocampal synapses through a metaplastic mechanism.
Indeed, insulin administration reduces the stimulation frequency
threshold required for inducing both LTP and LTD (Van Der
Heide et al., 2005). Postsynaptic effects are mediated by PI3K

activation (Van Der Heide et al., 2005) and increased membrane
recruitment of N-methyl-D-aspartate receptors (NMDARs)
(Skeberdis et al., 2001). Insulin impacts on glutamate receptor
activity by multiple mechanisms. It increases NMDAR-mediated
currents by enhancing phosphorylation of both NR2A and NR2B
subunits (Christie et al., 1999; Liu et al., 1995). Insulin treatment
of hippocampal cultures also increases phosphorylation
and clathrin-dependent endocytosis of the GluA1 subunit
of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptors (AMPARs) (Adzovic and Domenici, 2014; Chen et al.,
2014). Downregulation of AMPAR activity in excitatory synapse
of hippocampal CA1 neurons is fundamental for insulin-induced
LTD, which is a key step for memory consolidation and flexibility
(Ge et al., 2010). IRs have also been demonstrated to modulate
type A γ-aminobutyric acid (GABA) receptor activity by
regulating both its membrane localization and expression in
inhibitory synapses (Wan et al., 1997).
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Furthermore, insulin may impinge on structural features of
synapses. For instance, in thalamocortical organotypic slices
this hormone stimulates maturation of silent synapses (Plitzko
et al., 2001). Moreover, IR substrate p53 (IRSp53) interacts
with the postsynaptic protein PSD-95 and enhances dendritic
spine formation (Choi et al., 2005). Interestingly, IRS2 knockout
mice show lower activation of NR2B subunits (Martin et al.,
2012) and decreased LTP at the CA3–CA1 synapses in parallel
with higher density of CA1 dendritic spines (Irvine et al.,
2011). It is important to underline that these studies did not
evaluate dendritic spine morphology, therefore our knowledge
of the effects of IRSs manipulation on structural and functional
plasticity still remains incomplete. Considering the physical
and functional interaction between IR and IGF-1R, it is not
surprising that IGF-1 stimulation can promote plasticity in
the hippocampus by increasing spine density of CA1 basal
dendrites in response to physical exercise (Glasper et al.,
2010). Accordingly, IGF-I knockout mice show reduced density
of glutamatergic synapses (Trejo et al., 2007). Importantly,
IR expression and insulin activity in the brain are not
restricted to neurons. Insulin has been demonstrated to influence
proliferation and metabolism in insulin sensitive glial cells (Heni
et al., 2011). Collectively, all the above mentioned evidence
supports the positive effects of insulin on hippocampal synaptic
and structural plasticity.

Insulin and Hippocampal Adult
Neurogenesis
Hippocampus is one of the brain areas where newborn neurons
are generated throughout adulthood (Braun and Jessberger,
2014). Specifically, adult neurogenesis occurs in the subgranular
zone of the hippocampus of all mammals including humans
(Eriksson et al., 1998). NSCs populating this neurogenic
niche proliferate and differentiate to generate new neurons
(Kempermann et al., 2003). A proper balance between NSC
proliferation and their differentiation/maturation underlies the
maintenance of both the hippocampal stem cell niche and
the supply of newborn neurons that integrate into existing
circuits thus supporting cognitive functions under physiological
conditions and brain repair after injury (Castilla-Ortega et al.,
2011). Indeed, a growing number of studies indicates that
hippocampal neurogenesis plays a critical role in learning,
memory, and its impairment has been associated with cognitive
dysfunction in neurodegenerative disorders including AD (van
Praag et al., 2002; Taylor et al., 2013).

Insulin is a key trophic factor for brain development
and control of neurogenic niches. Indeed, neuroblast exit
from quiescence is regulated by insulin/IGF-I pathway
activation (Chell and Brand, 2010; Sousa-Nunes et al.,
2011). Evidence from in vitro and in vivo experiments
indicate that insulin and IGF-I promote neurogenesis by
modulating NSC proliferation, differentiation, and survival
(Brooker et al., 2000; Åberg et al., 2003). However, a chronic
hyper-activation of insulin/IGF-I signaling cascades can
cause premature depletion of the NSC reservoir (Sun, 2006).
Thus, insulin may produce either trophic or detrimental

effects on neural stem niche based on the timing and the
duration of stimulation.

Furthermore, calorie restriction has been clearly demonstrated
to reduce plasma levels of both glucose and insulin, in parallel
with increasing neurogenesis in the dentate gyrus (Lee et al.,
2002) and counteracting the age-related decline of stem cell
niche (Park et al., 2013). Nutrient deprivation may impact on
NSC compartment by inducing the expression of the brain-
derived neurotrophic factor (Bdnf) gene (Maswood et al.,
2004). In addition, calorie restriction may preserve the NSC
capacity to self-renew and differentiate by cell-autonomous
mechanisms involving metabolic sensors such as CREB and
the NAD-dependent histone deacetylase Sirtuin 1 (SIRT1).
In this regard, CREB is a nutrient-dependent transcription
factor regulating genes promoting neuronal differentiation and
survival (Lonze et al., 2002; Fusco et al., 2012b). Moreover,
SIRT1 is as an epigenetic repressor that modulates adult
neurogenesis in the subventricular zone and hippocampus
(Saharan et al., 2013). Calorie restriction also induces the
expression of SIRT1, which has been shown to functionally
impinge on CREB-dependent gene expression, thus highlighting
a novel molecular link between nutrient-dependent signaling
and brain health (Fusco et al., 2012a). Under metabolic and
oxidative stress, SIRT1 inhibits NSC self-renewal and induces
their differentiation (Prozorovski et al., 2008; Ma et al., 2014).
In summary, SIRT1 and CREB work as metabolic sensors
regulating proliferation and self-renewal of NSCs and controlling
their reservoir in the hippocampus (Fusco et al., 2016).
Conversely, abolishing the expression of genes encoding the
insulin-regulated FOXO transcription factors induces hyper-
proliferation of neural progenitors and rapid exhaustion of
stem cell niche (Renault et al., 2009). Similarly, aberrant
stimulation of the nutrient-dependent mTOR pathway causes
reduced self-renewal and accelerates NSC differentiation (Magri
et al., 2011). Together, this evidence confirms that nutrient
related signals control NSC fate under both physiological and
pathological conditions.

In addition, it is worth mentioning the close similarity
between the intracellular signaling pathways activated by insulin
and neurotrophins (Reichardt, 2006). In particular, CREB has
been shown to play a critical role in the neurotrophin-
triggered effects on neuronal differentiation, survival, and
plasticity, and it has been also characterized as metabolic
sensor modulated by fasting-related stimuli (Finkbeiner, 2000;
Altarejos and Montminy, 2011). Moreover, neurotrophic factors
as BDNF, ciliary neurotrophic factor (CNTF), and glial cell-
derived neurotrophic factor (GDNF) regulate adult neurogenesis
in multiple stages of NSC maturation and their expression is
affected by overnutrition and metabolic stress (Lindsay et al.,
1994). These evidence emphasizes the role of insulin as growth
factor for neural niche especially during the early stages of life.

Insulin Signaling and
Hippocampus-Dependent Cognitive Task
The evidence summarized above suggest that all aspects of
hippocampal plasticity (i.e., functional and structural synaptic
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plasticity, and adult neurogenesis) are strongly sensitive to the
modulation of insulin signaling into the brain. According to
the key role of hippocampal plasticity in learning and memory,
changes of insulin cascade in the hippocampus markedly affects
cognitive functions.

Heterozygous knockout mice for IR display lower preference
index in the novel object recognition (NOR) test (Nisticò et al.,
2012). Accordingly, Zucker rats show lower performance in
the Morris Water Maze (MWM) in parallel with impaired
insulin sensitivity (Kamal et al., 2013). Moreover, a recent study
performed on Goto-Kakizaki (GK) rats, a model of non-obese
type 2 diabetes (T2D), display spatial memory impairment in
Y-maze task and hippocampal synaptic dysfunction evaluated
by LTP (Duarte et al., 2019). Further, GK rats show a
reduction of SNAP25 and synaptophysin levels suggesting
synapse degeneration (Duarte et al., 2019). In addition, IRSp53
knockout mice show impaired learning and memory when
evaluated in both MWM and NOR tests (Kim et al., 2009).
However, forebrain-specific IRS2 deficiency improved memory
retention in the MWM task (Irvine et al., 2011), suggesting that
molecular hubs of insulin signaling may differentially interfere on
cognitive behavior.

In agreement with this finding, chronic brain stimulation by
8-week intranasal insulin administration improved memory in
humans (Benedict et al., 2004). Moreover, lower values of both
glycaemia and glycosylated hemoglobin (HbA1c) are associated
with better performance in memory tasks in humans (Kerti
et al., 2013). It has been shown that peripheral changes of
insulin signaling and sensitivity may affect brain health and
function although the results of these studies are controversial.
Learning and memory deficits in MWM have been demonstrated
in liver-specific IGF1 knockout mice (Trejo et al., 2007).
In addition, IGF-I antiserum administration to young rats
impairs learning in passive avoidance task (Lupien et al., 2003).
Conversely, intraperitoneal injection of insulin impairs retention
and spatial working memory in a dose-dependent manner
(Kopf and Baratti, 1999; Akanmu et al., 2009). It seems that
the negative impact of peripheral insulin administration on
cognitive functions may be due to the lowering of blood glucose
levels, as indicated by the positive effect of the simultaneous
glucose infusion (Kopf et al., 1998). In line with this hypothesis,
peripheral administration of insulin increases verbal memory
and attention in healthy subjects under euglycemic conditions
(Kern et al., 2001).

To avoid the side effects of systemic insulin administration,
Park et al. (2000) studied the impact of intracerebroventricular
injection of insulin in rats and found that insulin improved
cognitive performance in passive avoidance test. Accordingly,
intrahippocampal injection of insulin into the CA1 region
has been reported to enhance memory of rats in passive
avoidance test (Babri et al., 2007). More importantly, the
effects of intrahippocampal injection of insulin on cognitive
functions seem to be related to its dose. High doses of insulin
significantly ameliorate spatial learning and memory in the
MWM test, whereas low doses reduce cognitive performance
(Moosavi et al., 2006). It has been hypothesized that the negative
effects of insulin on spatial memory may be dependent on

either upregulation of GABAA receptors or downregulation of
AMPA receptors upon insulin treatment (Moosavi et al., 2006).
Finally, McNay et al. (2010) demonstrated that endogenous
intrahippocampal insulin signaling was required for memory
processing. These authors showed that acute injection of
insulin into the hippocampus at physiological doses enhanced
spatial memory via a PI3K-dependent mechanism (McNay
et al., 2010). Collectively, the results obtained in humans and
rodents suggest that insulin is fundamental for both memory
formation and retention.

EFFECTS OF BRAIN INSULIN
RESISTANCE ON HIPPOCAMPUS-
DEPENDENT FUNCTIONS

Data reviewed in the previous paragraphs support the view
that changes of either insulin signaling or insulin sensitivity
in the hippocampus may alter molecular pathways involved
in synaptic plasticity and adult neurogenesis, thereby leading
to reduced “mindspan” (the maintenance of mental abilities
throughout life) and increased risk of neurodegeneration (Kodl
and Seaquist, 2008). Accordingly, while calorie restriction
furthers neuronal survival and improves cognitive function
(Fusco and Pani, 2013), the excess of nutrients harms the
brain health and accelerates cognitive decline (Elias et al., 2012;
Sellbom and Gunstad, 2012). Nutrient excess causes hyper-
activation of insulin signaling in all tissues expressing IR, leading
to the desensitization of IR-dependent molecular cascades. BIR
decreases the ability of brain cells to respond to insulin and
abolishes both metabolic and cognitive effects of this hormone
(Kullmann et al., 2016). Specifically, this deficiency could be
caused by lower expression of IR or poor activation of insulin
signaling. IR downstream effectors may become insensitive to
the insulin stimulation, resulting in inability of brain cells to
respond to the hormone and leading to impairment of brain
plasticity. In the Western world, the incidence of metabolic
disorders, including insulin resistance, obesity and T2D, is
increasing at alarming rates in parallel with the prevalence
of cognitive decline (Cukierman-Yaffee, 2009). Obesity and
inflammation affect the insulin transport to the brain (Ketterer
et al., 2011) and low expression of IR has been reported in
patients with T2D (Kullmann et al., 2016). However, patients
with T2DM and/or obesity showed decreased insulin levels in
the cerebrospinal fluid despite higher levels of this hormone in
their plasma (Heni et al., 2014). In the following paragraphs,
we will summarize the mechanisms underlying the detrimental
effects of BIR on hippocampal plasticity and cognition, and the
epidemiological and experimental evidence supporting a link
between BIR and AD.

Alterations of Hippocampal Plasticity in
BIR Models
High-fat diet (HFD) is a well-established animal model of
metabolic disorders (Wong et al., 2016). HFD induces obesity
by compromising β-cell functions, promoting hyper-glycaemia,
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whole-body insulin resistance, and dyslipidemia, and
increasing free fatty acids in the blood. Many studies
have investigated the structural and functional changes of
neuroplasticity in experimental models of insulin resistance
(Fadel and Reagan, 2016).

More specifically, HFD produces detrimental effects on brain
functions including decreased neurogenesis in the dentate gyrus
(Lindqvist et al., 2006), alteration of BBB integrity (Freeman and
Granholm, 2012) and changes in both spine density and synapse
formation (Stranahan et al., 2008a). HFD also impairs insulin
signaling in the hippocampus and reduces the expression of
synaptic proteins PSD-95 and synaptopodin (Arnold et al., 2014).
However, the most significant effects occur on activity-dependent
synaptic plasticity. Indeed, Zucker rats show impairment in LTP
at CA3–CA1 synapses in parallel with loss of insulin sensitivity
(Kamal et al., 2013). Moreover, IR heterozygous knockout mice
display normal levels of both basal synaptic transmission and
LTP that, however, fails to be consolidated due to reduced Akt
activation (Nisticò et al., 2012).

Obesity and T2D have been demonstrated to induce
hippocampal insulin resistance through different metabolic
changes including alteration of hypothalamic-pituitary-adrenal
(HPA) axis leading to elevated levels of glucocorticoids (Plotsky
et al., 1992). Accordingly, glucocorticoids stimulation inhibits
translocation of GLUT4 to the plasma membrane in the rat
hippocampus (Piroli et al., 2007). Moreover, Stranahan et al.
showed that restoring physiological levels of glucocorticoids
in insulin resistant db/db mice rescued the impairment of
hippocampal synaptic plasticity (Stranahan et al., 2008b).
A different model of BIR is obtained by intracerebral injection of
streptozotocin, which impairs cognitive function by reducing the
activity of the neuroprotective protein SIRT1 (Du et al., 2014).
As mentioned before, SIRT1 cooperates with the transcription
factor CREB promoting the CREB-dependent expression of
the neuroplasticity-related gene Bdnf (Jeong et al., 2012).
To better clarify the functional role of hippocampal insulin
resistance, Grillo et al. (2015) silenced the expression of IR in
the hippocampus by injecting lentiviral particles harboring IR
antisense sequence. This experimental model showed deficits
in hippocampal synaptic transmission and spatial learning,
in parallel with downregulation of NMDA subunit GluN2B
expression and lower phosphorylation of AMPA subunit GluA1,
without altering peripheral metabolic parameters (i.e., body
weight, adiposity, and glucose homeostasis) (Grillo et al., 2015).

Recently, we described a novel link between BIR and
altered glutamate receptor function underlying the HFD-
dependent impairment of hippocampal synaptic plasticity
(Spinelli et al., 2017). In particular, we found that HFD induced
accumulation of palmitic acid and increased FOXO3a-dependent
expression of palmitoyl-transferase zDHHC3 leading to
GluA1 hyper-palmitoylation in the hippocampus. Accordingly,
in vitro stimulation of hippocampal neurons with a cocktail
of insulin and palmitic acid replicated the in vivo molecular
changes, inhibiting the GluA1 localization at the synaptic
membrane and AMPA currents at glutamatergic synapses.
Finally, either silencing of zDHHC3 or overexpression of the
palmitoylation-deficient GluA1 mutant in the hippocampus

abolished the insulin resistance-dependent impairment of
synaptic plasticity (Spinelli et al., 2017). Of course, aberrant
palmitoylation of other zDHHC3 targets (e.g., GABAA RG2) may
contribute to the detrimental effects of HFD on hippocampus-
dependent learning and memory. However, our study adds a
new layer to the hippocampal synaptic plasticity regulation by
insulin signaling deterioration and proposes a novel molecular
mechanism potentially linking BIR and cognitive decline.
Other mechanisms underlying fatty acid-driven learning
deficits involve cholesterol dysmetabolism, oxidative stress,
endothelial dysfunctions, and neurotrophin depletion. Mice
fed with HFD show higher levels of reactive oxygen species
(ROS), superoxide, and peroxynitrite into the brain, leading
to lower level of brain-derived neurotrophic factor (BDNF)
and impaired cognition performance evaluated by spatial task
(Wu et al., 2004). Moreover, epidemiological studies showed
that diets enriched in cholesterol (HCD) were associated with
poor cognitive performance in humans (Requejo et al., 2003).
HCD diet also induced impairment of spatial and working
memory due to microglial activation and alteration of the BBB
integrity in rats (Chen et al., 2018). Interestingly, feeding obese
rodents with HFD inhibited the transport through the BBB of
neuroendocrine molecules, such as ghrelin and leptin, which
promote synaptic plasticity and cognitive functions (Banks et al.,
2008; Kanoski et al., 2013; Mainardi et al., 2017). Finally, HFD
has been shown to induce activation of microglia and astrocytes,
and increase of pro-inflammatory cytokines/mediators such as
cyclooxygenase 2, TNF-α, IL-1-β, and IL-6 in the hippocampus
of mice (Thirumangalakudi et al., 2008; Duffy et al., 2019).

In summary, metabolic diseases affecting insulin signaling
may impair the synaptic function through a plethora of
molecular mechanisms targeting neurons, astrocytes, endothelial
or inflammatory cells.

Cognitive Impairment in BIR Models
Epidemiological evidence indicate that metabolic alterations
occurring in T2D, such as hyper-glycaemia and hyper-
insulinaemia, positively correlate with cognitive impairment
and diabetic patients exhibit higher susceptibility to develop
dementia (Cukierman-Yaffee, 2009). Dysregulation of glucose
homeostasis increases the risk of dementia in both diabetic and
non-diabetic patients (Crane et al., 2013) and is associated with
reduced hippocampal volume and cognitive decline (Kerti et al.,
2013). Furthermore, longitudinal studies demonstrated that also
Type 1 diabetes (T1D) patients were affected by mild-severe
cognitive impairment related to the age of onset of the disease
and the microvascular complications (Moheet et al., 2015;
Nunley et al., 2015). Insulin administration is crucial to promote
glucose homeostasis in these patients and to reduce the vascular
complications but it increases the risk for hypoglycemic episodes,
which negatively impact on cognitive functions (Desrocher and
Rovet, 2004). However, the role of hypo- or hyper-insulinemia in
T1D-related cognitive alterations has still to be clarified.

Numerous clinical studies revealed worse cognitive
performance and earlier age incidence of all-cause dementia
in subjects with T2D (Davis et al., 2017; Callisaya et al., 2019).
Accordingly, meta-analysis studies showed that in diabetic
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patients the risk for all types of dementia is increased by 60–73%
(Gudala et al., 2013; Chatterjee et al., 2016).

However, alteration of brain insulin signaling may negatively
impact on brain function also in the absence of T2D and
before the onset of obesity. Several studies have demonstrated
deficits in hippocampal-dependent learning and spatial memory
associated with Western diet intake (Molteni et al., 2002;
Kanoski and Davidson, 2010). Interestingly, when Kanoski
and Davidson (2010) investigated both hippocampus-dependent
and hippocampus-independent memory retention ability after
different Western diet treatments, they found that only spatial
memory impairments occurred after short-term consumption.
This suggests that hippocampus is a brain area very sensitive
to metabolic stress, and memory impairment may arise before
the development of diet-induced metabolic alterations in
peripheral tissues. Accordingly, few days of HFD regimen
were sufficient to cause cognitive impairment in rats evaluated
with MWM test (Murray et al., 2009). High caloric intake
also affected hippocampus-dependent non-spatial learning and
memory tasks and these results were related to changes of the BBB
integrity. Specifically, high energy diet consumption reduced the
expression of tight junction proteins selectively causing increased
blood-to-brain permeability in the hippocampus (Kanoski and
Davidson, 2010). The observed learning and memory deficits
are strikingly similar to the poor task performance and
cognitive impairment observed in patients with mild or severe
metabolic derangements, which strengthens the hypothesis that
hippocampal insulin resistance is a key mediator of diet-
dependent cognitive alterations. Therefore, cognitive dysfunction
related to HFD or obesity in otherwise healthy individuals may be
due to decreased insulin signaling and development of BIR in the
hippocampus (McNay et al., 2010).

Nevertheless, peripheral insulin resistance and diet-induced
obesity are correlated with some other changes that may
cause neurocognitive dysfunction. Indeed, they induce systemic
and central inflammation with high levels of circulating pro-
inflammatory interleukins that have been linked to impaired
executive function (Trollor et al., 2012). Obesity also alters HPA
axis causing enhanced secretion of glucocorticoids, which have
been associated with reduced hippocampal volume, memory
impairment and mood alterations (MacQueen and Frodl, 2011).
Moreover, mice specifically lacking the IR into the brain (NIRKO
mice) display changes in dopamine turnover associated with
anxiety and depressive-like behaviors (Kleinridders et al., 2015).
In addition, diet-induced microbiota dysbiosis can impact on the
gut-brain axis, thus promoting insulin resistance and cognitive
impairment (Daulatzai, 2014). Finally, HFD exposure during
early stages of life is associated with impaired learning and
spatial memory (Boitard et al., 2012), suggesting that alteration
of insulin signaling may negatively influence cognitive function
at each stage of life.

Brain Insulin Resistance, Brain Aging
and Neurodegenerative Diseases
While diabetes is known to increase the risk for dementia, the
underlying mechanisms linking insulin resistance, T2D and AD

are poorly understood. Undoubtedly, micro- and macro-vascular
complications of T2D may increase the risk of cerebrovascular
disease, cognitive impairment and vascular dementia (Gorelick
et al., 2011). Moreover, white matter disease, alteration of
the BBB and neuro-inflammation may play a pathophysiologic
role (Hsu and Kanoski, 2014). However, hyper-insulinaemia
promotes the formation of advanced glucose end products
and ROS causing neurotoxicity and brain damage (Brownlee,
2001). Despite insulin exerts a neurotrophic role at moderate
concentrations, higher levels of the hormone may be associated
with increased deposition of amyloid-β (Aβ) in the brain due to
competition for their common and main clearance mechanism,
the insulin-degrading enzyme (Farris et al., 2003). In this regard,
AD has been defined a form of type 3 diabetes, based on the
evidence of BIR development in the AD brain (Steen et al.,
2005; Bedse et al., 2015; Sposato et al., 2019). The insulin
synthesis decreases during aging and AD progression in brain
areas such as frontal cortex, hippocampus, and hypothalamus
(Frolich et al., 1998). In addition, Aβ inhibits insulin expression
in astrocytes (Pitt et al., 2017). Together, these studies indicate
a crosstalk between brain insulin signaling alteration and
Aβ accumulation in neurodegenerative diseases. Accordingly,
experimental data obtained from neuroimaging and biomarker
studies revealed that T2D patients showed alterations of both
brain glucose metabolism and cerebrospinal fluid including
phosphorylated tau, which are reminiscent of changes observed
in AD (Baker et al., 2011; Moran et al., 2015). In addition,
analysis of AD postmortem brains revealed insulin signaling
alterations in hippocampal tissues resembling the biochemical
features of insulin resistance in parallel with histopathological
hallmarks of neurodegeneration (Talbot et al., 2012; Tramutola
et al., 2015). Moreover, tau is hyper-phosphorylated in the
brain of NIRKO mice (Schubert et al., 2004) and BIR has
been associated with tau pathology in AD human brains
(Yarchoan and Arnold, 2014).

Interestingly, T2D and AD also share several metabolic
derangements promoting brain aging. AD patients show hyper-
insulinaemia and decreased peripheral insulin sensitivity (Craft
et al., 1996), whereas insulin levels in cerebrospinal fluid are
reduced (Craft et al., 1998). Accordingly, sustained peripheral
hyper-insulinaemia can reduce the transport of insulin into the
brain due to the lower expression of IR at the BBB (Schwartz
et al., 1990). Brain insulin uptake is also impaired in both aging
and AD independently by T2D (Frolich et al., 1998). Recent
evidence suggests that insulin may influence Aβ deposition
and AD-dependent impairment of both synaptic plasticity and
memory formation (Cholerton et al., 2013). Intranasal insulin
administration has been demonstrated to improve cognitive
function in humans (Hallschmid et al., 2007; Reger et al.,
2008). However, recent data about a clinical trial with mild
cognitive impairment (MCI) or moderate AD patients revealed
no significant effects of long-term intranasal insulin delivery on
cognitive performance in memory task (Craft et al., 2017).

Finally, genetic and experimental data about insulin degrading
enzyme and, more recently, the Aβ metabolism regulation
by sortilin related VPS10 domain containing receptor 1
(SorCS1) gene suggest novel mechanistic links between BIR
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and AD (Lane et al., 2010; Wang et al., 2015). Thus, BIR
seems to play a pivotal role at the crossroad between
metabolic and neurodegenerative diseases, independently from
the cerebrovascular mechanisms.

BIOMARKERS OF BRAIN INSULIN
RESISTANCE

In view of the close relationship among metabolic diseases,
BIR and cognitive decline, it is emerging the need to identify
biomarkers able to detect BIR before, or possibly even in
the absence of, peripheral insulin resistance, that may be
predictive of age- and dementia-related cognitive impairment.
Ideal biomarkers should be reliable, simple to measure, non-
invasive and inexpensive (Noel-Storr et al., 2013). In this regard,
the dosage of both Aβ and tau proteins in the cerebrospinal
fluid is invasive and most likely indicative of a pathology
already under development. For these reasons, in the last
years several studies focused on evaluation of brain glucose
metabolism and analysis of brain-derived extracellular vesicles
extracted from the blood as biomarkers of BIR and early-phase
cognitive decline.

Cerebral glucose metabolism is tightly correlated with
neuronal activity (Simpson et al., 2007). Therefore, imaging of
local brain hypo-metabolism can be used to visualize areas of
reduced synaptic activity. The most frequently used method
of brain metabolic imaging is positron emission tomography
(PET) with (18F)fluorodeoxyglucose (FDG) (Cohen and Klunk,
2014). Reduced cerebral glucose metabolism represents one
of the earliest signs of AD, and studies in both humans
and experimental models suggest that altered brain glucose
metabolism is associated with AD progression (Kapogiannis and
Mattson, 2011; Ishibashi et al., 2015).

Recent work have identified in GK rats reduced glutamine
synthesis and impairment of the glutamate-glutamine cycle
between astrocytes and neurons, driving to diabetes-induced
neurodegeneration and cognitive dysfunction (Girault et al.,
2017). In a mouse model of AD, impaired glucose transport
through the BBB and decreased cerebral lactate release during
neuronal activity occur at early stages of the phenotype (Merlini
et al., 2011). Dysregulated brain glucose metabolism resembling
changes observed in AD patients has been observed in metabolic
disorders such as obesity or T2D (Tschritter et al., 2006,
2007). However, whether neuroimaging changes of brain glucose
metabolism anticipate the onset of neurodegeneration or are
related to the development of BIR in the same brain areas remain
still poorly understood.

More recently, molecular strategies have been developed
to selectively isolate brain-derived exosomes (BDE) from
biological fluids (Tschritter et al., 2006, 2007; Fiandaca et al.,
2015; Goetzl et al., 2016). Exosomes are extracellular vesicles
carrying information (e.g., proteins, lipids, and nucleic acids)
to distant cells, which are emerging as novel potential
biomarkers for human diseases (Tkach and Thery, 2016). Several
pathogenic proteins that are involved in neurodegenerative
diseases, including AD, are loaded into vesicles and then

extracellularly secreted via exosomes (Rajendran et al., 2006;
Sharples et al., 2008). More importantly, changes of insulin
resistance molecular markers (i.e., higher serine phosphorylation
and lower tyrosine phosphorylation of IRS-1) have been
found in neural-derived exosomes extracted from blood of
AD patients compared to age- and gender-matched patients
with frontotemporal dementia or T2D (Kapogiannis et al.,
2015). These differences were detectable up to 10 years before
the onset of AD symptoms. Finally, exosomal biomarkers
of BIR were associated with higher brain atrophy in AD
patients (Mullins et al., 2017) emphasizing the potential role
of brain derived microvesicles as detectors of brain insulin
signaling and biomarkers of brain damage due to metabolic and
neurodegenerative disorders.

CONCLUSION

Molecules involved in metabolic homeostasis are now recognized
to exert a great influence on hippocampal plasticity, and
alteration of their equilibrium has a strong impact at the
functional and behavioral levels. Insulin exerts a trophic role
into the brain and it may also act as a signal of positive
metabolic homeostasis promoting neuroplasticity, which is
a high energy demanding process. Insulin plays a pivotal
role in the regulation of central nervous system homeostasis
and higher functions such as learning and memory, by
controlling both NSC fate and the activity of neuronal
network. In this regard, identifying the molecular targets
that underlie the effects of insulin on brain plasticity may
contribute to understand the mechanisms regulating neural
plasticity in health and metabolic diseases and reveal novel
targets in pathologies characterized by impaired neural
plasticity, especially AD.

Actually, we do not yet have an exhaustive understanding
of how systemic and brain insulin resistance are related to
brain aging and AD, but clinical and experimental evidence
indicates that insulin supplementation can be a therapeutic tool
for patients with cognitive impairment and an added value
in the treatment of dementia (Chapman et al., 2018; Santiago
and Hallschmid, 2019). The availability of BDE, such as other
biomarkers of brain metabolism detectable in the plasma, will
foster clinical studies to identify novel therapeutic approaches for
personalized medicine in neurodegenerative diseases.
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Almost 50 million people in the world are affected by dementia; the most prevalent
form of which is Alzheimer’s disease (AD). Although aging is considered to be the main
risk factor for AD, growing evidence from epidemiological studies suggests that type 2
diabetes mellitus (T2DM) increases the risk of dementia including AD. Defective brain
insulin signaling has been suggested as an early event in AD and other tauopathies but
the mechanisms that link these diseases are largely unknown. Tau hyperphosphorylation
is a hallmark of neurofibrillary pathology and insulin resistance increases the number of
neuritic plaques particularly in AD. Utilizing a combination of our Drosophila models of
tauopathy (expressing the 2N4R-Tau) and neuroblastoma cells, we have attempted to
decipher the pathways downstream of the insulin signaling cascade that lead to tau
hyperphosphorylation, aggregation and autophagic defects. Using cell-based, genetic,
and biochemical approaches we have demonstrated that tau phosphorylation at AT8
and PHF1 residues is enhanced in an insulin-resistant environment. We also show that
insulin-induced changes in total and phospho-tau are mediated by the crosstalk of AKT,
glycogen synthase kinase-3β, and extracellular regulating kinase located downstream of
the insulin receptor pathway. Finally, we demonstrate a significant change in the levels
of the key proteins in the mammalian target of rapamycin/autophagy pathway, implying
an increased impairment of aggregated protein clearance in our transgenic Drosophila
models and cultured neuroblastoma cells.

Keywords: Alzheimer’s disease, type 2 diabetes, tau aggregation, autophagy, tau hyper-phosphorylation

Abbreviations: 4EIBP, eukaryotic initiation factor 4B; AD, Alzheimer’s disease; ERK, extracellular regulating kinase; GMR,
glass multimer reporter; GOF, gain of function; GSK, glycogen synthase kinase; HD, Huntington’s disease; IRS, insulin
receptor substrate; LOF, loss of function; mTOR, mammalian target of rapamycin; NFT, neurofibrillary tangle; p70S6K,
p70S6kinase; PD, Parkinson’s disease; T2DM, type 2 diabetes mellitus; UAS, GAL4-responsive upstream activating sequence;
wt, wild type.
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INTRODUCTION

Alzheimer’s disease is a widely prevalent form of dementia
that is characterized by loss of memory and other cognitive
functions required to perform complex daily activities (Citron,
2004). Aging remains the most important risk factor for AD,
but population-based studies have identified T2DM, an age-
associated chronic metabolic disorder, as a major risk factor
for developing cognitive impairment and dementia (Barbagallo
and Dominguez, 2014; Sridhar et al., 2015). Insulin resistance in
peripheral tissues is a key feature of T2DM, and accumulating
evidence suggests that insulin resistance also develops in AD
and other tauopathies in early stages of the disease (Goncalves
et al., 2019). Recent studies have also shown that brain insulin
resistance can develop independently from systemic insulin
resistance. However, the underlying mechanisms that lead to
persistent brain insulin resistance and needs to be investigated
(Triani et al., 2018). Several studies have demonstrated that
both insulin and insulin receptors (IRs) are found in the brain,
and IR are highly expressed in neurons of the central nervous
system (CNS) (Talbot et al., 2012; O’Neill, 2013). FDG-PET
studies in AD patients have shown a progressive impairment
of cerebral glucose uptake and metabolism particularly in
the parieto-temporal lobes and posterior cingulate cortical
regions of the brain that correlates strongly with disease
progression (Moloney et al., 2010). Moreover, insulin and
insulin-sensitizing drugs improve cognitive performance in
people at early stages of AD (Freiherr et al., 2013; Roberts
et al., 2014). The physiological and pathological role of IR
signaling in the CNS is still unknown, but a strong correlation
between AD and dysfunction of the insulin-signaling pathway
with regard to glucose metabolism in the brain has prompted
some investigators to refer to AD as type 3 diabetes or an
“insulin resistant” condition of the brain (de la Monte, 2012;
Barone et al., 2019).

Pathophysiologically, NFTs composed of aggregated and
hyperphosphorylated tau are a hallmark of AD and other
tauopathies (Augustinack et al., 2002; Steen et al., 2005).
GSK-3β is a key serine/threonine kinase that phosphorylates
tau at pathological epitopes at proline directed serine and
threonine residues (Jackson et al., 2002; Johnson and
Bailey, 2002). Additionally, GSK-3β inactivates glycogen
synthesis and forms an important component of the
insulin signaling pathway (Doble and Woodgett, 2003;
Jolivalt et al., 2008). Another non-proline directed kinase
that acts downstream of the insulin signaling pathway
and generates pathological phospho-tau epitopes under
conditions of oxidative stress is ERK (Colucci-D’Amato
et al., 2003; Diehl et al., 2017). Although evidence of tau
hyperphosphorylation by GSK-3β and ERK strongly indicates
an impairment of the IR pathway as a risk factor in AD, the
underlying mechanisms that link insulin resistance to tau
hyperphosphorylation remain unclear.

The disease and severity of AD correlates strongly with the
spatial and temporal progression of the insoluble aggregated
tau fragments (NFTs) in the vulnerable brain regions (Didonna
and Legname, 2010). Recent studies have shown that the

clearance of these misfolded tau aggregates from the neurons
is accomplished by autophagy (Smith, 2002; Lee, 2012). Thus,
a prominent feature of AD is the massive accumulation
of lysosomal vesicular structures in degenerating neurons,
and pathological studies have suggested an impairment of
macroautophagy in neurodegenerative disorders including AD
and other tauopathies (Codogno and Meijer, 2010; Barnett
and Brewer, 2011; Nassif and Hetz, 2012). Macroautophagy
involves the formation of double membrane bound structures
around cytosolic protein aggregates and forming autophagic
vacuoles, which will subsequently fuse with the lysosomes for
the degradation of protein aggregates and cellular organelles. The
mTOR plays an important role in cellular homeostasis and is
an inhibitor of autophagy (Jung et al., 2010). There are reports
from a large body of literature, that insulin signaling leads to
the activation of AKT and mTOR via a relay of phosphorylation
events (Partridge et al., 2011). Phosphorylation of mTOR via
the PI3K-AKT signaling pathway induces protein synthesis
and downregulates autophagy, whereas dephosphorylation of
mTOR has the opposite effect (Avet-Rochex et al., 2012). Several
groups have shown that the PI3K/AKT/mTOR pathways are
activated in the early stages of AD, while other groups have
shown an upregulation of autophagy in the AD brains (Cai
et al., 2012; O’Neill, 2013). However, the exact mechanism
of autophagic induction and misfolded protein clearance in
neurodegeneration especially with regard to insulin resistance,
still remains uncertain.

Drosophila models misexpressing the full-length human
tau have been used successfully by us and many others
to recapitulate prominent features of human tauopathies
that include progressive neurodegeneration and tau
aggregation/phosphorylation at the disease-associated
phospho-epitopes mediated by the key kinases (Jackson
et al., 2002; Chatterjee et al., 2009). Likewise, human
neuroblastoma cells (SHSY5Y) have been used as in vitro
models for the study of AD and other neurodegenerative
diseases (Tanaka et al., 1995; Lesort et al., 1999;
Jamsa et al., 2004).

We have previously demonstrated that the misexpression
of full-length (2N4R) human tau under the control of a
glass promoter in the fly retina causes a marked “rough
eye” phenotype with reduced eye size and missing bristles
(Chatterjee et al., 2009). This “rough eye” phenotype has been
instrumental in performing genetic screens to identify the
modifiers of tau toxicity. Interestingly, an unbiased genetic
screen conducted with the gl-Tau flies identified “Chico” –
the single fly homolog of the mammalian IRS as one of
the suppressors of the tau-induced “rough eye” phenotype
(Ambegaokar and Jackson, 2011).

We therefore investigated the effect of insulin on tau
phosphorylation in vivo by co-expressing Chico with Tau
in the Drosophila retina. Our findings demonstrate that
Chico has a strong genetic interaction with Tau, causing
a suppression of tau-induced toxicity in our model. We
also observe that Chico decreases the level of total tau
(T46) as well as phosphorylated tau at AT8 (phospho-
Ser202/Thr205) and PHF1 (phospho-Thr231/Ser235) sites.
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This effect correlates strongly with an elevation of inactive
p-GSK-3βS9, while decreasing the level of active p-ERK
(p-p44/42). We further demonstrate that these traits are
reversed by Chico loss-of-function (Chico-LOF) indicating
a Chico-specific effect on tau pathology. Finally, we show
an increased proportion of soluble and insoluble tau
aggregates in Tau transgenics that is accompanied by an
induction of autophagy though not necessarily autophagic
clearance. Interestingly, these effects are rescued by Chico
but aggravated by Chico-LOF. We further validated our
findings in vitro in human neuroblastoma cells under
insulin resistant conditions. Collectively, these results
show that the mechanisms by which insulin resistance
impacts tau pathology are conserved in Drosophila and
mammalian cell lines.

MATERIALS AND METHODS

Stocks and Genetics
Flies were grown on Jazz mix medium (Applied Scientific Jazz
Mix, Fisher Scientific, Pittsburgh, PA, United States) at 25◦C.
The GAL4 driver used in this study is GMR-GAL4 on the X
chromosome. GMR-GAL4 (X) was placed in trans to gl-tau (A
direct fusion construct of the human full-length tau cDNA to
the eye specific glass promoter as described by (Jackson et al.,
2002) to generate GMR-GAL4-gltau on the X chromosome.
Transgenic fly lines carrying UASChico were established by
amplifying target sequences by PCR using chico specific primers
(chico forward: 5′-ATAATTCCGCACTGGCAAAG-3′; chico
reverse: 5′-CCATGCCATTAAGATGCTCA-3′) and the resulting
constructs were subcloned using Exelixis (San Francisco, CA,
United States) modification of Drosophila upstream activation
sequence (UAS) expression vector (pEx-UAS) and microinjected
into fly embryos (BestGene, Chino Hills, CA, United States).
UASChico-RNAi and Chico-LOF flies were a gift from Dr.
Minoru Saitoe (Tokyo Metropolitan Institute of Medical
Science). UASEGFP was ordered from Bloomington Fly Stock,
Indiana, Stock no. 5431). The EGFP gene is located on the
second chromosome.

Light Microscopy
Light microscopy retinal images were acquired using a Nikon
AZ100M light microscope (Melville, NY, United States).
Extended depth of focus and volumetric images were taken
using a Nikon DSFi1 camera and Nikon NIS-Elements AR
3.0 software as described previously (Chatterjee et al., 2009;
Ambegaokar and Jackson, 2011).

Histology and Immunohistochemistry
For SEM, flies were dehydrated in ethanol, incubated overnight
in hexamethyldisilazane, dried under vacuum, attached to
stubs with black nail polish and analyzed using a JSM-
6510LV SEM (JEOL USA, Peabody, MA, United States)
(Chatterjee et al., 2009). TRITC phalloidin (Sigma, St. Louis,
MO, United States) whole-mount staining of adult retina
was carried out as described previously (Sang and Ready,

2002). Briefly, adult retinas were dissected in cold PBS 1X
pH 7.4, fixed in 4% formaldehyde/PBS for 45 min, then
washed three times in PBT (0.5% Triton in PBS) and
incubated for 40 min with TRITC-Phalloidin. After three washes
in PBT, samples were mounted in vectashield for analysis
with SP8 AOBS Laser Scanning Confocal Microscope (Leica
Microsystems, Germany). 63× objective was used for scanning
the retinas using a 561 nm laser spectral detector of detection
bandwidth 550–650 nm.

Immunoblotting and Reagents in
Drosophila
Immunoblotting experiments were performed according
to protocols previously described (Chatterjee et al., 2009).
Briefly, about thirty freshly eclosed flies were collected and
heads were decapitated and homogenized using an Argos
battery-operated pestle mortar mixer for 1 min on ice in lysis
buffer supplemented with complete protease inhibitors and
PhosphoSTOP phosphatase inhibitor (Roche Diagnostics,
Indianapolis, IN, United States). Extracts were then centrifuged
at 4◦C for 10 min at 11,000 × g and the supernatants were
collected while the pellets were discarded. Samples were
then mixed with an equal volume of Laemmle sample
buffer with β-mercaptomethanol (Bio-Rad Laboratories,
Hercules, CA, United States) and resolved by appropriate
SDS-PAGE gels before transfer to nitrocellulose membranes
for antibody labeling. The membranes were then incubated
with appropriate secondary antibodies and developed using
enchanced chemiluminiscence (ECL). Following western
blot detection the membranes were re-probed with anti-
β-tubulin or anti-β-actin that was used as a loading control
for each experiment. The following antibodies were used,
anti-tau monoclonal antibody (1:1000; T46, Invitrogen),
AT8 (1:500; Thermo Scientific), anti-P-AKT505, anti-AKT,
anti-mTOR, anti-P-p70S6K, and anti-P-4E-BP (1:500; Cell
Signaling), anti-P-GSK-3βS9 (1:500; Genetex), GSK-3β (1:1000;
United States Biologicals), anti-P-p44mapk, and p44mapK
(1:500; Promega), anti-Re f(2P) (1:500; Abcam), anti-ATG8
(1:400; EMD Millipore), anti-β-tubulin, and anti-β-actin
(1:2000; Sigma). The blots were quantified by ImageJ (NIH).
Western blots were repeated at least three times with different
sets of animals.

Cell Culture and Treatments
SY5Y human neuroblastoma cells were ordered from ATCC
and grown in DMEM supplemented with 10% heat-inactivated
fetal bovine serum, 2 mM L-glutamine, 100 U/ml penicillin, and
100 µg/ml streptomycin in 5% CO2 atmosphere at 37◦C. Cells
were plated at a density of 5 × 103 cells/cm2 in 60 mm-diameter
culture dishes with 10% FBS. From day 1 after plating, cells were
differentiated in the presence of 10 µm all-trans retinoic acid for
a week in the cell medium containing 1% FBS. For experiments,
4 × 106 cells were seeded on 60 mm dishes and cultured for
48 h (Jamsa et al., 2004). Briefly, the cells were serum-starved
for 24 h and then incubated in the absence and presence of

Frontiers in Neuroscience | www.frontiersin.org 3 August 2019 | Volume 13 | Article 801109

https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-00801 August 1, 2019 Time: 18:37 # 4

Chatterjee et al. Insulin Resistance and Tauopathy

insulin (100 nm) for time periods of 10 min, 30 min, 1, 2, and
4 h, respectively.

In parallel, the cells were serum starved for 24 h and
then incubated with 100 nm insulin for a period of 48 h.
Post-incubation the medium was removed and supplemented
progressively with 20 nm insulin for a period of 4 h, respectively.
For the study of autophagic flux the cells were incubated with
100 nm bafilomycin for 4 h prior to processing. DMEM, fetal
bovine serum, L-glutamine, penicillin, streptomycin, and other
cell culture reagents were obtained from Life Technologies, Inc.
(Invitrogen), Recombinant human insulin and trans–retinoic
acid was from Sigma.

Immunoblotting in SY5Y Cells and
Reagents
Following insulin treatment, cells were lysed in buffer containing
50 mM Tris–HCl, pH 8.0, 150 mM NaCl, 1% Triton-X-100,
1 mM EDTA, 10 mM NaF, 1 mM Na3VO4, and one complete
protease inhibitor cocktail tablet (Roche Diagnostics)/10 ml
buffer. Cell lysates were centrifuged at 15,000 × g (Eppendorf
5417R) for 10 min. The protein content of the supernatants
was measured using BCA Protein Assay kit (Pierce). An
equal amount of total protein was resolved on 4–20% SDS-
polyacrylamide gel electrophoresis for immunoblotting
analysis using standard protocols. Primary antibodies were
incubated overnight at 4◦C at the following dilutions,
T46 (1:1000; Invitrogen), AT8 (1:500; Thermo Scientific),
pGSK-3βS9, pAKT473, mTOR, P-p70S6K, P-4E-BP1, GSK-
3β, AKT, anti-IRS1-pSer616 (1:500; Cell Signaling), pERK,
ERK (1:500; Promega), anti-LC3 (1:400; Novus Biologicals),
and anti-GAPDH (1:500, Abcam), anti-β-actin (1:5000;
Sigma). Horseradish peroxidase (HRP) conjugated secondary
antibodies (Amersham Biosciences) were incubated for 1 h
at room temperature in 5% milk at the dilution of 1:2000
for anti-mouse and anti-rabbit antibodies. The blots were
developed by ECL.

Immunocytochemistry and Reagents
Serum-starved SY5Y cells were stimulated at different time
points with or without insulin (100 nm). After a brief PBS
wash, cells were fixed for 30 min in 4% paraformaldehyde-
PBS, washed three times in PBS, and blocked in 3% BSA
for 1 h. Cells were then incubated with total tau antibody
(A0024, DAKO) and p62 (NBL) at 1:200 dilution overnight at
4◦C. After extensive washing with PBS, cells were incubated
with Alexa Fluor 568 nm conjugated goat anti-mouse IgG
(Invitrogen) and Alexa Fluor 488 nm conjugated goat anti-
rabbit IgG (Invitrogen) and counterstained with 4, 6-diamino-
2-phenylindole (1:3000 dilution) to count the number of
nuclei per field of view. Cells were mounted in coverslips
with vectashield (Vector laboratories). Cell analysis was carried
out using a Zeiss Axioplan 2 MOT upright fluorescence
microscope equipped with filter sets for DAPI, FITC, and TRITC.
The microscope settings were consistent for experimental
and control sets.

Statistical Analyses
Comparison between multiple groups in flies was done by
one way ANOVA followed by Tukey-Kramer HSD test.
Two experimental groups were analyzed using Student’s
t test. Comparison between multiple groups in SY5Y
cells were carried out by one way ANOVA followed
by Fisher’s LSD post hoc test. Comparison between
two experimental groups was done by Student’s t test.
Statistical analyses were performed using Graphpad Prism
or Sigma Plot software.

RESULTS

Several groups have shown that Chico plays a prominent
role in the insulin-signaling pathway in Drosophila with
Chico-LOF generating pronounced insulin resistance (Murillo-
Maldonado et al., 2011; Naganos et al., 2012). Our previous
studies from an unbiased genetic screen in Drosophila
tauopathy models, have identified Chico as a strong modifier
of the Tau phenotype. Hence, in the next sections we have
investigated further the mechanistic pathways by which this
interaction occurs.

Misexpression of Chico in the Fly Eye
Ameliorates Human Tau Induced
Rough-Eye Phenotype
To investigate how insulin signaling impacts tau pathology, we
utilized our well-established model of Tauopathy in which we
expressed full-length wild type human Tau (2N4R) in Drosophila
eyes using the pan-retinal GMR-GAL4 driver (Jackson et al.,
2002; Chatterjee et al., 2009). As reported previously, Tau
misexpression in the eye resulted in smaller eye size with a
rough anterior and missing bristles (Figure 1C). Interestingly,
co-expression of Chico with Tau ameliorated the “roughness”
of the eye phenotype, resulting in larger eyes with fewer
missing bristles (Figure 1D) while ChicoRNAi or Chico-LOF
(null allele chico[1]) with Tau, resulted in a more severe
worsening of the “rough-eye” phenotype (Figures 1F,G). As
compared to the double transgenics, the Control eyes of
(GMR/+), GMR/UASChico and GMR/UASChicoRNAi appeared
perfectly normal (Figures 1A,B,E). Magnification of the SEM
insets (400X) clearly demonstrates fused ommatidia and
missing bristles in Tau flies (Figure 1C, lower panel) that
are partially rescued by Chico (Figure 1D, lower panel)
and exacerbated by Chico-LOF (Figure 1F, lower panel).
Quantification of the percentage of rough area per eye in
each genotype revealed an 80% rough-eye area in Tau and
Tau+Chico-LOF dual transgenics as compared to 45% rough-
eye area in Tau+Chico transgenics compared to Controls
(Figure 1H, lower panel). In contrast, UASEGFP co-expressed
with Tau, failed to suppress the “rough-eye” phenotype
confirming that the effect of Chico on Tau is specific
(Supplementary Figure S1A).

In order to compare the internal retinal morphology,
confocal imaging of adult retinas stained with TRITC-phalloidin
was performed. Tangential optical sections display a normal
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FIGURE 1 | Overexpression of Tau induces a rough eye phenotype that is partially suppressed by Chico coexpression; conversely Tau coexpressed with Chico-RNAi
or Chico-LOF restores the rough eye phenotype. (A–G) Displayed are photomicrographs and scanning electron microscopy of progeny eyes taken 24–48 h
post-eclosion; (A) driver alone, (B) Chico, (C) Tau, (D) Tau+Chico, (E) Chico-RNAi, (F) Tau+Chico-RNAi, (G) Tau+Chico-LOF (null allele). Scale bars, 50 µm for the
light micrographs and 200 µm for the scanning electron micrographs. (H) Quantitation of the percentage of “Rough eye” phenotypes in Tau, Tau+Chico, and
Tau+ChicoRNAi transgenics. Error bars represent SEM. N = 15 eyes/genotype, ∗∗∗P < 0.001 relative to Tau flies. Student’s t test was done for pairwise comparison
between two groups.

trapezoidal array of rhabdomeres in the driver-alone controls
(Supplementary Figure S2A). In contrast, Tau flies produced
disorganized ommatidia with massive loss of photoreceptor
neurons (Supplementary Figure S2B). The retinas of transgenics
co-expressing Chico (Supplementary Figure S2C) showed
a relatively normal array of rhabdomeres other than some
abnormal polarity.

Taken together our results show that the co-expression of
Chico with Tau atleast partially rescues tau-induced neuronal loss
and protects against tau-induced neurotoxicity.

Misexpression of Chico With Tau
Reduces the Levels of Total and
Hyperphosphorylated Tau
We and others have previously shown that the “roughness” of
the eye phenotype in Tau transgenics is associated with elevated
tau expression as well as hyperphosphorylation at the disease
epitopes (Jackson et al., 2002; Chatterjee et al., 2009). Therefore,
in order to analyze the rescue of the “rough-eye” phenotype in
Tau+Chico flies, we examined if there were any alterations in the
levels of total and hyperphosphorylated tau in these transgenics.

Our results show that coexpression of Chico and Tau
significantly decreased the total tau (T46) and phospho-tau
at AT8 and PHF1 residues leading to >50% reduction of
AT8/T46 and PHF1/T46 ratios as compared to Tau-alone flies.
We further observed that these effects were reversed when Tau
was coexpressed with Chico-LOF or ChicoRNAi (Figure 2A and
Supplementary Figure S3A). Our data also showed that the
coexpression of EGFP produced no alterations in the tau levels
confirming that this is a Chico-specific effect (Supplementary
Figure S1B). In summary, our results suggests that the ability
of Chico to ameliorate the tau-induced “rough-eye” phenotype
occurs by decreasing the level of total and phospho-tau at
pathological epitopes.

Misexpression of Chico With Tau
Decreases the Formation of Soluble and
Insoluble Tau Aggregates Compared to
Tau and Tau+ChicoRNAi
Aggregation of hyperphosphorylated tau is one of the key
features of AD and related tauopathies (Simic et al., 2016).
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FIGURE 2 | Western blot data shows a decrease in the levels of total (T46) and phosphorylated tau (AT8, PHF1) when Chico is coexpressed with Tau; the T46 and
AT8 levels are reversed when Chico-RNAi is coexpressed with Tau. (A) Representative blots are probed with T46 (total tau), AT8, PHF1, (phospho-tau), and β-tubulin
antibodies, respectively. All flies were 3 days after eclosion. Genotypes are as follows: GMR-GAL4/+; GMR-GAL4/UASChico; GMR-GAL4-gl-Tau/+;
GMR-GAL4-gl-Tau/UASChico; GMR-GAL4/UASChico-RNAi; GMR-GAL4-gl-Tau/UASChico-RNAi. (B) Tau and Chico coexpression decreases the level of sarcosyl
soluble and insoluble tau aggregates in the supernatant and pellet as compared to Tau alone and Tau+Chico-LOF dual transgenics. Western blot analysis from flies
probed with T46 antibody against total tau. Genotypes: GMR-GAL4-gl-Tau/+; GMR-GAL4-gl-Tau/UASChico; GMR-GAL4-gl-Tau/UASChico-LOF. Densitometric
analyses of AT8/T46 and PHF1/T46 levels and total tau distribution in soluble and pellet fractions are normalized to β-tubulin. (One way ANOVA with Tukey-Kramer
HSD was used for multiple groups comparison or post hoc Dunnett’s test for comparison against Tau, n = 3 sets of biological replicates for each genotype.) Data
represents the mean ± SEM, ∗∗P < 0.01 and ∗P < 0.05 relative to Tau.

Our previous studies in tauopathy models demonstrated the
accumulation of sarcosyl soluble and –insoluble tau aggregates
that contributed toward tau-induced neurotoxicity (Chatterjee
et al., 2009). In line with these reports, we investigated
whether loss or GOF of Chico has any effect on sarcosyl
solubility of tau. Co-expression of Chico with Tau reduced
the accumulation of sarcosyl-soluble and insoluble tau species
in the supernatant and pellet fractions, respectively. However,
co-expression of ChicoRNAi significantly altered the pattern
of tau solubility and increased accumulation of sarcosyl-
insoluble tau (Figure 2B). Although recent studies have
demonstrated that soluble tau aggregates are toxic for neuronal
cells, sarcosyl-insoluble tau aggregates eventually form the
NFTs detected in AD brains (Ren and Sahara, 2013). Taken
together, our data shows that in addition to decreasing

tau expression and hyperphosphorylation, Chico reduces the
formation of sarcosyl-soluble and insoluble tau aggregates in
Tau transgenics.

Effect of Chico on Tau
Hyperphosphorylation Is Mediated by
GSK-3β
Given that the insulin signaling pathway in Drosophila is highly
conserved with that of higher vertebrates, and the kinases GSK-
3β and ERK lie downstream of Chico in the insulin signaling
cascade; we investigated whether there is a direct effect of Chico
on the regulation of these kinases in our model.

Our data showed a >50% reduction in the level of inactive
p-GSK-3βS9 in Tau genotypes compared to controls (GMR/+
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and GMR/UASChico) that matched with the elevated tau
phosphorylation at AT8 and PHF1 epitopes. Co-expression
of Chico with Tau rescued the levels of phospho-GSK-3βS9
while Tau+ChicoRNAi lines reversed the effect (Figure 3A).
Conversely, when active GSK-3β (phospho-GSK-3βY216)
levels were assessed; Tau+Chico transgenics showed a
marked reduction in active GSK-3β compared to Tau-only
and Tau+ChicoRNAi transgenics (data not shown).

Next, we analyzed the phosphorylation status of active ERK
(p42/44) and observed <10% reduction in Tau transgenics
compared to Controls. Interestingly, this effect was not rescued
by either Chico overexpressed or knock-down lines (Figure 3A).
Despite the alterations in phosphorylated GSK-3β and ERK, total
protein levels remained constant in all the genotypes.

Collectively, our data suggests that Chico-mediated effects of
tau hyperphosphorylation display a direct correlation with GSK-
3β but not with ERK.

To assess whether insulin resistance was generated by the
gain or LOF of Chico, we analyzed the ability of Chico to
stimulate AKT phosphorylation at position Serine505. This
phospho-AKT site in flies is analogous to mammalian AKT
phosphorylated at Serine473 and a marker of insulin sensitivity
(Musselman et al., 2011). We observe that compared with other
genotypes, the Tau+ChicoRNAi lines show a 50% reduction
in phospho-AKTSerine505 levels suggesting an insulin-resistant
phenotype (Figure 3B).

Tau-Induced Down-Regulation of TOR
Pathway Components Is Rescued in
Tau+Chico Double Transgenics
As in higher vertebrates, in Drosophila, the insulin signaling
pathway is upstream of IRS/PI3K pathway, which in turn
positively regulates target of rapamycin (TOR) activity. In
a healthy environment, TOR activates protein synthesis and
promotes cellular growth and proliferation by enhancement of
important translational components, including the translation
initiation factor 4E binding proteins (4E-BP1-3) and ribosomal
protein S6 kinases. However, under stressful conditions, TOR
signaling is impaired and autophagy is upregulated (Cai et al.,
2012; O’Neill, 2013). Interestingly in our studies, we observed
a 40% reduction of the TOR pathway components phospho-
p70S6K and phospho-4E-BP1 in the Tau flies with a partial rescue
observed in Tau+Chico transgenics (Figure 4A). In addition, we
assessed the TOR protein levels in the Tau flies. A significant
reduction of phospho-TOR/Total TOR was found in Tau flies
compared to Control and Chico-only flies. This effect was rescued
partially by Chico co-expression (Supplementary Figure S4A).

Upregulation of Autophagy Is Observed
in Tau and Tau+ChicoRNAi Transgenics
Previous studies have demonstrated that the inactivation of the
TOR pathway stimulates basal autophagy (Hands et al., 2009;
Metcalf et al., 2012; O’Neill, 2013). The Drosophila homologs of
mammalian autophagy marker LC3 are Atg8a and Atg8b. Atg8a
particular, has been extensively used as an autophagy marker in
Drosophila. The lipidation of Atg8a produces Atg8a-II that is

directed to the autophagosomes as opposed to Atg8a-I, which is
the unprocessed Atg8a protein (Nagy et al., 2015). Compared to
other genotypes Tau transgenics showed significant upregulation
of autophagy that was partially reduced by Chico. Interestingly,
Tau+Chico-LOF flies displayed a similar enhancement of
autophagy (Figure 4B and Supplementary Figure S5).

However, an increase in Atg8a-II signal implies an enhanced
autophagic induction but not necessarily an autophagic clearance
(Rusten and Stenmark, 2010). Hence we decided to investigate
if there was an alteration in the levels of Ref(2P) – the fly
homolog of mammalian p62 which accumulates due to an
impairment in autophagy (Son et al., 2012). Although there
was a moderate increase of Ref(2P) accumulation in Tau and
Tau+Chico-LOF, it was not significant compared to other
genotypes (data not shown). Thus, in summary, our data
suggests that Tau overexpression induces autophagy without an
autophagic blockage.

Progressive Insulin Treatment of SY5Y
Cells Causes a Time-Dependent
Increase in Total and Phosphorylated Tau
That Correlates With the Decrease of
Inactive GSK-3β
To determine whether the insulin-induced alteration in the
total and phospho-tau levels that we observe in our Drosophila
tauopathy models, is conserved in human cells, we next
investigated the effect of insulin treatment in neuroblastoma
cells. SY5Y cells were serum-starved for a period of 24 h and
then treated with 100 nm insulin for 8 h (Son et al., 2012).
We observed an immediate decrease in T46 (total Tau) and
AT8 (Serine 202/Threonine 205) that lasted for a period of
30 min of insulin treatment, followed by a gradual increase
in the levels of total and AT8-tau over a period of 4 h after
which it remained constant. However, as the insulin treatment
continued for a period of 4 h, AT8-tau levels were significantly
elevated as compared to total tau (T46), thereby increasing
the ratio of AT8/T46 by almost 2.5-fold (>50%) at 4 h as
compared to controls (0 min post-treatment) (Figure 5A and
Supplementary Figure S3B).

Next, we examined the change in phospho-IRS-1(Ser636) at
specified time intervals to monitor insulin resistance in the cells.
From 30 min to 4 h we observed a gradual increase in the ratio
of phospho-IRS1(Ser636)/Total IRS1 levels consistent with an
insulin-resistant phase in our cellular model (Figure 5B).

Insulin resistance in animal and cellular models of type 2
diabetes is also marked by a reduction in phospho-AKTSer473
while total AKT remains constant (Shao et al., 2000; Standaert
et al., 2002). Our data showed that phospho-AKTS473 levels
did not change significantly compared to control till a period
of 30 min. However, post-insulin treatment there was a gradual
decrease of phospho-AKT/Total AKT signal from 1 h (50%
reduction) to 4 h (80% reduction) signifying progressive insulin
resistance (Figure 5C, left panel). Taken together our results
indicate a moderate increase in the level of total tau and a more
substantial increase in phospho-tau in a progressively insulin-
resistant environment.
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FIGURE 3 | Overexpression of Tau decreases pGSK-3βS9 and pERK in representative blots. Coexpression of Chico restores the levels of pGSK-3βS9 but not of
pERK. (A) Western blot analysis from flies probed with pGSK-3βS9, pERK, total GSK-3β, total ERK, and β-tubulin antibodies, respectively. (B) Western blot analysis
from flies probed with pAKT and total AKT antibodies, respectively. Quantification of phospho-antibody levels are normalized to total protein levels. (One way ANOVA
with Tukey-Kramer HSD was done for multiple group comparisons or post hoc Dunnett’s test was used for comparison with Tau, n = 3 sets of biological replicates
for each genotype.) Data represents the mean ± SEM, ∗∗P < 0.01 and ∗P < 0.05 relative to Tau in panel (A) and to Tau+Chico in panel (B). All flies were 3 days
before eclosion. Genotypes: GMR-GAL4/+; GMR-GAL4/UASChico; GMR-GAL4-gl-Tau/+; GMR-GAL4-gl-Tau/UASChico; GMR-GAL4/UASChico-RNAi;
GMR-GAL4-gl-Tau/UASChico-RNAi in panel (A). Genotypes: GMR-GAL4-gl-Tau/UASChico; GMR-gl-Tau; and GMR-gl-Tau/UASChico-RNAi in panel (B).

FIGURE 4 | Tau overexpression effects a reduction in the level TOR pathway markers but an increase in autophagy pathway markers (Atg8a-II/Atg8a-I) that are
rescued by Chico coexpression with Tau. (A,B) Western blot analysis from flies probed with P-p70S6K, P-4E-BP1, and Atg8 antibodies. β-tubulin is the loading
control. Quantification of the levels of the antibodies normalized to β-tubulin levels. (One way ANOVA with Tukey-Kramer HSD was done for multiple group
comparisons or post hoc Dunnett’s test was done for comparison with Tau, n = 3 sets of biological replicates for each genotype.) Data represents the mean ± SEM,
∗∗∗P < 0.001, ∗∗P < 0.01, and ∗P < 0.05 relative to Tau. All flies were 3 days after eclosion. Genotypes: GMR-GAL4/+; GMR-GAL4/UASChico;
GMR-GAL4-gl-Tau/+; and GMR-GAL4-gl-Tau/UASChico.

To determine whether alterations in tau phospho-epitopes
correlate with changes in the key kinases downstream of the
IR pathway, we next examined the levels of GSK-3β and ERK
using phospho-specific antibodies over a period of 4 h. We
observed a progressive decrease in phospho-GSK-3βS9/Total
GSK-3β levels to 80% compared to controls at the end of

4 h. This correlated with the gradual increase in the AT8
immunoreactivity that we observed earlier. On the contrary,
the phospho-ERK/Total ERK immunoreactivity did not change
significantly at the end of 4 h. In addition, we did not detect
any change in the level of total GSK-3β or ERK, indicating
that the change in the pattern of phosphorylated kinases is an
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FIGURE 5 | Progressive insulin treatment increases total and phosphorylated tau in SY5Y cells in an insulin resistant state. This is accompanied by the gradual
decrease in the levels of pAKT and pGSK-3βS9. SY5Y cells were serum-starved for 24 h and then treated with 100 nm insulin for various time points (0, 10, 30, 60,
120, and 240 min). After treatment, cells were harvested, lysed and immunoblotted with either (A) anti-tau (T46) and AT8 antibodies (B) IRS1-pS636 and total IRS1
or (C) pAKT, pGSK-3β, pERK, and total kinase antibodies in the representative blots. GAPDH was used as a loading control. Densitometric analyses of
phosphorylated tau (AT8) over total tau (T46) and phosphorylated kinases (pAKT, pGSK-3β, and pERK) over total kinases normalized to GAPDH were performed
based on four independent experiments. Data represent the mean ± SEM, ∗∗∗P < 0.001, ∗∗P < 0.01, and ∗P < 0.05 versus control (0 min), n = 4 biological
replicates. (One way ANOVA followed by Fisher’s test for multiple comparisons and Student’s t test for pairwise comparisons.) IR, insulin resistance.

insulin signaling pathway-specific response (Figure 5C, middle
and right panels).

In summary, our data indicates that tau hyperphosphorylation
maybe contributed by active GSK-3β but not by active ERK in
insulin-treated cells.

Insulin Treatment of SY5Y Cells
Progressively Affects the Levels of
Protein Synthesis Regulators in the
mTOR Pathway
It has been previously reported that in the normal physiological
environment and in the presence of sufficient nutrients, insulin
or insulin-like growth factors activate PI3K/AKT/mTOR
pathways subsequently promoting protein synthesis and
inhibiting autophagy (Hands et al., 2009; O’Neill, 2013). We
observed that insulin treatment of SY5Y cells initially increased
the levels of phospho-mTOR (Ser2448), phospho-p70S6K and
phospho-4E-BP1 for a period of 1 h followed by a progressive
decrease in the levels of protein biosynthesis markers as the

cells gradually entered an insulin-resistant phase at the end of
the 4-h time-period. Conversely, the ratio of autophagic marker
LC3II/LC3I increased rapidly within the first 30 min of insulin
treatment, indicating an activation of autophagy. However, at the
end of 4 h of insulin treatment, the LC3II/LC3I ratio significantly
reduced compared to earlier time points (10 and 30 min),
suggesting a blockage in the autophagic pathway (Figure 6
and Supplementary Figure S4B). These results indicate that
progressive insulin stimulation not only alters the levels of tau
and key kinases but also mediates changes in protein synthesis
and key autophagic markers in our model.

Insulin Pre-treatment of SY5Y Cells
Increases the Tau Levels by Autophagic
Impairment
To further investigate whether tau accumulation in insulin-
treated SY5Y cells was linked to an impairment of autophagy,
we pre-treated these cells with 100 nm insulin for a period of
48 h after serum starvation and exposed them to 20 nm insulin
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FIGURE 6 | Insulin treatment of SY5Y cells affects the levels of autophagic markers via mTOR pathway demonstrated by a time dependent decrease in the levels of
p-p70 S6K and p-4E-BP1 proteins. A simultaneous increase in the level of LC3-II/LC3-I ratio is observed till 30 min after which there is a decrease of autophagy in
the insulin-resistant phase. (A) SY5Y cells were treated with 100 nm insulin for different time points (0, 10, 30, 60, 120, 240 min) and lysates were analyzed by
immunoblotting with antibodies against P-p70S6K, P-4E-BP1, and LC3. GAPDH was used as a loading control. (B) Densitometric analysis of these antibodies
relative to GAPDH was performed based on four independent experiments. Data represent the mean ± SEM, ∗∗P < 0.01, ∗P < 0.05 versus control (0 min), n = 4
biological replicates (One way ANOVA followed by Fisher’s test for multiple comparisons and Student’s t test for pairwise comparisons.) IR, insulin resistance.

progressively for a period of 4 h (Son et al., 2012). In parallel,
these SY5Y cells were also exposed to bafilomycin treatment.
Bafilomycin is one of the well-known compounds that inhibit
late-stage autophagy and prevents maturation of autophagic
vacuoles by impairing the fusion between autophagosomes and
lysosomes (Mauvezin and Neufeld, 2015). Interestingly, we
observed that pre-treatment of the SY5Y cells with insulin
and bafilomycin enhanced tau staining (A0024) compared to
untreated controls (Figures 7B,C vs. Figure 7A).

Previous studies have also shown that the lack of autophagy
or blockage of autophagic flux leads to the accumulation
of p62 protein in cells (Rusten and Stenmark, 2010).
Immunohistochemical studies in SY5Y cells also showed
an increased accumulation of p62 (red) in the bafilomycin-
treated cells implying an impairment of autophagy. A similar
p62 enhancement was observed in the insulin-treated cells
confirming an inhibition of autophagy or a blockage of
autophagic flux (Figures 8B,C vs. Figure 8A).

Taken together our results show that pre-treatment of SY5Y
cells with insulin results in an inhibition of autophagy and

increased tau protein accumulation. It is worthwhile to note
that SY5Y cells treated with both insulin and bafilomycin
were toxic resulting in massive cell death possibly due to a
combination of tau aggregation and autophagic impairment
triggering apoptotic pathways.

DISCUSSION

Alzheimer’s disease is the most common cause of dementia
in humans (Citron, 2004). While plaques and tangles are
designated as pathological signatures of AD, it is now
speculated that these factors are consequential rather than
causal of the neurodegenerative cascade (Ishiguro et al., 1992;
Armstrong, 2006). Despite intense investigation, the etiology
and pathogenesis of sporadic AD remain unknown. Brain
glucose metabolism is impaired in AD, and growing evidence
supports the concept that AD is fundamentally a metabolic
disease with progressive dysfunction in brain glucose utilization
and responsiveness to insulin and insulin-like growth factor
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FIGURE 7 | Pre-treatment with insulin increases the tau protein levels in SY5Y
cells relative to untreated controls. (A–C) SY5Y cells were serum-starved for
24 h and then treated with 100 nm insulin for 48 h followed by progressive
treatment with 20 nm insulin at various time points (0, 1, 5, 10, 30, 60, 120,
and 240 min) In parallel, SHSY5Y cells were subjected to autophagy-blocker
Bafilomycin treatment for 4 h. This was followed by immunostaining by total
Tau antibody (green) and DAPI (blue). Tau immunoreactivity increased in the
insulin and bafilomycin-treated cells compared to untreated controls
(bar = 20 µm). White arrowheads represent total Tau in insulin-treated cells.

stimulation (Freude et al., 2009; Schuh et al., 2011). Although,
there have been numerous studies on peripheral insulin
resistance, the mechanism of central insulin resistance and
particularly its impact on tau, one of the hallmarks of AD, is
relatively unknown.

Our laboratory has generated a model of tauopathy in
Drosophila by expressing human wild-type full-length tau
(2N/4R) in the retina, that results in a “rough-eye” phenotype
(Jackson et al., 2002; Chatterjee et al., 2009). This tau-induced
eye phenotype is highly useful for conducting unbiased
enhancer/suppressor screens through which Chico-the single
fly homolog of mammalian IRS was identified as a suppressor
of tau-induced “rough-eye” phenotype (Ambegaokar and
Jackson, 2011). Recent studies show that loss-of-function
mutation in Chico causes insulin resistance by increasing
the amount of circulating trehalose and lipids in Drosophila
(Murillo-Maldonado et al., 2011; Naganos et al., 2012).
Our data demonstrates that Chico ameliorates the tau-
induced neurotoxicity by reducing tau aggregation and
hyperphosphorylation at the disease epitopes while Chico-LOF
exacerbates these effects. The exacerbation of tau pathology by
Chico-LOF was attributed to insulin resistance as these flies
displayed 50% reduction in Drosophila AKT phosphorylated
at Serine505 residue that corresponds with insulin resistance
in mammalian AKT phosphorylated at Serine473 residue
(Standaert et al., 2002). Our results further show that this
augmentation is achieved by modulating the kinase GSK-
3β, which lies downstream of the IR signaling pathway.
Finally, we demonstrate that Chico impacts mTOR/autophagy
pathway, thus playing a significant role in clearance of tau
aggregates. These observations in the Drosophila tauopathy
model were further validated in mammalian neuroblastoma

FIGURE 8 | Pre-treatment with insulin increases the p62 protein levels in
SY5Y cells relative to untreated controls. (A–C) SY5Y cells were
serum-starved for 24 h and then pre-treated with 100 nm insulin for 48 h,
followed by immunostaining with p62 (red) antibody. In parallel, SHSY5Y cells
were subjected to autophagy-blocker bafilomycin treatment for 4 h. The
intensity of p62 was greater in insulin and bafilomycin-treated cells (B,C)
compared to untreated cells (A) as observed by fluorescence microscopy
implying an autophagic blockage. DAPI (blue) was used as a nuclear stain
(bar = 20 µm). White arrowheads represent p62 in insulin-treated cells.

cells, implying a conservation of these pathways across
diverse systems.

In post-mortem brains from AD patients, tau phosphorylation
was found to increase at several GSK-3β directed epitopes
such as AT8, AT180, AT100, and PHF1 (Ishiguro et al., 1992;
Armstrong, 2006). GSK-3β is one of the key tau kinases
that also colocalizes with tau tangles and microtubules in
the brains from patients with AD (Hooper et al., 2008;
Avila et al., 2012). Interestingly, GSK-3β is regulated by the
insulin signaling pathway. Briefly, insulin signaling is initiated
by the binding of insulin to its receptor, located in the
cytoplasmic membrane. This leads to rapid phosphorylation
of IRSs that activate PI3K/AKT signaling in the brain (Diehl
et al., 2017). AKT phosphorylates GSK-3β at Serine 9, thereby
inhibiting its activity of tau hyperphosphorylation and facilitating
binding to microtubules. Conversely, when GSK-3β is in an
active state (due to phosphorylation at Tyrosine 216 residue),
it phosphorylates tau to generate AT8 and PHF1 disease
epitopes (Chatterjee et al., 2009). In another independent
study Barone et al. have shown that reduction of Biliverdin
reductase-A (BVR-A) in the hippocampus of 3xTg-AD mice
impairs AKT-mediated inhibition of GSK-3β and increases tau
phosphorylation in response to oxidative stress. They have
also shown that increased GSK-3β activation (decreased Serine
9 phosphorylation) is detected in the early stages of AD
(Sharma et al., 2019).

In our study we observe, that co-expression of Chico
with Tau significantly increases the level of inactive GSK-
3β phosphorylated at Serine9 residue and reduces tau
hyperphosphorylation. Conversely, the coexpression of insulin-
resistant Chico-LOF activates GSK-3β and exacerbates tau
hyperphosphorylation. Our results are supported by the studies
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of Jolivalt et al. (2008) and Kim et al. (2009) in which STZ-
induced type-1 diabetic mouse models display an increased tau
hyperphosphorylation mediated by active GSK-3β (Doble and
Woodgett, 2003; Kim et al., 2009). Interestingly this effect was
not observed in type 2 diabetic mouse models. Our study differs
significantly in this respect since the genetically manipulated
Chico-LOF mutants recapitulate features of type 2 diabetes and
not of type 1 diabetes.

To examine whether insulin-resistance – induced tau
enhancement was conserved in the mammalian system, these
experiments were repeated in insulin treated SY5Y cells. It
has been observed in human hippocampal tissue that insulin
resistance is accompanied by an increased phosphorylation at the
Serine636 residues of IRS-1 (Copps and White, 2012; Diehl et al.,
2017). Interestingly we observed a progressive increase in the
ratio of phospho-IRS1/Total IRS1 from 30 min to 4 h time period
signifying insulin resistance. This was also confirmed by an 80%
reduction of phospho-AKT/Total AKT at the 4 h time-period
confirming insulin resistance in SY5Y cells.

Interestingly, while we observed an initial decrease in total
and AT8-tau levels, there was a sharp increase in the AT8/T46
ratios as the cells entered an insulin resistant condition. Our
studies are in contrast to the studies done by Lesort et al.
(1999) who treated the SY5Y cells with 10 nm insulin and
observed a transient increase in AT8-tau hyperphosphorylation
at the early time points (0–60 min) and dephosphorylation
post 1 h. In comparison, we have used 100 nm insulin
which generated insulin resistance after 30 min of treatment
subsequently increasing levels of total and phospho-tau. In this
respect, the early time points in SY5Y cells recapitulate our
observations from Chico gain-of-function while the later time
points pertaining to insulin-resistance represent Chico loss-of-
function or knock-down flies.

Several studies have shown that hyperphosphorylated tau
dislodges from the microtubules and binds with tau monomers
to form tau aggregates. These abnormal tau aggregates are
considered to be a critical pathological feature of tauopathy
(Cowan et al., 2015; Goedert and Spillantini, 2017). It is
hypothesized that small molecular weight, sarcosyl-soluble tau
aggregates gradually consolidate to form NFTs that are sarcosyl-
insoluble. However, the toxicity of the sarcosyl soluble and
insoluble aggregates remains controversial. A study by Lasagna-
Reeves et al. (2011) showed that the injection of soluble
tau oligomers but not monomers or fibrils were sufficient in
inducing synaptic dysfunctions and cognitive impairments in
wild type mouse. There are others studies that show the spread
of soluble tau across the synapses for the propagation of tau
pathology while the insoluble tau fibrils within the neurons
act as a “sink” to sequester the toxic and soluble tau species
(Kopeikina et al., 2012). Although, Chico-LOF exacerbates
the tau-induced toxicity in the “rough-eye” phenotype, we
detect a significant amount of insoluble tau species in these
transgenics. Taking into account the prevailing literature in
this area, there is a possibility that the shift of tau from
soluble to insoluble aggregates in an insulin-resistant state is
a defense mechanism of neurons in response to progressive
tau accumulation.

Aggregates of tau are removed by macroautophagy (Inoue
et al., 2012; Neufeld, 2012). The protein kinase TOR, an
evolutionarily conserved protein, plays a central role in regulating
macroautophagy in response to nutrient availability and stress
factors (Miron et al., 2003). The involvement of TOR pathway
in Drosophila neurodegeneration models have been controversial
depending on disease model in question. Feany and colleagues
and Berger et al. (2006) have previously reported that TOR
pathways components enhance mutant tau (R406W) induced
toxicity in their fly models that is ameliorated by treatment
with TOR inhibitor rapamycin (Khurana et al., 2006; Khurana
et al., 2010). These observations have also been supported by
Caccamo et al. (2013) in P301S mouse models where increasing
mTOR activity has been shown to increase tau pathology
whereas decreasing mTOR ameliorates tau-induced neuronal
dysfunctions and pathology. In contrast, we observe a down-
regulation of the TOR pathway in our tauopathy models that
is rescued by coexpression of Chico. One possibility is that we
have used wild type full-length human tau in our fly models as
opposed to mutant tau used in the studies above. An interesting
study by Tramutola et al. (2015) in post-mortem AD brains
reports significant upregulation of PI3K/AKT/mTOR pathways
in both MCI and late stage AD but not in the early stage AD.
Since we have used 0–3 days old adult flies for this study, it is
possible that our tauopathy model represents an early stage of
pathology during which the PI3K/AKT/mTOR signaling pathway
is not yet activated.

In keeping with decreased TOR function, we observe a
simultaneous upregulation of autophagy in Tau transgenics. This
was measured by elevated levels of membrane bound Atg8a-
II relative to unbound Atg8a-I. We also observe a similar
upregulation of autophagy in Tau+Chico-LOF transgenics.
However, an upregulation of autophagy does not necessarily
mean autophagic clearance. A recent study by Bakhoum et al.
(2014) demonstrates the formation of giant autophagic bodies
(GABS) in retinas of tauopathy models that arise due to
incomplete acidification of autophagolysosomes and culminates
in an impairment of autophagic flux. Although we did not see
an autophagic blockage in our freshly eclosed progeny, further
experiments need to be done with aged Tau flies. The relationship
between insulin resistance and autophagy is a relatively new field
with contradicting observations depending on animal or cellular
model in question. Recent studies in cellular models of carcinoma
show that insulin resistance activates autophagy (Zhou et al.,
2009). In contrast, studies done in APP/PS1 mice show that
insulin sensitivity improves autophagy in neurodegenerative
disease models (Macklin et al., 2017). Thus, in our Tauopathy
model, the impact of hyperphosphorylated and aggregated tau on
autophagic clearance in an insulin-resistant environment cannot
be ruled out (Rodriguez-Rodriguez et al., 2017).

In SY5Y cells, prolonged treatment with insulin resulted
in downregulation of the mTOR pathway in an insulin-
resistant environment. Interestingly, our data matches
with the observations of Barone et al. (2016) who report
mTOR activation at lower concentrations of insulin but a
subsequent decrease in higher insulin concentrations in SY5Y
cells. However, instead of an upregulation of autophagy,
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FIGURE 9 | Schematic of a proposed model of tau hyperphosphorylation under the conditions of normal and impaired insulin signaling. (A) Insulin signaling in a
physiological environment activates AKT, which in turn inactivates GSK-3β and prevents tau hyperphosphorylation. Insulin also activates TOR pathway for cellular
growth and maintains a basal level of autophagy for cell survival. (B) An impaired insulin signaling results in an inactivation of AKT and an activation of GSK-3βY216
resulting in tau hyperphosphorylation leading to the formation of insoluble tau aggregates. The pathological condition is exacerbated by an impaired clearance of
toxic protein.

we observed an autophagic blockage that was evident by
decreased LC3-II signaling in insulin-treated cells compared
to controls. These results were further validated by the
accumulation of p62 protein in insulin-treated cells indicating
an autophagic blockage akin to the treatment of the cells
with known autophagy blocker Bafilomycin (Bartlett et al.,
2011; Cai et al., 2012). It is possible that the autophagic
upregulation observed at the early time points was atleast partly
contributed by the serum starvation before subjecting the cells to
insulin treatment.

Taken together our results imply that insulin resistance
increases the amount hyperphosphorylated tau not only
by activating the key kinases but also by modulating the
TOR/autophagy pathways.

Therefore, we propose a speculative mechanism of insulin
sensitivity and resistance in our fly and cellular models. In an
insulin-sensitive state there exists an optimal physiological
level of total and phospho-tau partially controlled by
the principal tau kinase GSK-3β located downstream of
the insulin signaling pathway. This situation is reversed
in an insulin-resistant state with dysregulation of the
downstream kinases that result in the increased production
of hyperphosphorylated and aggregated tau. Despite increased
autophagic induction, abnormal tau accumulation is aggravated
by impaired autophagic clearance ultimately causing neuronal
death (Figure 9).

This study, for the first time highlights the role of Chico –
the ortholog of mammalian IRSs in playing a crucial role in
reducing tau hyperphosphorylation and aggregation in our
tauopathy models by controlling the downstream tau kinases
GSK-3β and ERK and modulating the mTOR/autophagy
pathways. The recapitulation of the in vivo data in mammalian
cells stresses the fact that the insulin signaling pathway
is conserved in both systems. Our study deciphers a
compelling linkage between insulin resistance in type 2
diabetes and tau pathology observed in 4R-tauopathies
including AD. Further elucidation of the mechanisms may
pave the way for the early detection of risk factors such
as insulin resistance and designing of novel drug targets
(Huang and Mucke, 2012).
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The advances in medicine, together with lifestyle modifications, led to a rising life
expectancy. Unfortunately, however, aging is accompanied by an alarming boost of age-
associated chronic pathologies, including neurodegenerative and metabolic diseases.
Interestingly, a non-negligible interplay between alterations of glucose homeostasis
and brain dysfunction has clearly emerged. In particular, epidemiological studies have
pointed out a possible association between Type 2 Diabetes (T2D) and Parkinson’s
Disease (PD). Insulin resistance, one of the major hallmark for etiology of T2D, has
a detrimental influence on PD, negatively affecting PD phenotype, accelerating its
progression and worsening cognitive impairment. This review aims to provide an
exhaustive analysis of the most recent evidences supporting the key role of insulin
resistance in PD pathogenesis. It will focus on the relevance of insulin in the brain,
working as pro-survival neurotrophic factor and as a master regulator of neuronal
mitochondrial function and oxidative stress. Insulin action as a modulator of dopamine
signaling and of alpha-synuclein degradation will be described in details, too. The
intriguing idea that shared deregulated pathogenic pathways represent a link between
PD and insulin resistance has clinical and therapeutic implications. Thus, ongoing
studies about the promising healing potential of common antidiabetic drugs such as
metformin, exenatide, DPP IV inhibitors, thiazolidinediones and bromocriptine, will be
summarized and the rationale for their use to decelerate neurodegeneration will be
critically assessed.
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INTRODUCTION

The prevalence of aging-associated chronic pathologies, such
as neurodegenerative and metabolic diseases, has dramatically
increased along with life expectancy (Zochodne and Malik,
2014). Type 2 Diabetes (T2D) embraces almost 90% of all
cases of diabetes and actually represents a major public health
problem worldwide. Chronic hyperglycemia is the hallmark of
T2D, resulting from insulin resistance and beta cell dysfunction,
and is associated with long-term complications, including
retinopathy, nephropathy, micro and macro vascular diseases.
More recently, experimental, clinical and neuroimaging data
provided evidence of a connection between T2D and brain injury
(Hamed, 2017). T2D-associated brain injury is largely linked to
hyperglycemia and involves several different pathological events,
such as oxidative stress (Muriach et al., 2014), mitochondrial
dysfunction (Shokrzadeh et al., 2018), neuroinflammation (Rom
et al., 2018), decrease of neurotrophins (Franco-Robles et al.,
2014), modification of neurotransmitters (Datusalia and Sharma,
2014), vascular derangements (Kooistra et al., 2013), amyloid β

deposition (Wang X. et al., 2014), increased tau phosphorylation
(Platt et al., 2016) and progressive cognitive dysfunction (Simo
et al., 2017). Epidemiological studies also support the evidence
of a crosstalk linking T2D and neurodegenerative disorders
(Morsi et al., 2018). In particular, an interesting association
between T2D and PD has recently emerged from clinical,
experimental and genome-wide association studies (Biosa et al.,
2018; De Pablo-Fernandez et al., 2018).

Deterioration of dopaminergic neurons in the extrapyramidal
tract of the midbrain is the trigger for PD pathogenesis, resulting
from an interplay of genetic and environmental factors (Olanow
et al., 2009). Most of the time PD is a sporadic disease, but
few cases have genetic origin and several genes associated to PD
have been found (Hernandez et al., 2016). Impairment of the
dopaminergic neurons leads to a reduction in dopamine signaling
and may lead to a relative increase in acetylcholine release
from cholinergic neurons in the striatum, thereby contributing
to dyskinesia (Heumann et al., 2014). Other typical motor
symptoms of PD are bradykinesia, resting tremor, muscular
rigidity and abnormal posture and gait (Olanow et al., 2009). In
many cases of PD, loss of dopaminergic neurons in the substantia
nigra is accompanied by the formation of intracellular neuronal
inclusions composed of alpha-synuclein, known as Lewy bodies,
in the central, autonomic, and peripheral nervous system.
The diagnosis of PD is essentially based on the neurological
examination, aimed to identification of characteristic motor
signs, deriving from the loss of nigral dopaminergic neurons. The
presence of a sustained response to dopamine drugs (dopamine
agonists or levodopa) is also commonly used in diagnosis. Several
non-motor symptoms are associated to PD, too. They include
hyposmia, sleep behavior disorder, loss of olfaction, constipation,
depression and global cognitive decline and precede the clinical
effects of dopamine deficiency, sometimes for several years
(Schapira et al., 2017). Unlike motor symptoms, non-motor
symptoms of PD are not improved by dopamine replacement
therapy and seem to derive from the formation of Lewy bodies
beyond midbrain dopaminergic neurons (Dickson et al., 2009).

Cognitive impairment and dementia are the most disabling
non-motor symptoms of PD, resulting from microvascular
disease (Kim J.S. et al., 2014), deposition of Lewy bodies
in neocortical and limbic areas, hyperphosphorylated tau-
containing neurofibrillary tangles and formation of amyloid-
beta-peptide plaques (Irwin et al., 2013).

The onset of diabetes appears to increase severity of symptoms
in PD patients (Sandyk, 1993), and epidemiological studies
suggest that diabetes is a risk factor for PD (Hu et al., 2007;
Cereda et al., 2012). Several studies have tried to explain how
T2D affects pathogenesis and progression of PD. In 1993, Sandyk
(1993) found a relationship between PD and T2D, evidencing
that up to 50–80% of patients with PD featured an altered
glucose tolerance in response to a glucose load. Some years later,
Schernhammer et al. (2011) evaluated a population of 1.931
cases and 9.651 controls, evidencing a 36% increased risk of
developing PD among patients with T2D. Similarly, a major risk
of developing PD among individuals with T2D was found in
the study conducted by Sun et al. (2012). In this case-control
study, by examining a Chinese population of 603.416 diabetics
and comparing it with a diabetes-free control, they found that
diabetic women had a higher incidence of PD compared to
men. Moreover, young diabetic men aged 21–40 years or diabetic
women aged 41–60 years were more susceptible to the risk
of Parkinsonism. Additional studies have suggested a positive
association between PD risk and T2D. In particular, Hu et al.
(2007) have studied a Finnish population of 51.552 individuals,
both men and women, aged between 25 and 74, without a history
of PD at baseline, concluding that T2D is associated with an
increased risk of PD. Very recently, De Pablo-Fernandez et al.
(2018) have found an association between diabetes and PD in
a retrospective study, where a cohort of 2,017,115 individuals
admitted for hospital treatment with a codified diagnosis of type
2 diabetes was compared with a reference cohort of 6,173,208
people without diabetes.

Nevertheless, there is also opposite evidence, pointing out
a lower risk of PD incidence in subjects with T2D (Powers
et al., 2006) and an inverse association of hyperglycemia with
the onset of PD in individuals without any neurodegenerative
disease (Miyake et al., 2010). These conflicting results could
be due to confounding sampling of the different populations.
For instance, in the report performed by Miyake et al. (2010),
T2D diagnosis is based on the filling up of self-reported
questionnaires. An additional source of confusion may be that the
considered populations are too small to obtain significant results.
Differences in study design and methodology and the difficulty
to rule out confounders (such as microvascular damage and
diabetic treatment) as risk factors for PD negatively affect data
reproducibility, too. However, notwithstanding the heterogeneity
of the data, the existence of a positive association between T2D
and PD has been recently supported by interventional studies
showing a reduction in incidence of PD in T2D patients treated
with antidiabetic drugs such as metformin, sulfonylureas and
exenatide, which exert neuro-protection (Wahlqvist et al., 2012;
Aviles-Olmos et al., 2013). Several lines of evidence suggest
that impairment of insulin signaling increase the risk of PD
(Morris et al., 2008; Bosco et al., 2012; Ashraghi et al., 2016;
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Pang et al., 2016). Indeed, it has been recently found that
insulin resistance, the impaired responsiveness to insulin, typical
of T2D, occurs in PD brains and plays a key role in the
progressive development of PD pathological hallmarks. In this
review, we examine the relevance of insulin signaling in brain,
especially for dopaminergic function, the relationship between
insulin resistance and PD and finally we give an overview of
the rationale underlying the use of drugs currently used for
T2D in PD patients.

INSULIN SIGNALING IN BRAIN

Insulin is a peptide hormone secreted in response to postprandial
hyperglycemia from pancreatic beta−cells in blood circulation.
Historically, insulin was essentially known as the main regulator
of peripheral glucose homeostasis, since it induces glucose uptake
in adipose tissue and skeletal muscle and glycogen synthesis
in the liver, inhibiting in parallel hepatic glycogenolysis and
gluconeogenesis (Haeusler et al., 2018).

In addition to these peripheral targets, insulin also undertakes
a neuroregulatory function, although the physiological
significance of its role in the brain has only recently started
to emerge in both murine models and humans (Schubert et al.,
2004; Duarte et al., 2012; Grote and Wright, 2016). Detectable
concentrations of insulin have been found in several brain
regions, including hypothalamus, olfactory bulb and midbrain
since many years (Baskin et al., 1983), but it is not yet clear
whether insulin is locally produced in CNS. Experimental
evidence supports the hypothesis of insulin biosynthesis in adult
neuronal cells derived from the hippocampus and olfactory
bulb (Kuwabara et al., 2011) and by pyramidal neurons in
the cortex (Dorn et al., 1982). Immunoreactive insulin and
C-peptide were found in the brain from human cadavers, and,
in situ hybridization showed the presence of insulin mRNA in
the periventricular nucleus of the rat hypothalamus (Blazquez
et al., 2014). Furthermore, Havrankova et al. (1978) showed
the presence of insulin in rat brain at concentrations between
10 and 100 times higher than that in plasma. On the contrary,
other studies did not confirm these results, and conclusive
evidence for significant amounts of insulin synthesized in brain
is lacking (Gray et al., 2014). However, insulin may enter brain
parenchyma and precapillary space via a receptor-mediated
transport (Duffy and Pardridge, 1987; Banks et al., 1997).
Studies performed in an experimental model of human blood
brain barrier (BBB) formed by isolated capillaries deriving
from fresh human brain autopsy have shown that BBB insulin
receptor has physicochemical properties similar to the IRs
present in peripheral tissues such as adipocytes and hepatocytes
(Pardridge et al., 1985; Plata-Salaman, 1991). Insulin transport
to the CNS is reduced in high-fat diet-induced obesity (Kaiyala
et al., 2000) and suppressed by hyperglycemia (Banks et al.,
1997). In addition, Alzheimer’s disease and aging are associated
with a reduction in insulin transport across the BBB (Craft
et al., 1998; Frolich et al., 1998). Several studies have been
performed in order to assess the integrity of BBB in PD although
the results are still unclear. The observation that peripheral

decarboxylase inhibitors, such as carbidopa and benserazide,
do not reduce levodopa efficacy in brain indicate that BBB
integrity is not compromised in parkinsonian patients (Rinne
and Molsa, 1979). In support of this hypothesis, current and
future therapeutic strategies for PD treatment are based on
lipophilic substances or on a direct injection of proteins, genes
and cellular therapies into the brain (Christine et al., 2009).
Nevertheless, recent studies have also indicated that BBB is
damaged in PD patients. Indeed, compromised BBB integrity
in the striatum has been observed in postmortem brain tissue
from PD patients (Gray and Woulfe, 2015). Furthermore,
Dohgu et al. have indicated that monomeric alpha-synuclein
induces BBB dysfunction by activating pericytes which, in
turn, release inflammatory mediators (Dohgu et al., 2019). In
conclusion, it is not possible to establish if insulin resistance
in the PD brain arise from altered insulin transport across
BBB. Hopefully, in the next future, advances in imaging
techniques will allow to more carefully identify the source of
insulin in the brain.

Interestingly, Jimenez-Jimenez et al. have compared
cerebrospinal fluid (CSF) insulin levels in PD patients and
in healthy subjects without finding significant differences
between them (Jimenez-Jimenez et al., 2000). In contrast, other
experimental evidence has shown that non-diabetic PD patients
have increased blood glucose after oral glucose tolerance test
without the concomitant rise in insulin levels, probably due to
an impaired adaptive insulin secretion (Marques et al., 2018).
Thus, the relationship between CSF/brain and serum insulin
levels in PD needs to be elucidated. However, the specific role
of this hormone in the different brain areas remains undeniable.
Indeed, insulin elicits its effects by binding a specific tyrosine
kinase receptor, expressed in different brain regions (Plum
et al., 2005), including dopaminergic neurons (Figlewicz et al.,
2003; Konner et al., 2011). Glucose uptake into neurons is
insulin independent, thus in the brain insulin signaling regulates
olfaction, mood and memory (McNay et al., 2010; Ketterer
et al., 2011; Aime et al., 2012; Kleinridders et al., 2014; Biessels
and Reagan, 2015; Heni et al., 2015). In addition, acting on
glucosensing neurons of the hypothalamus, insulin modulates
peripheral metabolism, hepatic glucose output, food intake, body
weight, lipolysis and white adipose tissue browning (Blazquez
et al., 2014; Dodd et al., 2015).

REGULATION OF SURVIVAL OF
DOPAMINERGIC NEURONS

Well-characterized insulin functions in the central nervous
system are the regulation of apoptosis during neuronal
development and the enhancing of neuronal survival. This
is not surprising since insulin binding to its receptor (IR)
activates several intracellular effectors relevant to cell survival,
such as PI3K/Akt pathway. Insulin, indeed, negatively modulates
the expression of pro-apoptotic proteins protecting embryonic
retinal cells during development from cell death (Diaz et al.,
1999). Regarding the increase of neuronal survival, it is
known that insulin signaling rescues rat hippocampal cells
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in culture injured by oxygen or glucose deprivation (Mielke
and Wang, 2005) and has neuroprotective effects on H2O2-
induced toxicity of retinoic acid (RA)-differentiated SH-SY5Y
cells (Ramalingam and Kim, 2014). During the pathogenesis
of PD, characterized by death of dopaminergic neurons
in the substantia nigra pars compacta, insulin pro-survival
ability is particularly relevant and clearly emerged in studies
performed in SH-SY5Y cells pretreated with the neurotoxin
MPP+ and in animal models (Moroo et al., 1994). In this
cellular model of experimental PD, insulin prevented cell
death in a dose dependent manner. It inhibits MPP + -
induced iNOS and ERK activation, lowering in turn nitric
oxide release, reactive oxygen species (ROS), calcium ion
influx and finally decreasing the ratio of Bax to Bcl-2
through activating anti-apoptotic PI3K/Akt/GSK3 pathways
(Ramalingam and Kim, 2016b).

MODULATION OF ALPHA-SYNUCLEIN
EXPRESSION AND AGGREGATION

Another characteristic neuropathologic feature in the PD brain
is the accumulation of cytosolic inclusions of fibrillary forms
of alpha-synuclein, called Lewy bodies. In C6 astrocytoma cells,
a 24 h MPP + treatment induces a significant increase of a
helically folded tetramer of alpha-synuclein accompanied by
an augmentation of SNCA mRNA levels. Interestingly insulin
affects alpha-synuclein expression and aggregation, too, by
a mechanism involving the PI3K/Akt pathway (Ramalingam
and Kim, 2017; Yang et al., 2018). Indeed, pretreatment
with insulin induced a marked decrease in the tetrameric
alpha-synuclein, preventing the cytotoxic effect of MPP +
(Ramalingam and Kim, 2017). The molecular mechanisms
underlying insulin protective action against MPP+ neurotoxicity
have been better clarified in SH-SY5Y cells, where insulin
decreases alpha-synuclein and Cox-2 levels and blocks ROS-
induced membrane damage. In parallel, it activates autophagy,
integrins and syndecans signaling (Ramalingam and Kim,
2016a). Autophagy modulation by insulin is particularly relevant
for PD pathogenesis, since it is crucial for elimination of
abnormal and toxic protein aggregates. Insulin, indeed, blocking
mTORC1 activity, stimulates autophagy of toxic proteins and
activates Akt survival protein, through an mTORC2-mediated
mechanism (Heras-Sandoval et al., 2014). The crucial importance
of autophagy regulation by insulin is highlighted by the fact
that the specific pharmacological inhibition of mTORC1 by
rapamycin reduces alpha-synuclein aggregation (Sarkar et al.,
2007) and prevents dopaminergic neuron loss (Tain et al.,
2009). An additional plausible mechanism by which insulin
promotes autophagy and negatively modulates alpha-synuclein
toxicity is the inhibitory phosphorylation of GSK3beta by
Akt. GSK3beta, indeed, co-localizes with alpha-synuclein in
Lewy bodies and its expression is increased in postmortem
brain from PD patients (Nagao and Hayashi, 2009) and in
experimental models of PD associated with alpha-synuclein
accumulation (Golpich et al., 2015). Recent evidences have
revealed the presence of the microtubule associated protein tau

in Lewy bodies, which is essentially known for its pathological
role in Alzheimer disease, but it has recently been shown to
participate in PD pathogenesis as well. GSK3beta inactivation
by insulin is also involved in insulin-induced inhibition of
tau phosphorylation which reduces neurotoxicity, increasing its
binding to microtubules (Tokutake et al., 2012). Interestingly,
insulin can directly affect alpha-synuclein turnover, reducing its
aggregation and toxicity (Kao, 2009). Insulin action on alpha-
synuclein aggregation is mediated by activation of IDE (insulin
degrading enzyme), a highly conserved Zinc metallopeptidase
which degrades amyloidogenic proteins. IDE, in turns, binds
to alpha-synuclein oligomers, preventing them from further
assembly into amyloid fibers that cause degeneration of
dopaminergic neurons in PD patients (Sharma et al., 2015;
Figure 1). Experiments performed in specific alpha-synuclein
knockout mice have provided contrasting results. Indeed, while
Rodriguez-Araujo et al. (2015) suggest that absence of alpha-
synuclein in mice is associated with impairment in glucose
metabolism during HFD-induced insulin-resistance, Geng et al.
(2011) show an increased rate of insulin secretion in alpha-
synuclein knockout mice, indicating alpha-synuclein as negative
regulator of insulin secretion.

REGULATION OF MITOCHONDRIAL
FUNCTION AND INFLAMMATION

In addition to modulate alpha-synuclein amount, insulin
is able to regulate mitochondrial biogenesis and to directly
affect mitochondrial electron transport chain activity through
stimulation of the IR/PI3K/Akt pathway, which suppresses
FoxO1/HMOX1 induction (Cheng et al., 2010). Importantly,
in hippocampal neurons, compounds activating IR also
activate the AMPK-SIRT1-PGC1alpha signaling axis, enhancing
in parallel mitochondrial function (Barhwal et al., 2015).
Insulin’s ability to modulate mitochondrial membrane
potential has long been characterized (Huang et al., 2003,
2005), but Aghanoori et al. (2017) recently revealed that
insulin also controls mitochondrial function up-regulating
mitochondrial electron transport system protein expression and
complex activity.

Conversely, experimental models of insulin resistance feature
altered levels of mitochondrial proteins in the substantia nigra
(Khang et al., 2015), reduced levels of mitochondrial complex
I and dysregulated calcium homeostasis (Moreira et al., 2006;
Duarte et al., 2012). These phenomena impair mitochondrial
biogenesis, inducing membrane depolarization and generation
of excessive ROS, oxidative stress and increased cell death
(Huang et al., 2003; Kleinridders et al., 2015). The link between
mitochondrial dysfunction, insulin resistance and dopaminergic
neuronal degeneration probably relies in the disruption of the
Parkin-PARIS-PGC1alpha pathway. In chronic insulin resistance
condition, indeed, reduced levels of Parkin have been observed
in parallel with accumulation of a zinc finger protein, named
PARIS, able to repress PGC1alpha expression and highly
expressed in the substantia nigra of sporadic PD patients
(Khang et al., 2015).

Frontiers in Neuroscience | www.frontiersin.org 4 August 2019 | Volume 13 | Article 868126

https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-00868 August 14, 2019 Time: 15:25 # 5

Fiory et al. Insulin Signaling and Dopaminergic Function

FIGURE 1 | Insulin signaling regulates neuronal function. Insulin binding to its receptor, through the intracellular substrates IRSs, leads to activation of PI3-K pathway
which, in turn, inhibits GSK3, mTORC1 and IDE, reducing alpha-synuclein aggregation, and enhances cell survival. In addition, insulin-induced PI3K activation
stimulates dopamine synthesis and turnover and mitochondrial biogenesis. This figure includes experimental results obtained in cell cultures and partially confirmed
in rodent and human brain.

Insulin represents also a master regulator of extracellular
events involved in PD pathogenesis, such as microglial activation
and increase of pro-inflammatory mediators that contributes
to ROS generation. Interestingly, several different pathways
downstream IR activation such as PI3K/Akt and p38/MAPK
pathways, are involved in TGF-beta1 neuroprotective effect
against MPP + -induced neurodegeneration (Liu et al., 2016).
Moreover, PI3K/Akt pathway decreases neuroinflammation up-
regulating IkBalpha, a selective endogenous blocker of NF-kB,

the main transcription factor responsible for expression of
inflammatory genes (Khasnavis et al., 2012).

EFFECT ON DOPAMINE SYNTHESIS
AND TURNOVER

Insulin itself represents also a physiological regulator of
dopamine synthesis and clearance. A convincing demonstration

Frontiers in Neuroscience | www.frontiersin.org 5 August 2019 | Volume 13 | Article 868127

https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-00868 August 14, 2019 Time: 15:25 # 6

Fiory et al. Insulin Signaling and Dopaminergic Function

for insulin relevance in modulation of dopamine signaling has
been provided by the phenotype of NIRKO mice, featuring a
neuron-specific knockout of IR. NIRKO mice, indeed, exhibit
manifestations of anxiety and depressive-like behaviors. These
hallmarks are accompanied by increased dopamine turnover,
which in turn leads to decreased dopamine signaling in
the striatum and nucleus accumbens. In vitro data indicate
that in neuronal cells these alterations arise from a loss of
insulin effect on expression of MAO A and MAO B, involved
in inactivation of monoamine neurotransmitters (Kleinridders
et al., 2015). Moreover, there is evidence in literature that
insulin is able to regulate expression of tyrosine hydroxylase
(TH), the rate-limiting step in the biosynthesis of dopamine.
Insulin in rats was shown to induce a transient increase
in TH mRNA in adrenal medulla (Rusnak et al., 1998; Xu
et al., 2007). Conversely, pathological states characterized by
impaired insulin signaling are associated with alterations of TH
expression and/or activity. For instance, in experimental diabetes
decreased TH activity in terminal fields for noradrenergic and
dopaminergic neurons has been observed (Chu et al., 1986;
Glanville and Anderson, 1986; Kono and Takada, 1994) and
genetically diabetic Wistar rats show decreased immunoreactive
TH (Nascimento et al., 2011). Moreover, in streptozotocin-
treated rats, TH mRNA was increased in the locus coeruleus
but decreased in the ventral tegmental area/substantia nigra
pars compacta (Figlewicz et al., 1996). Part of the mechanism
underlying TH modulation by insulin has been recently clarified
in PC12 cells, where insulin regulates TH expression through
the transcription factors HIF-1alpha and Nur77 (Fiory et al.,
2018). These data have evidenced the critical role of insulin
signaling in maintaining an appropriate dopaminergic tone by
regulating TH expression in the central nervous system. In
addition, studies in brain slices, in striatal synaptosomes, and
in vivo have shown that insulin activation of IR increases
dopamine uptake by the dopamine transporter (DAT). In
particular, direct intracerebroventricular infusion of insulin
results in increased DAT mRNA levels. Accordingly, when CNS
insulin levels were reduced by 24- to 36-h food deprivation,
DAT mRNA levels, assessed by in situ hybridization, were
significantly decreased in the ventral tegmental area/substantia
nigra pars compacta and the Vmax of dopamine uptake was
significantly decreased in striatum from fasted rats. Interestingly,
in vitro incubation with a physiological concentration of
insulin augmented striatal dopamine uptake to control levels
(Patterson et al., 1998). Similarly, insulin increases dopamine
uptake and modulates DAT trafficking via PI3K in rat striatal
synaptosomes (Carvelli et al., 2002). In particular, the key
regulator downstream PI3K, responsible for DAT regulation by
insulin, is Akt2 (Speed et al., 2010). These results suggest that
synaptic dopamine signaling may be altered by reducing the
available cell surface DATs in states of chronic hypoinsulinemia,
such as diabetes (Carvelli et al., 2002). For instance, high
fat feeding, impairs striatal insulin-induced activation of Akt,
reducing in turns DAT cell surface expression and function
and locomotor responses to amphetamine (Speed et al., 2011).
Finally, it has been recently shown that insulin influences food
choice amplifying action potential-dependent dopamine release

in the nucleus accumbens and caudate-putamen through an
indirect mechanism involving striatal cholinergic interneurons
that express IR. Furthermore, the sensitivity of striatal dopamine
release to insulin in rats is oppositely altered by chronic
diet manipulations; indeed, food restriction enhances and
obesogenic diet decreases responsiveness to insulin, respectively
(Patel et al., 2018). On the other end, there is no known
information about insulin-regulated food choice effect on PD
onset and/or progression.

ROLE IN COGNITIVE FUNCTION

Insulin plays an acknowledged role in regulation of memory
and cognitive function, too. This is particularly relevant for PD
progression, since cognitive impairment represents a significant
non-motor symptom of PD. PD patients, indeed, feature more
rapid decline in cognitive domains and in memory (Aarsland
et al., 2017), exhibiting a cognitive impairment which embraces
a spectrum of severity from relatively mild symptoms to
end-stage dementia (Davis and Racette, 2016). However, mild
cognitive impairment can occur early in the course of PD, while
dementia commonly characterizes advanced stages of PD (Hely
et al., 2008). Interestingly, the prevalence of cognitive deficit
is significantly higher in PD patients with diabetes mellitus
than in patients with PD only, suggesting that diabetes may be
one risk factor for cognitive dysfunction in PD patients (Yang
et al., 2017). However, specific role of insulin in safeguarding
cognitive function has been more clearly confirmed by studies
showing that PD patients with dementia are prone to comorbid
insulin resistance (Bosco et al., 2012; Ashraghi et al., 2016),
even when they were unaffected by diabetes. Cognitive decline
in PD and progression to dementia derive from alterations in
hippocampal structure and function (Bouchard et al., 2008;
Costa et al., 2012; Pan et al., 2013). This is plausible, since
hippocampal neurons are particularly susceptible to alterations
in insulin sensitivity (Fehm et al., 2006). Importantly, a high
density of IRs has been found in the hippocampus, cortex and
amygdala, where they participate in cognitive functions (Singh
et al., 1997; Gerozissis, 2003). Furthermore, acute administration
of insulin, through activation of hippocampal IRs, ameliorates
performance on memory tasks in rats (Park et al., 2000) and
enhances verbal memory and cognition in humans (Kern et al.,
2001; Benedict et al., 2004). Insulin effects on cognition involves
the PI3K/Akt pathway (McNay and Recknagel, 2011) and is
probably mediated by its ability to affect synaptic plasticity.
Activation of the PI3K/Akt pathway, indeed, maintains dendritic
spine stabilization, necessary for memory consolidation (Goldin
and Segal, 2003; Zhao and Townsend, 2009). The crucial
insulin effector downstream PI3K/Akt pathway involved
in preservation of cognitive function is GSK3beta. Insulin
increases GSK3beta inhibitory phosphorylation through
PI3K/Akt signaling. The phosphorylation of GSK3 beta, in
turn, improves long-term memory in hippocampal-associated
tasks, decreases tau and alpha-synuclein accumulation and
neurotoxicity and reduces neuroinflammation and apoptosis.
In conclusion, insulin alleviates cognitive impairment in
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PD via the inactivation of GSK3beta mediated by PI3K/Akt
(Yang et al., 2018).

RELEVANCE OF INSULIN RESISTANCE
FOR PARKINSON’S DISEASE

Interestingly, patients with PD feature augmented autoimmune
reactivity to insulin (Wilhelm et al., 2007). Moreover, in the
substantia nigra pars compacta of patients with PD, death
of dopaminergic neurons is often anticipated by marked loss
of IR mRNA and enhanced levels of IRS phosphorylation at
serine residues, with inhibitory action on insulin signaling and
subsequent increased insulin resistance (Moroo et al., 1994;
Takahashi et al., 1996; Duarte et al., 2012; Morris et al.,
2014). In particular, increased levels of IRS-1 pSer312 in the
putamen and of pSer616 in hippocampal tissue of PD patients
were found (Athauda and Foltynie, 2016). Likewise, both 6-
OHDA-induced PD models and alpha-synuclein overexpressing
mice show increased IRS phosphorylation at serine residues in
the dopamine-depleted striatum (Morris et al., 2008, 2011a,b;
Gao et al., 2015). In addition, increased nuclear translocation
of PTEN and GSK3beta, paralleled by an impaired insulin
signaling cascade, was observed in postmortem substantia nigra
from PD patients (Sekar and Taghibiglou, 2018). Similarly,
other authors have found decreased Akt phosphorylation in
sections of substantia nigra from parkinsonian and control
subjects (Malagelada et al., 2008; Timmons et al., 2009).
These alterations may contribute to the pathogenesis and/or
progression of PD. However, all of these results have been
obtained in absence of “ex vivo” stimulation with insulin and,
at the best of our knowledge, there is no evidence about
the ability of PD postmortem brains to respond to insulin.
Thus, the physiological decline in insulin signaling, which
represents a typical hallmark of aging (Zhao et al., 2004;
Kushner, 2013), is clearly accelerated in PD. On the other
hand, the alterations of insulin signaling exacerbate PD clinical-
pathological symptoms, enhancing dopaminergic degeneration
and worsening disease progression and, in parallel, both motor
and cognitive decline (Papapetropoulos et al., 2004). Several
studies performed in animal models confirmed the onset of
this deleterious crosstalk between insulin resistance and PD.
In 2014, Wang and collaborators highlighted the relevance of
insulin resistance for PD etiology using ob/ob and db/db mice
as T2D model. These mice show insulin signaling impairment,
ER stress and inflammation not only in peripheral tissue, but also
in midbrain. It is worth of notice that they feature accumulation
of alpha-synuclein and microglia activation along with increased
production of pro-inflammatory cytokines. All these events were
shown to enhance the vulnerability of dopaminergic neurons
to MPTP neurotoxicity in the substantia nigra of db/db mice
(Wang L. et al., 2014; Wang S. et al., 2014). Similar results
were obtained in mice become insulin resistant upon a high-
fat diet (HFD), which are more susceptible to PD inducing
toxins, such as 6-OHDA and MPTP, characterized by a significant
increase in nigrostriatal neurodegeneration and by a reduced
dopaminergic signaling. This leads to a more severe motor

deficits compared to matched controls (Choi et al., 2005;
Morris et al., 2010, 2011a,b).

Recently, Sharma and Taliyan (2018) standardized an animal
model suitable to mimic the comorbidity between insulin
resistance and PD. To this aim, male Wistar rats were
administrated 6-OHDA in medial forebrain bundle after 8 weeks
feeding with high fat diet. The phenotype of these rats confirmed
the capacity of insulin resistance to exacerbate PD pathology.
In HFD-fed rats, indeed, 6-OHDA induced more pronounced
neuronal damage and loss of striatal dopamine, leading, in
parallel, to worst performance in behavioral tasks such as rotarod,
narrow beam walk test and locomotor activity, compared to rats
fed with standard diet.

The relevance of insulin resistance for PD has been further
confirmed by the phenotype of transgenic mice overexpressing
PED/PEA-15, a scaffold protein highly expressed in the brain
and overexpressed in T2D subjects. These insulin resistant mice,
indeed, show loss of dopaminergic neurons in the striatum
and hypokinetic movements resembling PD motor alterations
(Perruolo et al., 2016). Not least, NIRKO mice with neuron-
specific IR knockout are the proof that insulin resistance is
involved also in the onset of PD non-motor symptoms, since
these mice develop increased dopamine turnover responsible for
anxiety and depressive behaviors (Kleinridders et al., 2015).

Surprisingly, several studies found that alpha-synuclein
increases inhibitory phosphorylation of IRS at serine residues,
negatively regulating insulin signaling (Gao et al., 2015). Different
mechanisms have been proposed to explain the deleterious
effect of alpha-synuclein on insulin signaling. First, alpha-
synuclein increases degradation of IRS-1, inhibiting protein
phosphatase 2A through mTORC1 activation (Gao et al., 2015).
In addition, alpha-synuclein induces microglial production of
pro-inflammatory cytokines (Beraud et al., 2013; Blandini, 2013;
Gallegos et al., 2015).

Overproduction of pro-inflammatory cytokines such as TNF-
alpha in the CSF and CNS of PD patients was, indeed,
evidenced in postmortem studies (Reale et al., 2009a,b). Similarly,
peripheral concentrations of IL-6, TNF-alpha, IL-1beta, IL-2,
IL-10, and C-reactive protein in PD patients are significantly
higher compared with age-matched controls (Qin et al.,
2016). Moreover, among newly diagnosed PD patients, those
with higher levels of pro-inflammatory markers feature lower
cognitive assessment scores (MMSE) and more rapid motor
decline (Williams-Gray et al., 2009). Pro-inflammatory cytokines
are probably responsible for increased activity of IRS serine
kinases such as JNK, involved in the onset of neuronal insulin
resistance (Peng and Andersen, 2003; Klintworth et al., 2007;
Morris et al., 2008).

Interestingly, in HFD fed mice, restoring of IR signaling by
inhibition of protein tyrosine phosphatase 1B or by treatment
with the small molecule IR sensitizing agent, TCS 401, re-
establishes insulin positive action on dopamine release and
reuptake at dopamine terminals in the nucleus accumbens
(Fordahl and Jones, 2017). Similarly, treatment with insulin
sensitizing drugs and normalizing HFD ameliorate depressive
behaviors in rodents (Yamada et al., 2011; Sharma et al., 2012).
This evidence further suggests that insulin resistance could
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represent a common risk factor involved in both T2D and
PD pathogenesis.

INSULIN RESISTANCE TREATMENTS IN
PARKINSON’S DISEASE

Both insulin resistance and PD can be defined as multifactorial
disorders due to the interaction of environmental factors with a
genetic susceptibility. Thus, modification of lifestyle and health
behaviors, such as diet, can improve and prevent the onset of
these diseases. It is well established that the MD, a nutritional
model widespread in some countries of the Mediterranean sea
such as southern Italy, Spain and Greece, which is based on a
relatively higher intake of cereals, fruit, vegetables, seeds, olive
oil (unsaturated fat) compared to a more rare use of red meat
and animal fats (saturated fats), has many beneficial effects
on insulin-resistance and T2D (Giugliano and Esposito, 2008;
Grosso et al., 2014; Garcia et al., 2016). More recently, some
authors have shown that MD seems to play also a neuroprotective
role, although not all of epidemiologic studies report a positive
function of MD on neurodegenerative diseases and further
studies are required to validate these evidences (Alcalay et al.,
2012; Okubo et al., 2012; Martinez-Lapiscina et al., 2013a,b;
Cassani et al., 2017; Table 1).

In parallel with the healthy lifestyle, insulin and several
drugs currently used for the treatment of insulin resistance have
been suggested to have therapeutic effects in patients with PD
(Figure 2 and Table 1). These substances include metformin,
exenatide, thiazolidinediones, and bromocriptine.

The role of insulin in PD treatment has been firstly evidenced
by several studies indicating the presence of frequent amnesic
defects in T2D patients (Perlmuter et al., 1984; Helkala et al.,
1995; Vanhanen et al., 1999). Subsequently, these observations
have been confirmed by the fact that intranasal administration
of insulin in the hippocampus can improve memory deficits
in humans (Benedict et al., 2004). However, the importance of
insulin is not limited to the learning and memory processes, but
also extends to its ability to induce anti-inflammatory and neuro-
protective responses. Indeed, intranasal insulin administration
protects against substantia nigra dopaminergic neuronal loss
and alleviates motor deficits induced by 6-OHDA in rats
(Pang et al., 2016). The positive effects mediated by insulin
can be probably related to the capacity of this hormone
to improve brain oxidative stress, apoptosis, autophagy and
neuroinflammation and to the presence of its receptor in the
CNS, in particular in the hippocampus and medial temporal
cortex and amygdala, as described before (Singh et al., 1997;
Gerozissis, 2003).

Metformin belongs to the biguanide family and is the most
frequently used oral antidiabetic drug (Viollet et al., 2012). Met,
by activating AMPK or increasing the IR expression and tyrosine
kinase activity (Musi et al., 2002; Viollet et al., 2012; Rena et al.,
2017), reduces hepatic gluconeogenesis and increases insulin-
stimulated glucose uptake in skeletal muscle and adipocytes.
In addition, Met decreases free fatty acid oxidation, improving
insulin sensitivity (Musi et al., 2002; Rena et al., 2017) and

TABLE 1 | Role of insulin resistance treatments in Parkinson’s disease.

Insulin resistance
treatments

Role in Parkinson’s
disease

References

Mediterranean-style
diet

neuroprotection ? Alcalay et al., 2012
Okubo et al., 2012

Martinez-Lapiscina et al., 2013a

Martinez-Lapiscina et al., 2013b

Cassani et al., 2017

Insulin neuroprotection Perlmuter et al., 1984

memory improvement Helkala et al., 1995

↓ neuroinflammation Vanhanen et al., 1999

↓ oxidative stress Benedict et al., 2004

Pang et al., 2016

Singh et al., 1997

Gerozissis, 2003

Metformin neuroprotection Ng et al., 2012

Perez-Revuelta et al., 2014

Hsu et al., 2011

Imfeld et al., 2012

Moore et al., 2013

Kuan et al., 2017

GLP-1 receptor
agonists

neuroprotection Li et al., 2009

amelioration of motor
function

Bertilsson et al., 2008
Kim et al., 2009

Chen et al., 2015

Aviles-Olmos et al., 2013

Aviles-Olmos et al., 2014

MacConell et al., 2015

Athauda et al., 2017

DPP-4 inhibitors neuroprotection Svenningsson et al., 2016

↓ neuroinflammation Matteucci and Giampietro, 2015

↓ oxidative stress Yazbeck et al., 2009

Abdelsalam and Safar, 2015

Nassar et al., 2015

Thiazoledinediones neuroprotection ? Rabchevsky et al., 2017

Dehmer et al., 2004

NINDS Exploratory Trials in
Parkinson Disease (NET-PD)
FS-ZONE Investigators, 2015

Chang et al., 2015

insulin secretion from pancreatic beta-cells (Sreenan et al., 1996).
Further studies suggest that metformin can cross BBB and
activate AMPK in the CNS (Nath et al., 2009). In addition, this
drug has been shown to rescue dopaminergic dysfunction and
mitochondrial abnormalities in Drosophila models of PD (Ng
et al., 2012) and to reduce the phospho-Ser129 alpha-synuclein,
the modified form of alpha-synuclein that occurs most frequently
within PD, both in vitro and in vivo (Perez-Revuelta et al., 2014).
Nevertheless, studies performed in humans revealed contrasting
results. Indeed, while Hsu et al. have suggested that can reduce
the risk of dementia (Hsu et al., 2011) in diabetic patients, other
authors indicate that metformin exposure in patients with T2D
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FIGURE 2 | Role of the antidiabetic drugs on brain function. Several antihyperglycemic agents play a neuroprotective and anti-inflammatory role by directly acting on
brain or by reducing insulin resistance.

may lead to the development of neuronal diseases, including
dementia and PD (Imfeld et al., 2012; Moore et al., 2013;
Kuan et al., 2017).

Glucagon-like peptide-1 (GLP-1) receptor agonists, by
mimicking the effects of the incretin hormone GLP-1, increase
glucose-mediated insulin secretion and reduce postprandial
glucagon levels, gastric emptying rate, food intake and body
weight. Differentially from GLP-1 hormone, having a short half-
life, GLP-1 agonists have two important properties that include
the longer duration of action after subcutaneous administration
respect to GLP-1 and the resistance to degradation mediated
by dipeptidyl-peptidase 4 (DPP-4) enzymes (Prasad-Reddy
and Isaacs, 2015). Several GLP-1 receptor agonists, including
lixisenatide, exenatide and liraglutide, induce neuroprotective
effects, and, in particular, exenatide (Ex-4), a synthetic version
of exendin 4, has been suggested to have an important role
in PD. Indeed, both “in vitro” and “in vivo” studies have
demonstrated the ability of exenatide to mediate neurotrophic
and neuro-protective effects. In particular, Li et al. (2009)
have shown that Ex-4 treatment protects dopaminergic
neurons against degeneration, preserves dopamine levels

and improves motor function in the MPTP mouse model of
PD. Similar results have been obtained by Bertilsson et al.
(2008) who suggest that that Ex-4 significantly increases
the number of neurons positive for TH and vesicular MAO
transporter 2 in the substantia nigra of animals lesioned with
6-OHDA. Several mechanisms by which exenatide protects
form neurodegeneration have been hypothesized. Kim et al.
(2009) have showed that this drug protects dopaminergic
neurons by preventing MPTP-induced microglial activation
and MMP-3 expression. Other authors have demonstrated that
GLP-1 receptor stimulation reduces apoptosis by promoting
Bcl-2 expression and inhibiting the activation of caspase 3 and
preserves mitochondrial function in dopaminergic neurons
(Chen et al., 2015). Toxin-based models of PD, despite their
limited translational value, have allowed to clarify mechanisms
of action of GLP-1 agonists. Nevertheless, it is still unclear which
of the previously described pathways are crucial for the GLP-1
agonists therapeutic effects for PD (Foltynie and Athauda, 2018).
Clinical trials have also validated the positive effects of GLP-1R
agonists in PD, underlining the safety and tolerability of this
drug (Aviles-Olmos et al., 2013, 2014; MacConell et al., 2015;
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Athauda et al., 2017). Nevertheless, the difficulty to compare
each GLP-1R agonists under the same conditions limits, in part,
the reproducibility of these studies.

DPP-4 is an enzyme which rapidly inactivates GLP-1 and
GIP incretins, limiting their hypoglycemic action (Hansen et al.,
1999). Furthermore, increased serological levels of DPP-4 have
been observed in diabetic patients (Kim N.H. et al., 2014)
and, thus, several DPP-4 inhibitors are used in the effective
treatment of T2D. Treatment with DPP-4 inhibitors improves
metabolism, insulin secretion and reduces glucagon secretion.
Compared to GLP1 analogs, DPP-4 inhibitors are not able to
induce weight loss, but in any case they do not lead to an
increase in body weight, which instead occurs with sulfonylurea
or insulin treatment.

Since the discovery of neurotrophic and immune
regulating functions of DPP-4 inhibitors in the CNS,
increasing studies supports the idea that DPP-4 might also
be involved in the development of neurological disorders with a
neuroinflammatory component.

Svenningsson et al. (2016) in a nationwide case-control
study, found a significantly decreased incidence of PD among
individuals with a record of DPP-4 inhibitor intake. The
authors hypothesize that the this positive effect can be due not
only to the increase of GLP-1/GLP-1R binding, but also by
reducing the degradation of some neurotrophic neuropeptides,
including pituitary adenylate cyclase-activating polypeptide
(PACAP), substance P, neuropeptide Y, and gastrin-releasing
peptide (Matteucci and Giampietro, 2015). Furthermore,
DPP-4 inhibitors may have direct immunosuppressive effects,
providing interesting insights for the future therapeutic
development of treatments of neurological conditions with
recognizable immune-related dysfunctions (Yazbeck et al., 2009;
Svenningsson et al., 2016).

Other studies have shown the antiparkinsonian effect
of vildagliptin, a dipeptidyl peptidase (DPP)-4 inhibitor, in
rotenone−induced PD model in rats. Indeed, in these animals,
vildagliptin by blocking the RAGE/NFκB cascade, suppresses
inflammatory, oxidative stress, and apoptotic mediators
reducing death of dopaminergic neurons and motor impairment
(Abdelsalam and Safar, 2015). Similar results have been obtained
by Nassar et al. (2015) using saxagliptin, another DPP-4 inhibitor.

Thiazoledinediones, that include rosiglitazone and
pioglitazone, are oral hypoglycemic agents which bind and
activate the nuclear receptor PPARγ. This protein is expressed
not only in many insulin target tissues, but also in the substantia
nigra and in the putamen nucleus (Swanson and Emborg, 2014).
TZDs improve insulin-resistance in several ways, including
the reduction of circulating fatty acids, the activation of the
Glut4-mediated glucose transport and the decrease of the levels
of inflammatory cytokines (Davidson et al., 2018).

Moreover, pioglitazone mediates its neuro protective effect, by
binding a protein residing in the mitochondrial outer membrane,
called MitoNEEt and regulating the activity of complex I in
neuronal cells (Rabchevsky et al., 2017). In addition, this drug
blocks the nitric oxide-mediated toxicity in MPTP-treated mice
(Dehmer et al., 2004). As for the other anti-diabetic medications,
studies performed in humans about the efficacy of TZDs in PD

are still disappointing (NINDS Exploratory Trials in Parkinson
Disease (NET-PD) FS-ZONE Investigators, 2015). A possible
explanation for difficulty to obtain significant data in neurological
disorder such as parkinsonism can be probably related to the
poor capacity of TZDs to cross the BBB. Indeed, pioglitazone and
rosiglitazone are substrates of the P-glycoprotein. This protein
increases during the inflammatory state that occurs in PD and
acts as a stereoselective barrier preventing the entry of TZDs into
the brain (Chang et al., 2015).

A class of drugs capable of activating D2R dopaminergic
receptors is represented by the dopaminergic agonists. In
particular, an ergoline derivative, bromocriptine, indicated for the
treatment of patients with parkinsonism who no longer respond
to treatment with levodopa, improves glycemic homeostasis
and is used in the treatment of T2D since 2009. The
mechanism of action of bromocriptine is still not very clear.
This drug, by activating D2 and blocking D1 receptors, is
able to reduce blood glucose and serum triglycerides levels
and to decrease body weight (Kalra et al., 2011; Lopez Vicchi
et al., 2016). Furthermore, bromocriptine directly activates
the alpha 2-adrenergic receptors, inhibiting glucose-stimulated
insulin secretion in pancreatic beta cells (Kalra et al., 2011;
Lopez Vicchi et al., 2016).

Studies performed on animal models, in particular on ob/ob
mice and Syrian hamsters suggest that bromocriptine treatment
improves obesity and associated metabolic dysfunctions and
inhibits the seasonally occurring obesity, hyperinsulinemia,
insulin resistance and impaired glucose tolerance (Cincotta
and Meier, 1995; Liang et al., 1998; Luo et al., 1998). In
addition, several clinical trials have demonstrated the beneficial
effect of bromocriptine on glycemia and weight in obese non-
diabetic and diabetic subjects (Meier et al., 1992; Pijl et al.,
2000; Aminorroaya et al., 2004; Gaziano et al., 2010). Thus,
despite bromocriptine has been used since the 1960s for
treatment of PD, acromegaly and prolactinomas, only recently
its relevance has been demonstrated in T2D, encouraging its
future application.

From these data, it is clear that the correction of metabolic
disorders is of fundamental importance in the care of PD.
However, actually, there is no resolutive antihyperglycemic
treatment able to improve PD, slow down its progression and
alleviate its symptoms. Thus, the future challenge of the PD
research aims to identify new molecules that are more effective
and tolerable both in PD and in insulin-resistance than the
traditional ones.

CONCLUSION

Several clinical and experimental studies indicate a higher
prevalence of PD in patients diagnosed with diabetes. Indeed, it
is now clear that the loss of insulin signaling may cause neuronal
mitochondrial dysfunction and oxidative stress followed by loss
of dopaminergic neurons and impaired memory functioning.
These results have been corroborated by studies performed in
animal models and by the positive action that some antidiabetic
drugs induce with significant benefits in patients diagnosed
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with PD. However, although the scientific research has
reached several promising results, further and more detailed
investigations are necessary to validate these studies in order
to discover new therapeutic avenues.
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Epidemiological studies suggest that individuals with type 2 diabetes (T2D) have a
twofold to fourfold increased risk for developing Alzheimer’s disease (AD), however,
the exact mechanisms linking the two diseases are unknown. In both conditions, the
majority of pathophysiological changes, including glucose and insulin dysregulation,
insulin resistance, and AD-related changes in Aβ and tau, occur decades before the
onset of clinical symptoms and diagnosis. In this study, we investigated the relationship
between metabolic biomarkers associated with T2D and amyloid pathology including
Aβ levels, from cerebrospinal fluid (CSF) and fasting plasma of healthy, pre-diabetic
(PreD), and T2D vervet monkeys (Chlorocebus aethiops sabaeus). Consistent with the
human disease, T2D monkeys have increased plasma and CSF glucose levels as they
transition from normoglycemia to PreD and diabetic states. Although plasma levels of
acylcarnitines and amino acids remained largely unchanged, peripheral hyperglycemia
correlated with decreased CSF acylcarnitines and CSF amino acids, including branched
chain amino acid (BCAA) concentrations, suggesting profound changes in cerebral
metabolism coincident with systemic glucose dysregulation. Moreover, CSF Aβ40 and
CSF Aβ42 levels decreased in T2D monkeys, a phenomenon observed in the human
course of AD which coincides with increased amyloid deposition within the brain. In
agreement with previous studies in mice, CSF Aβ40 and CSF Aβ42 were highly correlated
with CSF glucose levels, suggesting that glucose levels in the brain are associated with
changes in Aβ metabolism. Interestingly, CSF Aβ40 and CSF Aβ42 levels were also highly
correlated with plasma but not CSF lactate levels, suggesting that plasma lactate might
serve as a potential biomarker of disease progression in AD. Moreover, CSF glucose
and plasma lactate levels were correlated with CSF amino acid and acylcarnitine levels,
demonstrating alterations in cerebral metabolism occurring with the onset of T2D.
Together, these data suggest that peripheral metabolic changes associated with the
development of T2D produce alterations in brain metabolism that lead to early changes
in the amyloid cascade, similar to those observed in pre-symptomatic AD.

Keywords: metabolomics, type 2 diabetes, Alzheimer’s disease, amyloid-beta, CSF, amino acids, acylcarnitine,
hyperglycemia
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INTRODUCTION

Rates of type 2 diabetes (T2D) and Alzheimer’s disease
(AD) are reaching epidemic proportions and are expected
to continue to rise over the next several decades (Holtzman
et al., 2011). T2D is a metabolic disorder characterized by
elevated fasting plasma glucose levels, increased insulin levels,
insulin resistance, and beta cell dysfunction with the majority of
changes occurring 5–10 years before clinical diagnosis (American
Diabetes Association, 2010). Similarly, pathological hallmarks of
AD, including the extracellular aggregation of amyloid β (Aβ)
into amyloid plaques and the intracellular accumulation of the
tau protein into neurofibrillary tangles (NFTs), begin decades
before cognitive decline and clinical diagnosis (Hardy and Selkoe,
2002; Bateman et al., 2012; Musiek and Holtzman, 2015).
While both are considered diseases of aging and mechanisms
linking the two conditions remain elusive, epidemiological and
cross-sectional studies suggest that individuals with T2D have
a twofold to fourfold increased risk for developing AD and
dementia and show increased AD pathology (Ott et al., 1999;
Crane et al., 2013; Huang et al., 2014). Preclinical studies in
mouse models of cerebral amyloidosis suggest that systemic
hyperglycemia increases Aβ levels within the hippocampal
interstitial fluid (ISF) by 25%; an effect that is amplified when
plaques are already present in the brain during the hyperglycemia
challenge (Macauley et al., 2015; Stanley et al., 2016). Moreover,
mouse plasma glucose, ISF glucose, and ISF Aβ are highly
correlated, and elevated glucose levels drive Aβ production in
the hippocampus in an activity dependent manner (Macauley
et al., 2015). Conversely, systemic hyperinsulinemia at post-
prandial or supra-physiological levels, only modestly increase
ISF Aβ levels. This suggests that changes in glucose, rather than
insulin, correlate more closely with brain Aβ levels (Stanley et al.,
2016). Although these studies suggest a mechanistic link between
T2D and AD, rodent models of AD do not fully recapitulate the
human course of disease, and it is important to translate these
observations to primates. Similar to humans, many non-human
primate species develop T2D and amyloid pathology with age
(Wagner et al., 2006; Latimer et al., 2019), and thus represent
an important translational tool for examining the metabolic
relationship between the two conditions.

Branched chain amino acids (BCAAs), including leucine,
isoleucine, and valine, are essential amino acids necessary
for protein synthesis, but when found in excess, impact
energy homeostasis (Shimomura and Kitaura, 2018; Hudd
et al., 2019; White and Newgard, 2019). Recent work
demonstrated that elevated dietary BCAA intake is associated
with obesity and insulin resistance in both humans and rodents
(Newgard et al., 2009; Solon-Biet et al., 2019), and plasma
BCAA levels are highly predictive of T2D development in
normoglycemic individuals (Wang et al., 2011). Elevated levels of
circulating BCAAs are associated with suppressed mitochondrial
β-oxidation, reduced glucose tolerance, increased insulin
resistance, and increased de novo lipogenesis, making BCAAs a
potential biomarker of metabolic disease (Newgard et al., 2009;
Weiss and Lustig, 2014). BCAAs are also integral to healthy brain
function, due to their roles in neurotransmitter biosynthesis,

protein synthesis, and energy production. Alterations in BCAA
levels in plasma and CSF have been implicated in AD pathology,
with conflicting evidence on whether they are helpful or
harmful to disease progression (Griffin and Bradshaw, 2017).
Nevertheless, alterations in energy homeostasis and BCAA
catabolism represent one potential link between T2D and AD.

Acylcarnitines are byproducts of mitochondrial fatty acid,
amino acid and glucose catabolism that serve as useful
biomarkers of metabolic changes (Jones et al., 2010). Changes in
the plasma acylcarnitine profile have been observed in obesity,
T2D, and insulin resistance, representing alterations in several
metabolic pathways (Jones et al., 2010; Schooneman et al., 2013).
Moreover, acylcarnitines are key energy substrates in the brain,
especially during fasting conditions when glucose levels are low
(Jones et al., 2010). In AD patients, plasma levels of acylcarnitines
are decreased, suggesting perturbations in energy metabolism
that may be central to AD pathogenesis (Cristofano et al., 2016).

Here, we applied comprehensive metabolic profiling tools
to healthy control (Ctrl), pre-diabetic (PreD), and diabetic
(T2D) monkeys to explore the relationship between T2D and
amyloid pathology. We utilized a cohort of aging vervet monkeys
(Chlorocebus aethiops sabaeus), which develop neuropathological
changes consistent with human AD pathology including
increased amyloid plaque burden, elevated cortical tau levels and
paired helical filament tau immunoreactivity, Aβ-related vascular
impairment, reduced cerebral metabolism, regional atrophy,
decreased CSF Aβ42 and increased CSF tau levels (Kalinin
et al., 2013; Chen et al., 2018; Latimer et al., 2019), to ensure
translational relevance of our findings. We analyzed plasma and
CSF amino acids and acylcarnitine concentrations and explored
how these changes related to CSF Aβ40 and Aβ42 levels, which are
established biomarkers of disease in AD.

MATERIALS AND METHODS

Animals
The monkeys used in this study were sourced from a
multigenerational pedigreed colony of vervet monkeys
(Chlorocebus aethiops sabaeus; age = 16.5–23.5 years old).
Veterinary and research staff categorized the monkeys as either
healthy (Ctrl; n = 4), pre-diabetic (PreD; n = 4), or type-2
diabetic (T2D; n = 5) according to repeated fasting glucose
measurements and American Diabetes Association criteria
(American Diabetes Association, 2010) and were selected to
be matched by age, bodyweight, and adiposity as measured
by waist circumference. PreD and T2D categorization was
only made after ≥2 consecutive fasting glucose values were
≥100 mg/dL or ≥126 mg/dL, respectively. T2D monkeys
were maintained with insulin therapy, and all T2D monkeys
in study had been diagnosed and treated for a minimum of
2 years. Monkeys were fed a commercial laboratory primate
chow diet (Laboratory Diet 5038; LabDiet., St. Louis, MO,
United States), with daily supplemental fresh fruits and
vegetables. This standard laboratory diet is comprised of
13% calories from fat; 69% calories from carbohydrates; and
18% of calories from protein. All samples were collected
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after 16 h fasting and withdrawal from all exogenous insulin.
Cerebrospinal fluid (CSF) was collected via puncture of the
atlanto-occipital space, and plasma samples were collected from
the femoral vein.

All animal procedures were performed on a protocol approved
by the Wake Forest University Institutional Animal Care and Use
Committee according to recommendations in the Guide for Care
and Use of Laboratory Animals (Institute for Laboratory Animal
Research) and in compliance with the USDA animal Welfare
Act and Animal Welfare Regulations (Animal Welfare Act as
Amended; Animal Welfare Regulations).

AD Biomarkers
Aβ40 and Aβ42 levels from CSF samples were assayed using
sandwich ELISAs as previously described (Bero et al., 2011;
Roh et al., 2012). Briefly, Aβ40 and Aβ42 were quantified using
monoclonal capture antibodies (a generous gift from David
Holtzman) targeted against amino acids 45–50 (HJ2) or 37–
42 (HJ7.4), respectively. For detection, both Aβ40 and Aβ42
used a biotinylated monoclonal antibody against the central
domain (HJ5.1B), followed by incubation with streptavidin-
poly-HRP-40. Assays were developed using Super Slow TMB
(Sigma) and the plates read on a Bio-Tek Synergy 2 plate reader
at 650 nm.

Metabolomics, Lipids, Glucose, and
Lactate Measures
Glucose and lactate measurements within the plasma and
CSF were quantified using a YSI 2900 analyzer as previously
described (Macauley et al., 2015). A detailed description
of blood and CSF sample preparation and coefficients
of variation for these assays has been published (Haqq
et al., 2005; Solon-Biet et al., 2019). Insulin was measured
by ELISA (Mercodia, Uppsala, Sweden) in plasma and
CSF samples. Total cholesterol, high density lipoprotein
(HDL) and low-density lipoprotein (LDL) cholesterol, and
triglycerides were measured with kits from Roche Diagnostics
(Indianapolis, IN, United States) and free fatty acids (total)
and ketones (total and 3-hydroxybutyrate) with kits from
Wako (Richmond, VA, United States). ApoB associated
cholesterol was calculated as the total cholesterol minus
HDLC. Plasma and CSF acylcarnitines and amino acids were
analyzed by MS/MS as described previously (Millington et al.,
1990; Chace et al., 1995; An et al., 2004; Wu et al., 2004;
Ferrara et al., 2008).

Data Analysis
Data were analyzed using one-way ANOVA and correlations
were determined by Pearson’s correlation coefficient, r. To
determine the relative relationship between CSF Glucose, CSF
Aβ42, and plasma lactate and CSF analytes, we transformed
each data point to represent its value relative to the control
group mean [% control mean value = 100∗(x/control mean),
where x = any given data point]. Data are represented
as means ± SEM. Tukey’s post hoc tests were used
when appropriate.

RESULTS

Metabolic Profile of Normoglycemic,
Pre-diabetic, and T2D Monkeys
Monkeys were older, ranging from 16 to 23 years (Table 1),
which represents the last 30% of lifespan for this species and
is a typical age range for the onset of metabolic diseases
and neuropathological changes associated with AD (Kalinin
et al., 2013; Chen et al., 2018; Latimer et al., 2019). There
were no differences in body weight or waist circumference
between groups (Table 1). PreD and T2D monkeys had elevated
fasting blood glucose levels compared to normoglycemic controls
[Table 1; p < 0.0001, F(2,9) = 39.17], but there were no
differences in fasting insulin levels (Table 1). While HOMA
scores were elevated in PreD and T2D monkeys, the differences
were not significant (Table 1). Additionally, lipid measures
illustrated higher triglycerides in T2D monkeys compared to
PreD or Ctrl. Together, elevated fasting blood glucose was the
most notable finding delineating the Ctrl, PreD, and T2D cohorts.

Increased CSF Glucose Levels
Correlated With Decreased CSF Aβ40 and
Aβ42 Concentrations in T2D Monkeys
T2D monkeys have elevated plasma glucose [Figure 1A;
p = 0.0036, F(2,10) = 10.39] and CSF glucose concentrations
[Figure 1B; p < 0.0001, F(2,9) = 32.31] compared to
normoglycemic controls, while PreD had intermediate values.
Data analysis revealed that plasma and CSF glucose levels
had a strong positive correlation (Figure 1C; p < 0.0002,
r = 0.8739, R2 = 0.7637), which is consistent with observations
from preclinical rodent models (Macauley et al., 2015). We
also observed that plasma lactate levels were lower in T2D
monkeys [Figure 1D; p = 0.0395, F(2,10) = 4.544], however,
no differences in CSF lactate concentrations were observed
(Figure 1E). We previously demonstrated that hyperglycemic
APP/PS1 mice, a model of cerebral amyloidosis, have elevated
Aβ within the brain’s ISF (Macauley et al., 2015; Stanley et al.,
2016), and non-human primates with T2D have increased Aβ

deposition in several brain regions (Okabayashi et al., 2015).
T2D monkeys have decreased CSF Aβ40 [Figure 1F; p = 0.0280,
F(2,9) = 5.030], and CSF Aβ42 concentrations [Figure 1J;
p = 0.0342, F(2,9) = 5.463]. Interestingly, both CSF Aβ40 and
CSF Aβ42 were highly correlated with CSF glucose (Figure 1G;
p = 0.0400, r = −0.5979, R2 = 0.3575 and Figure 1K; p = 0.0489,
r = −0.5782, R2 = 0.3343, respectively) and plasma lactate
(Figure 1H; p = 0.0027, r = 0.7820, R2 = 0.6115 and Figure 1L
p = 0.0013, r = 0.8133, R2 = 0.6614; respectively) but not
with plasma insulin (Figures 1I,M). CSF insulin levels were
undetectable. Given that decreased CSF Aβ is indicative of
increased plaque formation within the brain (Tapiola et al.,
2009), these data indicate that T2D monkeys display biomarkers
of early amyloid deposition and pre-symptomatic AD (Kalinin
et al., 2013; Chen et al., 2018; Latimer et al., 2019) triggered
by a state of energy dysregulation, which is consistent with
previous work in rodent models (Macauley et al., 2015;
Stanley et al., 2016).
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TABLE 1 | Demographic and metabolic characteristics of monkeys included in study.

Ctrl Mean (SEM) PreD Mean (SEM) T2D Mean (SEM) One-Way ANOVA

Age (years) 20.25 (±1.109) 18.75 (±0.6292) 18.00 (±1.304) p = 0.3800

Body weight (kg) 5.553 (±0.5525) 6.618 (±0.9210) 5.414 (±0.4937) p = 0.4100

Waist circumference (cm) 36.98 (±1.719) 41.94 (±3.861) 38.08 (±3.441) p = 0.5283

Fasting glucose (mg/dL) 67.84 (±5.097) 113.80 (±4.308) 161.10 (±11.05) p < 0.0001

Fasting insulin (µlU/mL) 20.83 (±4.806) 37.43 (±8.854) 26.63 (±8.191) p = 0.3284

HOMA Score (AU) 3.613 (±1.048) 10.61 (±2.721) 10.64 (±3.525) p = 0.1512

TPC (mg/dL) 171.3 (±10.06) 198.9 (±33.75) 164.3 (±9.067) p = 0.4945

Triglyceride (mg/dL) 74.33 (±2.541) 59.75 (±7.417) 103.80 (±16.19) p = 0.0407

HDLC (mg/dL) 60.59 (±4.389) 65.50 (±5.939) 59.83 (±3.657) p = 0.6702

ApoB-associated cholesterol (mg/dL) 110.70 (±6.232) 95.22 (±8.152) 104.40 (±6.809) p = 0.3633

TPC/HDLC 2.845 (±0.093) 2.360 (±0.130) 2.785 (±0.148) p = 0.0646

Ctrl = Control; PreD = Pre-Diabetic; T2D = Type-2 Diabetic; HOMA = Homeostatic model assessment. TPC = Total plasma cholesterol; HDLC = High-density
lipoprotein cholesterol.

FIGURE 1 | Type 2 diabetes (T2D) monkeys have significantly decreased cerebrospinal fluid (CSF) Aβ40 and CSF Aβ42 concentrations, which is correlated with CSF
glucose and plasma lactate concentrations. (A) plasma glucose and (B) CSF glucose concentrations were significantly elevated in T2D monkeys. (C) Plasma and
CSF glucose concentrations were significantly correlated. (D) T2D monkeys had significantly decreased plasma lactate, but not (E) CSF lactate. (F) T2D monkeys
had significantly decreased Aβ40, which was correlated with (G) CSF glucose and (H) plasma lactate, but not (I) plasma insulin concentrations. (J) Similarly, T2D
monkeys had significantly decreased Aβ42 concentrations, which was correlated with (K) CSF glucose and (L) plasma lactate, but not (M) plasma insulin
concentrations.∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; and ∗∗∗∗p < 0.0001; one-way ANOVA with Tukey’s post hoc test. Values represent mean ± SEM; solid lines
represent statistically significant correlations (p < 0.05).

T2D and PreD Monkey Show Decreased
Amino Acid and Acylcarnitines Levels in
the CSF but Not the Plasma
Because plasma amino acid and acylcarnitine levels are linked
to metabolic dysfunction in T2D (Schooneman et al., 2013;
Shin et al., 2014), the levels of amino acids (AA) in both

the plasma and CSF were quantified to further explore the
energy imbalance associated with T2D. In examining the AA
concentrations by their functional groups, PreD and T2D
monkeys had lower concentrations of amino acids in the
CSF. Amino acids were further stratified into branched-chain
AA [BCAAs, Figure 2A; p = 0.0038, F(2,9) = 11.04], total
AA [Figure 2B; p = 0.0081, F(2,9) = 8.638], essential AA
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[Figure 2C; p = 0.0065, F(2,9) = 9.280], aromatic AA [Figure 2D;
p = 0.0046, F(2,9) = 10.36], and basic AA [Figure 2E; p = 0.0087,
F(2,9) = 8.421] (Supplementary Table S1). In the CSF, all AA
groups were lower in T2D, with the exception of acidic AA
where no changes were detected (Figure 2F). No differences
in plasma AA concentrations were detected in any of the
AA categories (Figures 2G–L). Interestingly, when individual
AAs were measured in plasma (Supplementary Table S3 and
Supplementary Figure S2), there was a trend toward an
increase in levels of the BCAAs valine and leucine/isoleucine
(Supplementary Figure S2F; p = 0.0977 and Supplementary
Figure S2M; p = 0.1675, respectively), suggesting peripheral
metabolic perturbations were present, although the differences
in CSF amino acids (Supplementary Figures S1A–O and
Supplementary Table S4), valine and leucine/isoleucine in
particular, were more striking (Supplementary Figure S1F;
p = 0.0219 and Supplementary Figure S1M; p = 0.0524).

Acylcarnitines are derived from the mitochondrial
oxidation of fatty acids, carbohydrates, and amino acids
(Schooneman et al., 2013). Several studies have shown that
T2D patients have elevated plasma acylcarnitine concentrations
compared to healthy controls (Muoio, 2014). Here, T2D
monkeys had lower total acylcarnitine concentrations in
the CSF [Figure 3A; p = 0.0208, F(2,9) = 6.139], but no
differences in plasma total acylcarnitine levels (Figure 3C),
a pattern consistent with the AA data (Supplementary
Table S2). In the CSF, T2D monkeys also had lower short-
chain acylcarnitine concentrations [Figure 3B; p = 0.0245,
F(2,9) = 5.764]. However, due to variability in the control
monkeys, medium- and long-chain acylcarnitine concentrations
were consistently lower in T2D monkeys, but the difference
did not reach significance (Muoio, 2014; Figures 3C,D).
Again, plasma concentrations remained comparable between
groups (Figures 3F–H). Together, this data suggests that fuel
metabolism is altered in the brains of T2D monkeys compared to
normoglycemic controls.

Metabolic Dysregulation in the Brain Is
Associated With Changes in CSF
Glucose, Plasma Glucose, CSF Aβ42, and
Plasma Lactate
Lastly, we investigated the relationship between differences in
CSF amino acids and CSF acylcarnitines as a function of
CSF glucose, CSF Aβ42, and plasma lactate concentrations
(Figure 4) to further elucidate the interaction between early
metabolic changes in T2D with early biomarker alterations
in AD. There was an overall negative relationship between
CSF glucose and Aβ40, Aβ42, total AA, essential AA, BCAA,
aromatic AA, basic AA, short-chain acylcarnitine, and total
acylcarnitine (Figure 4A). Thus, as CSF glucose increases as
observed in PreD and T2D, concentrations of amino acids,
acylcarnitines, and Aβ all decrease in the CSF. Plasma glucose
was correlated with CSF BCAA, total AA, essential AA, aromatic
AA, and basic AA, but not CSF Aβ40, CSF Aβ42, or CSF
acylcarnitines (Figure 4B and Supplementary Table S6). Next,
CSF Aβ42 was correlated with CSF Aβ40 and CSF BCAA

(Figure 4C), reinforcing the relationship between BCAAs
and amyloid pathology. Lastly, plasma lactate concentrations
correlated with CSF Aβ40 and Aβ42, CSF essential AA and BCAA,
and CSF short-chain and total acylcarnitine concentrations
(Figure 4D), demonstrating plasma lactate might be a potential
biomarker for early changes in T2D and pre-symptomatic
AD. Taken together, alterations in cerebral metabolism co-vary
with changes in plasma glucose, plasma lactate, and CSF Aβ42
which highlight the importance of metabolic changes in the
pathogenesis of T2D and AD.

DISCUSSION

In this study, elevated fasting blood glucose levels associated
with the onset of T2D elicit changes in brain metabolism
and correlate with changes in the amyloid cascade, an early
indicator of presymptomatic AD (Crane et al., 2013; Macauley
et al., 2015). Aged monkeys (>19 years) can develop pathology
consistent with human AD including increased amyloid plaque
burden, elevated cortical tau levels and paired helical filament
tau immunoreactivity, Aβ-related vascular damage, reduced
cerebral metabolism, regional atrophy, and alterations in CSF
biomarkers including both Aβ and tau (Kalinin et al., 2013;
Chen et al., 2018; Latimer et al., 2019). Moreover, reductions in
CSF Aβ levels correlate with increased amyloid plaque burden
and insoluble Aβ levels in the cortex, similar to findings from
human studies. In this study, T2D monkeys had lower CSF
Aβ40 and Aβ42 levels, which is indicative of increased amyloid
deposition within the brain (Tapiola et al., 2009). In agreement
with previous rodent studies (Macauley et al., 2015; Stanley
et al., 2016), CSF Aβ40 and Aβ42 were highly correlated with
CSF glucose levels, which suggests that increased glucose may
be driving Aβ production and aggregation in these animals.
Interestingly, CSF Aβ40 and Aβ42 levels also highly correlated
with plasma lactate levels, which is consistent with published
studies that show decreased plasma lactate correlates with AD
severity (Lu et al., 2015; Verri et al., 2018). Moreover, T2D vervet
monkeys had lower CSF acylcarnitine and CSF amino acids,
while plasma levels were largely unchanged, suggesting either
early changes in cerebral metabolism with the onset of T2D or
changes in the transport of certain metabolic fuels to the brain.
Reduced CSF Aβ40 and Aβ42 levels in T2D monkeys correlated
with higher plasma and CSF glucose concentrations, suggesting
increased amyloid plaques are related to glucose dysregulation.
Lastly, we showed that CSF amino acids and acylcarnitines
were negatively correlated with CSF glucose and positively
correlated with CSF Aβ40, CSF Aβ42, and plasma lactate.
Together, these data suggest that peripheral metabolic changes
associated with diabetogenesis co-occur with alterations in brain
metabolism. Moreover, these metabolic changes are associated
with activation of the amyloid cascade typically observed in
humans with pre-symptomatic AD. Future postmortem studies
in T2D monkeys should examine tau hyperphosphorylation,
NFTs, and amyloid plaques in addition to changes in CSF
Aβ levels to further strengthen the connection between T2D
and AD pathology.
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FIGURE 2 | Amino acid(AA) concentrations are decreased in the cerebrospinal fluid (CSF) but not plasma of type 2 diabetes (T2D) monkeys. (A) T2D monkeys had
significantly decreased branch chain amino acids (BCAA), (B) total amino acid concentrations, (C) essential AAs, (D) aromatic AAs, and (E) basic AAs, but not (F)
acidic AAs. (G–L) Conversely, plasma amino acid concentrations were not different between groups. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; and ∗∗∗∗p < 0.0001;
one-way ANOVA with Tukey’s post hoc test. Values represent mean ± SEM.

FIGURE 3 | Acylcarnitine concentrations are decreased in the cerebrospinal fluid (CSF) but not plasma of type 2 diabetes (T2D) monkeys. (A,B) Total and
short-chain acylcarnitine concentrations were significantly decreased in the plasma of T2D and IR monkeys, (C,D), however, medium- and long-chain acylcarnitines
were not significantly different. (E–H) There were no differences in plasma acylcarnitine concentrations between groups.∗p < 0.05; one-way ANOVA with Tukey’s
post hoc test. Values represent mean ± SEM.

Our data further supports existing evidence that chronic
hyperglycemia and metabolic dysfunction are a pathological
link between T2D and AD. In humans, hyperglycemia increases
dementia risk in both patients with and without diabetes, causes

rapid progression from mild cognitive impairment (MCI) to
symptomatic AD, and increases the rate of amyloid accumulation
in the brain (Crane et al., 2013; Morris et al., 2014). Moreover,
hyperglycemia and increased HbA1c levels correlate with

Frontiers in Neuroscience | www.frontiersin.org 6 August 2019 | Volume 13 | Article 843144

https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-00843 August 26, 2019 Time: 15:34 # 7

Kavanagh et al. Hyperglycemia, CSF Metabolites, and Amyloid-Beta in Monkeys

FIGURE 4 | Metabolic dysregulation is associated with changes in plasma lactate, cerebrospinal fluid (CSF) glucose, and CSF Aβ40 and Aβ42. Here, each data point
has been converted into a value that represents the % of the control group’s mean [value = 100∗(x/control group mean)]. (A) Normalized CSF glucose values were
negatively correlated with several normalized CSF analytes. (B) Normalized plasma glucose were negatively correlated with normalized CSF amino acids, but not
normalized CSF Aβ40, Aβ42, or acylcarnitines. (C) Normalized CSF Aβ42 was correlated with normalized CSF analytes. (D) Normalized plasma lactate values were
positively correlated with several normalized CSF analytes. (E) Thus, the model we propose here is that type 2 diabetes (T2D) moves the brain into a state of
hypermetabolic overconsumption wherein the brain consumes increased energy, leading to lower concentrations of Aβ42 in the CSF, which is indicative of increased
Aβ aggregation. Lines represent non-linear regression best fit curve; solid lines indicate statistical significance.

memory impairment, decreased functional connectivity, and
increased neuronal loss, independent of T2D or AD diagnosis
(Zheng et al., 2018). Data from T2D monkeys illustrates the same
phenomenon; elevated blood glucose levels increase CSF glucose
which correlates with changes in CSF Aβ levels, presumably due
to the sequestration of Aβ into amyloid plaques in the brain
(Bateman et al., 2006). Our findings in the T2D monkeys also
uncovered an interesting relationship between glucose, lactate,
and Aβ which supports previous findings from rodent studies.

Preclinical studies in mouse models of cerebral amyloidosis
demonstrate that synaptic release of Aβ occurs in an activity
dependent manner, where high levels of synaptic activity increase
Aβ secretion (Cirrito et al., 2003; Cirrito et al., 2005; Bateman
et al., 2006; Cirrito et al., 2008). Increased synaptic activity not
only drives ISF Aβ release but also the release of lactate into
the extracellular space (Bero et al., 2011). According to the
astrocyte neuron lactate shuttle, lactate is a preferred energy
source for neurons to sustain excitatory neurotransmission and
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levels of ISF lactate correlate with neuronal activity. Our previous
work demonstrated that hyperglycemia not only increases ISF
glucose and ISF Aβ but also ISF lactate, illustrating that
increased metabolic activity is linked with increased synaptic
activity and Aβ release. Since a direct measure of lactate
production in the brain of T2D monkeys was unattainable in
this study, we explored how plasma and CSF levels changed
with peripheral hyperglycemia. Interestingly, plasma lactate, but
not CSF lactate, correlated with changes in CSF glucose and
Aβ. In accordance with our previous work, we hypothesize that
increased glucose metabolism is increasing neuronal activity
within the brain and driving both the production of Aβ and
the consumption of pyruvate and lactate as fuel. Although the
changes in plasma lactate levels could be due to alterations
in peripheral metabolism in the T2D monkeys, we propose
a different mechanism where increased lactate consumption
in the brain signifies a hyperactive and hypermetabolic brain
state present in both T2D and AD (Figure 4E). Since the
concentration gradient for lactate favors transport from brain
to blood (Raichle et al., 1970), decreased plasma lactate levels
could reflect increased neuronal activity, lactate consumption,
and Aβ production in the brain, which also makes plasma
lactate levels a potential serum biomarker for AD, T2D, or
both. In humans, a small cohort study established that serum
lactate levels decreased in symptomatic AD, yet the authors
attributed this finding to alterations in muscle metabolism, not
brain (Verri et al., 2018). Because the majority of the changes
in lactate were found in the plasma and not the CSF, an
alternative hypothesis is that T2D suppresses neuronal activity
leading to the decreased CSF Aβ40 and Aβ42 concentrations.
However, this is unlikely given that CSF Aβ was significantly
decreased in T2D monkeys relative to healthy controls in spite
of the unaltered CSF lactate concentrations. Thus, additional
studies are needed in order to elucidate the role of plasma
lactate in T2D and AD.

In the current study, we demonstrated that T2D monkeys
have lower CSF acylcarnitine and amino acid concentrations
(Figures 2, 3). Several studies demonstrated that circulating
levels of amino acids are positively correlated with obesity,
insulin resistance, metabolic dysfunction, and T2D in humans
and rodents (Newgard et al., 2009; Wang et al., 2011; Solon-
Biet et al., 2019). Although our data demonstrates a trend
toward an increase in the BCAAs valine and isoleucine/leucine,
no differences in plasma amino acid concentrations were
detected in PreD or T2D monkeys. This may be explained
by the fact that the T2D monkeys in this study were fed
a well-controlled, balanced diet that did not replicate the
traditional nutritional overconsumption seen humans with
metabolic syndrome and T2D. Although the T2D monkeys were
hyperglycemic, their insulin levels were unchanged, suggesting
that the hyperglycemia may arise via a mechanism independent
of insulin resistance. Studies reporting elevated plasma BCAAs
in humans have involved obese and insulin resistant subjects
(Newgard et al., 2009; Solon-Biet et al., 2019). Therefore, future
studies should explore the relationship between plasma and CSF
amino acid levels in a non-human primate model of dietary
induced metabolic syndrome and T2D.

Another explanation for the difference in CSF AA levels
could be that the T2D brain is overconsuming amino acids
as fuel or rapidly increasing protein synthesis. While glucose
is the primary source of energy for the brain, the brain can
readily use fatty-acids as energy substrates; however, this typically
occurs with decreased glucose availability, such as fasting or
starvation (Costa et al., 1999). This could lead the brain to a
state of hypermetabolic overconsumption if both glucose and
fatty acid metabolism were upregulated. Furthermore, because
many of the amino acids consumed by the brain are necessary
for neurotransmitter biosynthesis or neurotransmission itself
(Sperringer et al., 2017), we propose that increased amino acid
consumption increases both synaptic activity and metabolic
activity, leading to elevated Aβ production, oxidative stress,
and Aβ aggregation. Our current data cannot discern if the
decrease in amino acids and acylcarnitines in the CSF is
due to increased oxidation, or by another means, such as
altered amino acid transport (Supplementary Figure S3 and
Supplementary Table S5), therefore additional studies will need
to further elucidate mechanisms underlying the changes in
CSF metabolites.

CONCLUSION

The data presented here show that in the progression from
healthy to PreD to T2D, the brain moves into a state of
altered metabolism that results in an increase in glucose and
lowering of amino acids and acylcarnitines in the CNS. Increased
cerebral metabolism drives Aβ production and accelerates Aβ

aggregation, which reciprocally escalates the disease cascades
in T2D and AD. These findings shed further light on the
metabolic link between T2D and amyloid pathology and how
T2D progression could lead to AD-related pathology and
cognitive decline.
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FIGURE S1 | T2D monkeys had significantly decreased levels of several essential,
branched chain, and aromatic amino acids in the CSF. (A–E) T2D and PreD

monkeys had significantly decreased glycine, proline, methionine,
aspartate/asparagine, and tyrosine. (F–J) T2D monkeys had significantly
decreased valine, phenylalanine, ornithine, citrulline, and arginine. (K–O) There
were no differences in alanine, serine, leucine/isoleucine, histidine, or
glutamine/glutamic acid between groups.

FIGURE S2 | There were no differences in amino acid concentrations between
groups in the plasma. (A–O) Plasma amino acid concentrations were similar
between Ctrl, PreD, and T2D monkeys.

FIGURE S3 | Amino acids carried by large neutral amino acid or L-type
transporters, but not A, N, or EAAT transporters, were decreased in the CSF of
T2D monkeys. (A,B) Amino acids (AAs) carried by large neutral amino acid
(LNAA)- or L-type-transporter were decreased in the CSF of T2D monkeys. (C,D)
There were no differences in A-, N-, and EAAT-transporter AA concentrations in
the CSF of PreD and T2D monkeys. (F–J) There were no differences in LNAA-,
L-type-, A-, N-, and EAAT-transported amino acid concentrations in plasma of
PreD or T2D monkeys compared to controls.

TABLE S1 | Descriptive statistics of amino acid data (see Figure 2).

TABLE S2 | Descriptive statistics of acylcarnitine data (see Figure 3).

TABLE S3 | Descriptive statistics of CSF amino acid data (see Supplementary
Figure S1).

TABLE S4 | Descriptive statistics of plasma amino acid data (see Supplementary
Figure S2).

TABLE S5 | Descriptive statistics of amino acid data, grouped by AA transporter
(see Supplementary Figure S3).

TABLE S6 | Descriptive statistics of normalized CSF glucose, plasma glucose,
CSF Aβ42, and plasma lactate with various CSF analytes. See Figure 4.
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Diabetes mellitus is one of the major risk factors for cognitive dysfunction. The
pathogenesis of brain impairment caused by chronic hyperglycemia is complex and
includes mitochondrial dysfunction, neuroinflammation, neurotransmitters’ alteration,
and vascular disease, which lead to cognitive impairment, neurodegeneration, loss of
synaptic plasticity, brain aging, and dementia. Glucagon-like peptide-1 (GLP-1), a gut
released hormone, is attracting attention as a possible link between metabolic and brain
impairment. Several studies have shown the influence of GPL-1 on neuronal functions
such as thermogenesis, blood pressure control, neurogenesis, neurodegeneration,
retinal repair, and energy homeostasis. Moreover, modulation of GLP-1 activity can
influence amyloid β peptide aggregation in Alzheimer’s disease (AD) and dopamine
(DA) levels in Parkinson’s disease (PD). GLP-1 receptor agonists (GLP-1RAs) showed
beneficial actions on brain ischemia in animal models, such as the reduction of cerebral
infarct area and the improvement of neurological deficit, acting mainly through inhibition
of oxidative stress, inflammation, and apoptosis. They might also exert a beneficial effect
on the cognitive impairment induced by diabetes or obesity improving learning and
memory by modulating synaptic plasticity. Moreover, GLP-1RAs reduced hippocampal
neurodegeneration. Besides this, there are growing evidences on neuroprotective
effects of these agonists in animal models of neurodegenerative diseases, regardless
of diabetes. In PD animal models, GPL-1RAs were able to protect motor activity
and dopaminergic neurons whereas in AD models, they seemed to improve nearly
all neuropathological features and cognitive functions. Although further clinical studies
of GPL-1RAs in humans are needed, they seem to be a promising therapy for
diabetes-associated cognitive decline.

Keywords: glucagon-like peptide-1, GLP-1 receptor agonists, Parkinson’s disease, Alzheimer’s disease,
neurodegenerative diseases, type 2 diabetes

INTRODUCTION

The concern for neurodegeneration, a worldwide expanding set of diseases, stimulated the research
on risk factors related to the lifestyle of the population, leading to interesting findings on the
association between dysmetabolism and brain impairment. In this perspective, gut/brain axis and
altered insulin release and response seem to be the main actors in establishing the pathological
metabolic set up for the development of neurodegenerative diseases. Indeed, insulin works as pro-
survival neurotrophic factor with its receptor widespread in cognitive areas as hippocampus and in
dopaminergic system (Haas et al., 2016; Fiory et al., 2019).
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In the last years particular attention has been devoted to
unravel the role of glucagon-like peptide-1 (GLP-1), a gut
released hormone that not only is one of the major components
of the gut/brain axis, but it is also able to protect pancreatic
beta-cells from apoptosis and to induce insulin secretion
(Cabou and Burcelin, 2011).

Glucagon-like peptide-1 is an endogenous peptide hormone
released by intestinal L-cells in response to meal. Gene
expression generates pro-glucagon (PG), which is processed by
prohormone convertases (PC1/3) to release the GLP-1 (1–37)
peptide precursor (Sandoval and D’Alessio, 2015). Proteolytic
cleavage and amidation of the precursor protein GLP-1(1–
37) generate two GLP-1 active forms with the same biological
activity namely GLP-1 (7–37) and the amidated GLP-1 (7–36).
GLP-1 is degraded by a dipeptidyl-peptidase IV (DPP IV), a
serine aminopeptidase expressed in the different organ, such
as liver, pancreas, gut, and brain (Hopsu-Havu and Glenner,
1966; Smith et al., 2019). GLP-1 stimulates insulin secretion from
the pancreatic beta-cells under hyperglycemic conditions and
reduces glucagon secretion from the alfa-cells recovering insulin
sensitivity and enhancing glycemic homeostasis (Meloni et al.,
2013; Katsurada and Yada, 2016).

Glucagon-like peptide-1 signal transduction is mediated
by GLP-1 receptor (GLP-1R), a G-protein coupled receptor,
leading to cyclic adenosine monophosphate (cAMP) dependent
activation of protein kinase A (PKA) and of cAMP-regulated
guanine nucleotide exchange factor (Epac). The activation of
Epac and PKA potentiates in a synergistic way the insulin
release from the beta-pancreatic cells through phosporylation of
the SNARE-associated protein Snapin and activation of L-type
voltage gated calcium channels (Song et al., 2011).

It is noteworthy that GPL-1R may operate signal transduction
even by activating the PI3K/AKT axis as observed in GLP-
1 protection against apoptosis with the regulation of CREB
and protein survival factors like Bcl-2 and Bcl-XL, through
the action of β-arrestin-1 and the phosphorylation of ERK1/2.
Furthermore, the activation of the PI3K/AKT axis can induce the
inhibition of specific caspases and of NF-κB, with the resulting
inhibition of the release of pro-inflammatory cytokines (Farilla
et al., 2003; Athauda and Foltynie, 2016; Tramutola et al., 2017;
Yang et al., 2018).

Plasticity of GLP-1 action at molecular level is mirrored also in
different tissues like the cardiac compartment and the brain. GLP-
1 plays a pivotal role preventing cardiovascular disorders, which
makes GLP-1 and its analogs a great resource in the treatment of
these diseases (Pozo et al., 2019). GLP-1 is also involved in the
reduction of the oxidative stress, in the regulation of autophagy,
and in the modulation of central nervous system (CNS) pathways
with protective functions and elicitation of anti-inflammatory
signaling (Li et al., 2009).

MULTIFUNCTIONAL ROLE OF GLP-1

Glucagon-like peptide-1 is produced at neuronal level of the
solitary tract within the brainstem. In addition, this peptide,
released from the gut, activates the GLP-1R located on vagal

sensory neurons that constitute the hepato-portal glucose sensor,
communicating with brainstem neurons, extending its action
to different brain regions. Several studies have shown the
influence of GLP-1 on neuronal function such as thermogenesis,
blood pressure control, neurogenesis, neurodegeneration, retinal
repair, and energy homeostasis (Katsurada and Yada, 2016).
Since GLP-1Rs are expressed in different brain regions, GLP-
1 behaves as a neuropeptide, involved in different peculiar
effects including the control of satiety, water intake, and stress
reaction (van Dijk and Thiele, 1999; Meier et al., 2002). Kinzig
et al. (2003) reported that GLP-1-stimulated brain GLP-1Rs
are mediator of multiple stress responses. GLP-1 administration
directly into the rat brain increases anxiety level, associated with
a higher production of stress-activated hormones ACTH and
corticosterone, demonstrating that GLP-1 is able to stimulate
at the same time a response by both amygdala and by the
paraventricular nucleus of the hypothalamus (Kinzig et al., 2003).
The increase of GLP-1 in the circulation could reach the brain
and regulate food intake (Ruttimann et al., 2009). Recent studies
showed that GLP-1 in combination with dexamethasone (GLP-
1/Dexa) can decrease food intake and lower body weight in
obese mice without inducing mood or memory deficits (Decarie-
Spain et al., 2019). In type 2 diabetes (T2D), alteration of
insulin sensitivity and disturbances of neurogenesis are correlated
with a reduction in GLP-1 levels in response to food, and its
signaling activity (Nauck et al., 2011). Recently, several groups
reported that GLP-1 contributes to the regulation of neurologic
and cognitive functions (Muscogiuri et al., 2017). Indeed, GLP-
1 is also involved in the control of the synaptic plasticity and
in some forms of neuroprotection and thus has a regulative
role in various signaling pathways associated with learning,
memory, and other synaptic function (Gault and Holscher, 2008;
Yildirim Simsir et al., 2018).

GLUCAGON-LIKE PEPTIDE-1
RECEPTOR AGONISTS (GLP-1RAS) AS
NEUROPROTECTIVE AGENTS IN
DIABETES-ASSOCIATED COGNITIVE
IMPAIRMENT

Type 2 diabetes is a chronic disease with an increasing global
prevalence. Besides the well-known micro- and macro-vascular
complications, cognitive decline is thought to be an emerging
consequence of diabetes (Koekkoek et al., 2015).

Over the last decade GLP-1RAs have emerged as effective
glucose-lowering drugs. Exenatide was the first GLP-1RA
approved for the treatment of T2D. It is a synthetic form
of exendin-4, a natural GLP-1-like peptide extracted from the
saliva of the lizard Heloderma suspectum. Exenatide shares 53%
homology with native GLP-1. Exenatide has a half-life of 2.4 h,
whereas GLP-1 has a half-life of 2 min. Lixisenatide is based on
the structure of exendin-4 and has a half-life of 3 h. Liraglutide
was the first GLP-1RA deriving from native GLP-1, sharing 97%
homology and with a half-life of 13 h (Aroda, 2018). Semaglutide,
a modified form of liraglutide has a half-life of ∼7 days due
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to a 5.6 times higher affinity with albumin than liraglutide
(Gomez-Peralta and Abreu, 2019).

Several studies have investigated the neuroprotective
actions of GLP-1RAs in animal models of diabetes. Many of
them have focused on the effects of GLP-1RAs on cerebral
ischemia/reperfusion injury. In diabetic rats with cerebral
ischemia/reperfusion damage caused by middle cerebral artery
occlusion, recombinant GLP-1 improved neurological deficit and
reduced cerebral infarct area, mainly through the inhibition of
oxidative stress and apoptosis (Fang et al., 2018). GLP-1RAs exert
favorable effects, such as the reduction of cognitive impairment
induced by diabetes or obesity.

Indeed, it has been observed that peripheral administration
of lixisenatide for 40 days (50 nmol/kg bw, twice-daily) in
high-fat fed mice with established obesity, insulin resistance,
and impaired cognition resulted in marked improvement in
recognition memory, which was associated with up-regulation
of hippocampal expression of neurotrophic tyrosine kinase
receptor type 2 and mammalian target of rapamycin (mTOR)
genes involved in modulating synaptic plasticity and long-
term potentiation. Lixisenatide treatment promoted also
hippocampal progenitor cells proliferation and increased
immature neurons in the hippocampal dentate gyrus (Lennox
et al., 2014). Liraglutide showed effects against hippocampal
neurodegeneration induced by streptozotocin (STZ), an animal
model of diabetes and neurodegeneration associated with
cognitive decline. In particular, liraglutide improved learning
and memory, and reduced hippocampal neuronal death
(Palleria et al., 2017). In addition, in a STZ-induced mouse
model of diabetes, pre-treatment with liraglutide contrasted
neuronal and synaptic damage in the hippocampal CA1 region
(Kong et al., 2018).

Notably, neuroprotective activity of GLP-1RAs seem not
to be entirely related to glycemia normalization. Indeed,
there is growing evidence about neuroprotective effects of
GLP-1RAs in animal models of neurodegenerative diseases,
regardless of diabetes. Liraglutide reduced infarct size in
the brain of diabetic and non-diabetic rats but decreased
neurologic deficits only in non-diabetic rats, suggesting
that the GLP-1 RAs effects on cognitive function are
not associated with diabetes and glycemia normalization.
Indeed, both liraglutide and metformin, a glucose lowering
agent acting via AMP-activated protein kinase-dependent
pathways, induced euglycaemia in diabetic rats, but only
liraglutide treatment reduced ischemic brain damage
(Filchenko et al., 2018).

GLP-1RAs AS NEUROPROTECTIVE
AGENTS IN NEURODEGENERATIVE
DISEASES

Considering the beneficial effects of GLP-1RAs on
neuropathological features it is conceivable a link between T2D
and neurodegenerative disease such as Parkinson’s disease (PD)
and Alzheimer’s Disease (AD). Neurodegenerative diseases have
a considerable physical, psychological, social, and economical

impact, both on affected people and on their careers, families,
and society in general (World Health Organization, 2017).

Parkinson’s Disease
Parkinson’s disease is a progressive nervous system disorder
whose etiology remains still unclear, although genetic and
environmental factors seem to be involved. PD’s clinical
features include resting tremor, rigid muscles, slowed movement
(bradykinesia), postural instability, and loss of purposeful
movement (Kalia and Lang, 2015). Pathological features are
characterized by neurons impairment of substantia nigra pars
compacta with concomitant formation of intracellular Lewy
bodies and loss of dopaminergic neurons. Lewy bodies are
abnormal aggregates of α-synuclein protein, which is involved
in dopamine (DA) metabolism and function. Dopaminergic
neurons dysfunction and death by apoptosis or autophagy
are also associated with mitochondrial activity alteration,
oxidative stress, altered protein handling, and inflammatory
condition (Olanow and Tatton, 1999). Rare dominant form
of PD in familial and sporadic cases is associated to point
mutations, duplications, and triplications in the α-synuclein gene
(Lesage and Brice, 2009).

In different preclinical models of PD, GLP-1RAs showed
neuroprotective effects, influencing motor activity, dopaminergic
neurons, cortical activity, and energy utilization in the brain.
Harkavyi et al. tested the efficacy of exendin-4 in rat
models of PD treated with 6-hydroxydopamine (6-OHDA) and
lipopolysaccaride (LPS) (Harkavyi et al., 2008). They observed
that in striatal tissue DA concentrations were markedly higher
in 6-OHDA/LPS + exendin-4 treated rats with respect to 6-
OHDA/LPS + vehicle groups. This effect was associated with
an increase in the tyrosine hydroxylase enzyme involved in
the production of L-dopa, a DA precursor. In the same PD
rat model exendin-4 was able to promote adult neurogenesis
in vitro e in vivo, normalizing DA imbalance, showing an
increase in tyrosine hydroxylase- and vesicular monoamine
transporter 2-positive neurons in the substantia nigra (Bertilsson
et al., 2008). Other authors observed that the administration of
exendin-4, liraglutide, and lixisenatide in the same mouse model
prevented both motor dysfunction and tyrosine hydroxylase
levels reduction in the substantia nigra and basal ganglia.
Furthermore, liraglutide and lixisenatide induced a marked
increase in anti-apoptotic pathways compared to exendin-4
(Liu et al., 2015).

Recently, the long-term administration of liraglutide was
found to rescue dopaminergic neuronal loss and motor
impairment also in diabetic db/db mice, an established model
of diabetes, with a mutation in the gene encoding the leptin
receptor (Ma et al., 2019), suggesting that long-term injection
of liraglutide might prevent motor function impairment and PD
development also in patients with T2D. In rotenone-induced
PD model, liraglutide together with sitagliptin, a DPP IV
inhibitor, increased striatal DA and tyrosine hydroxylase protein
levels, reduced neuroinflammation, and reversed neuronal loss
(Badawi et al., 2017). Liraglutide was also able to attenuate
dyskinesia, a serious complication of long-term therapy with
L-dopa (Badawi et al., 2019).
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In the MPTP mouse model of PD, semaglutide improved
most of neuropathological features of PD, reversing motor
impairment, inducing the increase of tyrosine hydroxylase
levels, and attenuating neuroinflammation and apoptosis in the
substantia nigra and striatum (Zhang et al., 2018). A reduction
in α-synuclein aggregation occurred after this treatment, not
observed with other GLP-1RAs (Zhang et al., 2019), highlighting
semaglutide as an effective treatment for PD.

Preliminary clinical studies were performed with
subcutaneous injections of exenatide in PD patients. Athauda
et al. (2017) reported the results of the first randomized, double-
blind, placebo-controlled trial in 62 patients affected by moderate
PD. Patients were randomly assigned to receive subcutaneous
injections of exenatide 2 mg once-weekly (n.32) or placebo
(n.30) for 48 weeks. Exenatide had positive and sustained effects
(12 weeks after exposure) on clinically assessed motor function.
A post hoc analysis indicated that even non-motor symptoms,
such as clinically evaluated mood and emotional well-being,
improved in patients treated with exenatide although these
beneficial effects did not last after interruption (Athauda et al.,
2018). Patients treated with exenatide had significantly higher
tyrosine phosphorylation of insulin receptor (IR) substrate 1
and higher expression of total Akt and phosphorylated mTOR
than placebo-treated patients providing a possible insulin-based
molecular mechanism explanation for the results observed in
clinical trial (Athauda et al., 2019).

Alzheimer’s Disease
Dementia is a chronic disease, which affects memory, other
cognitive abilities and behavior. It is estimated that approximately
50 million people worldwide have dementia. Currently, it is the
7th leading cause of death and it is one of the major causes
of disability worldwide. Pre-diabetic risk factors, obesity, and
metabolic syndrome can promote cognitive dysfunction. AD
is the most common form of dementia, contributing to 60–
70% of cases. The main neuropathological features of AD are
neurofibrillary tangles, formed by hyperphosphorylated tau
proteins, which aggregate into oligomers, and the amyloid
plaques, formed by aggregated β-amyloid peptides (Aβ)
(Calsolaro and Edison, 2015).

Increasing evidence suggests a link between T2D and
AD. In particular, these conditions might share defects in
insulin signaling. Interestingly, in a mouse model of genetically
induced AD-like neuropathology (3xTg-AD mice) peripheral
glucose intolerance was observed. Treatment with pioglitazone,
a glucose lowering drug, greatly improved cognitive impairment
of these mice confirming the neurotrophic role of insulin
(Masciopinto et al., 2012). In the same model, high-fat
diet further potentiated glucose intolerance and enhanced
neuropathological features of AD and memory deficits. Insulin
adoption reversed the negative effect of high-fat diet, interrupting
the vicious cycle between diabetes and AD (Vandal et al.,
2014). Both studies highlighted the neurotrophic role of
insulin in brain.

Conversely, hyperinsulinemia induced by peripheral
administration of insulin increased tau phosphorylation by
in C57BL/6 mice (Freude et al., 2005).

Aggregated β-amyloid peptide oligomers induced reduction
of IRs activity due to the phosphorylation of IRS-1 at serine
residues (IRS-1pSer), with a consequent loss of substrate affinity
as observed in T2D. As reported by Bomfim et al. (2012), in
the mouse hippocampal neurons Aβ oligomers are also thought
to activate the TNF-α/JNK signaling, inducing insulin resistance
(De Felice, 2013). The GLP-1RAs not only prevent JNK/IKK
activation, but promote insulin activation by PI3K/AKT axis,
with the subsequent activation of mTOR and the block of GSK-
3β, an essential kinase also involved for the phosphorylation of
tau protein (Moloney et al., 2010). Ma et al. (2015) reported that
liraglutide administration prevented tau hyperphosphorylation
associated with aging in diabetic db/db mouse.

The role of vascular dysfunction has recently emerged as
significant contributor in the pathophysiology of AD. Blood–
brain barrier and cerebral blood flow reduction might precede
Aβ oligomers and tau deposition and it is associated to cognitive
decline (Hachinski et al., 2019; Nation et al., 2019). In APP/PS1
transgenic mice liraglutide reduced the incidence of cerebral
microanuerysms and leakage (Kelly et al., 2015).

Glucagon-like peptide-1 receptor agonists have shown
neuroprotective effects in several preclinical studies in AD.
Notably, they seem to improve nearly all neuropathological
features in AD and cognitive functions as well. In 12-month-old
female APP/PS1/tau AD mouse model, neurofibrillary tangles,
amyloid plaques, and neuroinflammation in the hippocampi
have been reduced by lixisenatide (Cai et al., 2018). In the rat
model, lixisenatide also prevented synaptic damage induced
by Aβ accumulation and strengthened spatial memory by
affecting the PI3K-Akt-GSK3β (Cai et al., 2014). The GLP-1RA
exenatide (20 µgr/kg/day, intraperitoneally for 2 weeks) reduced
neuroinflammation by suppressing the TNF-α levels in rats.
Furthermore, it improved memory and prevented the loss of
hippocampal neurons (Solmaz et al., 2015).

Recently, it has been observed that 4-week-treatment with
exendin-4 reversed memory impairment in APP/PS1 mice,
downregulating the aberrant N-acetylglucosaminyltransferase III
expression through the Akt/GSK-3β/β-catenin signaling pathway
in neurons. N-Acetylglucosamine levels seem to be increased
in the cerebrospinal fluid of most AD patients, and the levels
of N-acetylglucosaminyltransferase III, a glycosyltransferase
responsible for synthesizing a bisecting GlcNAc residue, were
found to be highly expressed in the brains of AD patients as well
(Wang et al., 2018).

Liraglutide (25 nmol/kg, intraperitoneally, for 2 months)
improved spatial memory in 14-month-old APP/PS1 mouse
model, compared to saline-treated mice. It also reduced
inflammation and plaque load, while neuronal progenitor cell
in the dentate gyrus increased. Long-term potentiation was
significantly enhanced as well and synapse numbers increased
in the hippocampus and cortex (McClean and Holscher, 2014).
In another study, the same authors observed that liraglutide
might also protect from progressive neurodegeneration that
develops in AD: in 2-month old mice, liraglutide (once-daily
intraperitoneally for 8 months) contrasted synaptic damage
and improved memory. In addition, amyloid plaque load
was reduced, inflammation was reduced in the cortex, and
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neurogenesis was enhanced in the dentate gyrus (McClean et al.,
2015). On the contrary, other authors did not report beneficial
effects of liraglutide on cerebral plaque load, in APP/PS1
transgenic mouse models of AD with two different clinical
APP/PS1 mutations (Hansen et al., 2016). In the mouse model,
memory deficit was improved by subcutaneous administration of
liraglutide (25 nmol/day once daily for 8 week), decreasing the
phosphorylation of tau (Qi et al., 2016).

Furthermore, in APP/PS-1 mice at different ages, chronic
administration of liraglutide promoted neural progenitor cells
proliferation. Both acute and chronic treatment increased the
number of immature neurons in animals at all ages, and the
differentiation into mature neurons was observed for most
immature cells (Parthsarathy and Holscher, 2013).

Even in a mouse model of pathological aging, which
shares neurobehavioral and neuropathological dysfunction with
sporadic AD at an early phase, liraglutide increased the number of
CA1 pyramidal neuron in hippocampus and improved memory
(Hansen et al., 2015).

The effects of GLP-1RAs on synaptic protection might
involve the modulation of the brain-derived neurotrophic factor
(BDNF), a trophic factor which promotes neural progenitor
cell differentiation and survival. Indeed, exenatide activates the
transcription factor CREB with an increase of BDNF protein
expression promoting the activation of neurotrophic pathway
and inhibiting apoptosis in a mouse model of age-dependent
cognitive dysfunction, potentiating long-term memory (Bomba
et al., 2018). Even in a mouse model of AD (the 3xTg-AD
undergoing high fat diet), exenatide reverted the impairment of
BDNF signaling and neuroinflammation (Bomba et al., 2019).

In the last few years, even dual and triple receptor
agonists have been developed, with remarkable results in
animal models. Indeed, GLP-1/gastric inhibitory polypeptide
(GIP) dual agonist DA5-CH strengthened working memory
and long-term spatial memory in APP/PS1 transgenic AD
mouse model (9-month-old). It also led to a reduction in
hippocampal amyloid senile plaques and in phosphorylated
tau protein. The deficits in hippocampal late-phase long-term
potentiation were reversed and p-PI3K and p-AKT growth
factor kinases were up regulated. The excessive activation of
p-GSKβ was prevented in the hippocampus (Cai et al., 2018).

Promising results have been observed with the dual GLP-
1/GIP receptor agonist DA-JC4 as well, which decreased
phosphorylated tau levels in the rat cerebral cortex and
hippocampus, prevented spatial learning dysfunction, attenuated
chronic inflammation response in the brain, reduced apoptosis,
and reactivated insulin signaling pathways in STZ-induced
AD rat model (Shi et al., 2017). Recently, a triple receptor
agonist, activating GLP-1, GIP, and glucagon receptors, rescued
memory dysfunction, showed anti-apoptotic effects, enhanced
synaptophysin, protected from synaptic loss, reduced the total
amount of Aβ, and reduced neuroinflammation (activated
microglia and astrocytes) and oxidative stress in the cortex and
hippocampus (Tai et al., 2018).

Despite the large amount of evidence about the
neuroprotective effects of GLP-1RAs in animal models of AD,
human studies are still scant. In a randomized, controlled,
double-blind intervention study in AD patients, no effect on the
deposition of Aβ was observed in patients treated for 6 months
with liraglutide, compared to placebo (Egefjord et al., 2012). In
a more recent 26-week, double-blind RCT, although glucose
metabolism increased in multiple regions in patients with AD
treated with liraglutide compared to placebo, the statistical power
of the study was insufficient to reach a conclusion about Aβ load
and cognition measures (Gejl et al., 2016).

CONCLUSION

Overall, the results on the effects of GLP-1RAs in animal models
of neurodegenerative diseases are encouraging. However, further
clinical research is needed to clarify whether they might be
potential agents for the treatment of PD and AD and other forms
of cognitive impairment.
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