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Type 2 diabetes is a risk factor for developing Alzheimer’s disease (AD). The underlying
mechanism that links up the two conditions seems to be the de-sensitization of
insulin signaling. In patients with AD, insulin signaling was found to be de-sensitized
in the brain, even if they did not have diabetes. Insulin is an important growth factor
that regulates cell growth, energy utilization, mitochondrial function and replacement,
autophagy, oxidative stress management, synaptic plasticity, and cognitive function.
Insulin desensitization, therefore, can enhance the risk of developing neurological
disorders in later life. Other risk factors, such as high blood pressure or brain injury,
also enhance the likelihood of developing AD. All these risk factors have one thing in
common – they induce a chronic inflammation response in the brain. Pro-inflammatory
cytokines block growth factor signaling and enhance oxidative stress. The underlying
molecular processes for this are described in the review. Treatments to re-sensitize
insulin signaling in the brain are also described, such as nasal insulin tests in AD patients,
or treatments with re-sensitizing hormones, such as leptin, ghrelin, glucagon-like peptide
1 (GLP-1),and glucose-dependent insulinotropic polypeptide (GIP). The first clinical trials
show promising results and are a proof of concept that utilizing such treatments is valid.
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INTRODUCTION

Recently, type 2 diabetes mellitus (T2DM) has been identified as a risk factor for Alzheimer’s disease
(AD). Epidemiological studies of patient data sets have found a clear correlation between T2DM
and the risk of developing AD or other neurodegenerative disorders (Hoyer, 1998; Luchsinger et al.,
2004; Ristow, 2004; Strachan, 2005; Haan, 2006). In one study, 85% of AD patients had diabetes or
showed increased fasting glucose levels, compared to 42% in age-matched controls (Janson et al.,
2004). In longitudinal studies of cohorts of people, it was found that glucose intolerance was a good
predictor for the development of dementia later in life (Schrijvers et al., 2010; Ohara et al., 2011; Li
T.C. et al., 2017). In the Hisayama study, a total of 1,017 dementia-free subjects aged≥60 years were
tested for glucose tolerance and followed up for 15 years. It was found that the glucose intolerance
correlated well with the development of vascular dementia and AD in later life (Ohara et al., 2011).

When analyzing the brain tissue of AD patients, it was observed that insulin signaling was much
desensitized, even in AD patients that did not have T2DM (Frolich et al., 1998). One study found
that the levels of insulin, IGF-1 and IGF-II were much reduced in brain tissue. In addition, levels
of the insulin receptor, the insulin-receptor associated PI3-kinase, and activated Akt/PKB kinase
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were much reduced (Steen et al., 2005). A second study found
increased levels of IGF-1 receptors and the localization of
insulin receptors within cells rather than on the cell surface
where they could function. Decreased levels of insulin receptor
substrates IRS-1 and IRS-2 levels were observed in neurons,
and increased levels of inactivated phospho (Ser312)IRS-1 and
phospho (Ser616)IRS-1 (Moloney et al., 2010). A third study
analyzed the biochemical changes in the brains of AD patients
in great detail, and also analyzed the functionality of insulin
signaling using an ex vivo insulin incubation technique. In this
study, tissue from the hippocampal formation was incubated with
insulin to measure any biochemical changes. It was found that the
second messenger cascade activated by insulin was significantly
impaired. For example, the activation of the downstream kinase
Akt/PKB at the Serine473 site was almost completely abolished,
while the activation was effective in age-matched control brain
tissue (Talbot et al., 2012).

INSULIN IS A KEY GROWTH FACTOR

Insulin is not just a hormone that regulates blood glucose
levels, but it is also an important growth factor that regulates
neuronal growth, repair, and functions. The insulin receptor
(IR) activates gene expression via MAPkinase and Akt/PKB cell
signaling that enhances glucose uptake, mitochondrial function
and replacement, protein synthesis, autophagy, and the inhibition
of apoptosis (Carro and Torres-Aleman, 2004; Schubert et al.,
2004; Heras-Sandoval et al., 2014; Holscher, 2014; Najem et al.,
2014; see Figure 1). Among other key physiological functions, it
also activates the Nrf2 promotor to activate gene expression that
protects cells against oxidative stress (Song et al., 2018). Synaptic
activity in the brain and the integrity of neuronal networks is also
regulated by insulin (Ferrario and Reagan, 2018). It is, therefore,
plain to see how the reduction of insulin signaling in the brain
impairs cell maintenance and repair and puts neurons at risk to
develop neurodegenerative disorders over time. As neurons in
the brain are not replaced, the damage will accumulate and may
present itself as AD in old age.

CAUSES FOR
INSULIN DESENSITIZATION

As there are few genetic links to AD, the disease is predominantly
a “sporadic”condition that is triggered by environmental
influences. Only around 1–5% of cases can be linked to a clear
genetic origin, such as a mutation in the amyloid precursor
protein (APP) or presenilin-1 gene (Blennow et al., 2006;
Guerreiro and Hardy, 2014; Karch and Goate, 2015). The key
question is: what else causes AD and what are the drivers of
disease progression?

Chronic Inflammation
Under physiological conditions, there is no inflammation
response in the brain. However, chronic exposure to
inflammatory triggers can induce a chronic inflammation

response in the brain that is detrimental for neuronal health
and survival. Chronic neurodegenerative disorders are always
accompanied by a robust chronic inflammation response, and
there is an agreement that this response is a key driver for
neurodegenerative disorders (Akiyama et al., 2000; Perry et al.,
2007; Lee et al., 2010; Clark and Vissel, 2018). The inflammation
response activates microglia in the brain and enhances the release
of oxidative stressors, such as nitric oxide and pro-inflammatory
cytokines which inhibit growth factor signaling (Cunningham
et al., 2005; Vaz et al., 2011). It is of interest to note that key
risk genes for AD are linked to the control and progression
of the inflammation response. The APOEe4 allele is a major
risk factor for developing AD (Blacker et al., 1997). APOE is a
pro-inflammatory cytokine that is released by activated microglia
(Krasemann et al., 2017). APOE can inhibit receptors of the
reelin family that activate intracellular signaling similar to the IR
and that modulate glucose uptake, energy utilization, cell growth,
and synaptic plasticity, as well as reduce the inflammation
response (Herz and Chen, 2006; Lane-Donovan et al., 2014; Liu
et al., 2015). The APOEe4 isoform appears to be more effective
in blocking these receptors, leading to a loss of growth factor
signaling and reduced cell growth, repair and metabolism, and
additionally reduced inhibition of inflammation (Krasemann
et al., 2017). It is easy to see how such actions could enhance the
risk of developing AD, in particular if the growth factor insulin
has lost its effectiveness. APOEe4 was even found to inhibit IR
activity and enhance the uptake of the receptor in the cell (Zhao
et al., 2017). When analyzing plasma samples of AD patients, it
was shown that in APOEe4 allele carriers, microglia activation
markers were different from those that carry the APOEe2 allele,
and in non-demented controls. The marker CD68 was found to
be increased in APOEe4 allele carriers, and this correlated with a
poorer outcome in the Mini-Mental State Examination compared
to carriers of the APOEe2 allele. APOEe2 allele carriers showed
enhanced levels of Iba-1 microglia markers which correlated
with a better performance in the in the Mini-Mental State
Examination (Minett et al., 2016). Furthermore, APOEe4 carriers
showed enhanced plasma levels of TNF-α and reduced Akt/PKB
activity (Morris et al., 2018). These observations support the
concept that AD progression is linked to reduced growth factor
activity and a reduced inhibition of the inflammation response.

Another important risk factor for AD is the gene for TREM2,
an immune phagocytic receptor expressed on brain microglia
that regulates phagocytosis and the inflammation response.
Homozygous mutations in TREM2 cause Nasu-Hakola disease,
a rare recessive form of dementia (Jin et al., 2014). TREM2 is a
main regulator of the activation of microglia in the inflammation
response (Konishi and Kiyama, 2018). In carriers of TREM2
mutations, the inflammation response is much enhanced, and
pro-inflammatory cytokines are increased (Roussos et al., 2015).
Importantly, APOE and TREM2 interact in the regulation of
the inflammation response, further emphasizing the key role of
inflammation in AD progression (Morris et al., 2018; Shi and
Holtzman, 2018).

Insulin reduces the chronic inflammation response by
inhibiting secondary cell signaling induced by pro-inflammatory
cytokines (Bamji-Mirza et al., 2014; Iloun et al., 2018; Figure 1).
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FIGURE 1 | Insulin signaling and pro-inflammatory signaling counteract each other. The activation of the insulin receptor (IR) leads to auto-phosphorylation and
activation. Several other kinases can activate or inactivate the receptor. The insulin-receptor substrate 1 (IRS-1) also contains several phosphorylation sites that can
activate or inhibit second messenger signaling. Downstream signaling activates key physiological processes such as energy utilization, mitochondrial function and
replacement, protein synthesis, autophagy, and inhibiting autophagy. Activating pro-inflammatory cytokine receptors (PICR) counteracts these processes and
enhances mitophagy, autophagy, and apoptosis. Kinases such as JNK and IKK can phosphorylate IRS-1 to inhibit insulin signaling and induce insulin
de-sensitization. IL-1ß, interleukin 1ß; TNF-α, tumor necrosis factor a; JNK, NH2-terminal c-Jun kinase; IKK, inhibitor of kappa B kinase; ERK, extracellular regulated
kinase; MAPK, mitogen activated protein kinase; SHP-2, Src-like homology 2(SH2) domain containing protein tyrosine phosphatase; PGC-1α, peroxisome
proliferator-activated receptor γ coactivator 1-α; Grb2, growth factor receptor binding protein 2; SOS, son of sevenless protein; PI3K, phosphatidylinositol 3-kinase;
IRS, insulin receptor substrate; PKB, protein kinase B,also known as Akt; Raf, regulation of alpha-fetoprotein; Ras, rat sarcoma virus peptide; LC3B,
microtubule-associated proteins 1A/1B light chain 3B; Atg7, autophagy-related protein 7; Bcl-2, B-cell lymphoma 2; Bad, Bcl-2-associated death promoter; Bax,
Bcl-2 associated X protein; Shc, Src homology collagen peptide. Red arrows, inhibiting activity; Black arrows, activating activity.

A de-sensitization of insulin signaling enhances the inflammation
response and the de-sensitization observed in T2DM (Biessels
et al., 2002), therefore, not only compromises growth factor
signaling, and energy utilization in the brain, but also facilitates
the chronic inflammation response.

Triggers for Chronic Inflammation in
the Brain
The chronic inflammation response observed in
neurodegenerative disorders is triggered initially and maintained
by continuous stress to the system. Ordinarily, the inflammation
response would be terminated after the initial event that triggered
it had stopped. Due to the nature of neurodegenerative disorders,
such as AD, the stressor persists and the inflammation response
becomes chronic. Mutations in the APP gene are known to cause
early-onset familial forms of AD (Hardy, 1997; Hutton et al.,
1998; Blennow et al., 2006). The aggregated or misfolded amyloid
protein that results from this can induce an inflammation
response (Lourenco et al., 2013), most likely by activating

Toll-like receptors (Clark and Vissel, 2018). In animal models
that express human mutated APP, a chronic inflammation
response is observed in the brain (McClean and Holscher,
2014a; Olmos-Alonso et al., 2016). The chronic exposure to such
low-level inflammation stress could lead to AD. It is important
to note in this context that the mutated APP gene does not
cause AD but accelerates its development. This could explain
why the removal of amyloid plaques from the brains of AD
patients did not stop disease progression (Holmes et al., 2008).
By the time the amyloid is removed, the chronic inflammation
response has already been firmly established and continues
to expose neurons to oxidative stress and pro-inflammatory
cytokines. Auto-immune conditions are also under discussion as
drivers for AD. It is straight-forward to see that an auto-immune
response in the brain could start chronic inflammation responses
which eventually lead to AD (Korczyn and Vakhapova, 2007;
Lehrer and Rheinstein, 2015). The NIH decided to fund further
investigations of this link with AD (McCarthy, 2014).

Viral infection is another possible way of inducing a chronic
inflammation response in the brain. Several studies show that
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viral infection can cause neurodegeneration and encephalitis if
it infiltrates the brain (Damasio et al., 1989; Hogestyn et al.,
2018). A recent study demonstrated that the Herpes virus was
present in brain tissue of AD patients (Readhead et al., 2018).
It is, however, not clear whether the virus was the cause of
AD or if the infection occurred when the disease was already
established, and the immune system had been compromised. It is,
however, feasible that in some cases, the infection of the brain in
vulnerable people induces a chronic inflammation response that
can eventually lead to AD (Itzhaki et al., 2004a). The same model
applies to infection with bacteria such as Chlamydia pneumoniae,
which has been identified in brain tissue of people with AD
(Itzhaki et al., 2004b).

High blood pressure is another risk factor for developing
AD (Marfany et al., 2018). Again, enhanced inflammation
in the brain has been found in people with high blood
pressure (Wenzel, 2018). Stroke and hemorrhage in the
brain is another risk factor for AD. The induction of an
inflammation response in the brain has been well established
(de Oliveira Manoel and Macdonald, 2018).

T2DM not only desensitizes insulin signaling in the brain
(Blazquez et al., 2014), it also enhances inflammation markers
such as levels of pro-inflammatory cytokines (Herder et al.,
2013; Illien-Junger et al., 2013; Denver et al., 2018). Importantly,
activated microglia are also found in the brains of people with
T2DM, paving the way for chronic inflammation in the CNS that
could lead to AD (Maldonado-Ruiz et al., 2017).

This short list of potential risk factors for AD that trigger an
inflammation response is by no means complete. It demonstrates
that there may be many initial triggers that could result in
the development of AD in later life, depending on additional
factors such as the individual vulnerability to these triggers and
the inability of the brain to bring the inflammation response
under control. For example, possession of the APOEe4 allele
increases the vulnerability to viral infections in the brain
(Itzhaki et al., 2004b).

RE-SENSITIZING INSULIN SIGNALING IN
THE BRAIN TO PREVENT AD

Treating AD Patients With Insulin
As insulin signaling has been identified as a feature of AD
pathology, several strategies have been tested to find out if re-
sensitizing insulin signaling in the brains of AD patients may be
promising. Treating patients with insulin via nasal application to
increase transfer into the brain, while reducing peripheral effects
of insulin, has shown very promising effects in several clinical
trials (Craft et al., 2013; Freiherr et al., 2013).

A pilot study testing nasal application of insulin in MCI/AD
patients tested 26 memory-impaired subjects and 35 controls.
The study had a double blind and randomized patient allocation
design and a placebo group. Importantly, the insulin treatment
had no effect on plasma insulin or glucose levels. Insulin
treatment showed a better effect in memory-impaired non-
APOEe4 carriers than for memory-impaired APOEe4 carriers
and control subjects (Reger et al., 2006). A second double blind

pilot study tested 24 AD/MCI patients. The insulin-treated group
showed improved memory for verbal information after a delay
compared to the placebo group, and furthermore improved the
amyloid 40/42 ratio (Reger et al., 2008b).

In a third study, 33 AD/MCI patients and 59 control
subjects received five intranasal treatments of insulin or placebo
which improved recall of verbal memory in memory-impaired
non-APOEe4 carriers. However, memory-impaired APOEe4
carriers displayed a decline in verbal memory. Drug treatment
also improved plasma amyloid-beta levels in memory-impaired
subjects and controls depending on APOE genotype status
(Reger et al., 2008a). These results demonstrate a complex
interaction between insulin treatment and APOEe allele status.
As APOE plays an important role in inflammation, and chronic
inflammation is an important aspect of AD disease progression,
it is easy to see that different alleles can have facilitating or
inhibiting effects on AD development. APOEe4 appears to
enhance the inflammation response (McGeer et al., 1997). It
acts in conjunction with TREM2 to regulate microglia activation
in the brain (Morris et al., 2018; Shi and Holtzman, 2018).
This could explain why carriers of the APOEe4 allele have an
increased risk of developing AD. As insulin can also activate
an inflammation response at higher concentrations, most likely
as a negative feedback mechanism to avoid excessive energy
utilization (Tsatsoulis et al., 2013; Maldonado-Ruiz et al., 2017),
the dosing of insulin and the state of insulin de-sensitization
in the AD patients will be crucial to determine the outcome of
insulin treatment.

A larger randomized, double-blind, placebo-controlled
clinical pilot trial tested 104 patients with either MCI or mild
to moderate AD. Patients received either placebo or one of two
doses of insulin for 4 months. Primary measures consisted of
delayed story recall score and the Dementia Severity Rating
Scale score, and secondary measures included the Alzheimer
Disease’s Assessment Scale-cognitive subscale (ADAS-cog)
score and the Alzheimer’s Disease Cooperative Study-activities
of daily living (ADCS-ADL) scale. 18FDG-PET brain scans
were conducted before and after treatment and showed a clear
protection of cortical activity in AD patients. This scan measures
glucose uptake and activity of neurons in the brain. Both
insulin doses preserved general cognition and functional abilities
assessed by care givers. Episodic memory was improved and
changes were still present 2 months after cessation of treatment
(Craft et al., 2012).

Another trial in AD/MCI patients tested the insulin analog
detemir (Levemir) for 3 weeks. Treated patients improved in
memory performance compared to a placebo group, but only if
they had high levels of insulin resistance at baseline. Detemir
is more effective than insulin and remains in the body for up
to 24 h. Surprisingly, neither dose of insulin was more effective
than placebo in memory tests. However, when patients in each
treatment arm were grouped into those with low versus high
insulin resistance, both groups differed from placebo controls.
Patients with high insulin resistance showed an improvement
in the memory tests when treated with detemir, compared to
an increase of less than 0.1 point in the placebo patients with
high insulin resistance. The patients with low insulin resistance

Frontiers in Aging Neuroscience | www.frontiersin.org 4 April 2019 | Volume 11 | Article 88

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


fnagi-11-00088 April 17, 2019 Time: 16:24 # 5

Hölscher T2DM and AD

treated with detemir had a bigger decrease in memory tests than
the placebo group. Carriers of the APOEe4 allele were benefiting
from detemir treatment, while non-carriers showed worsened
memory compared to placebo (Claxton et al., 2013, 2015; Craft
et al., 2013). A double blind, placebo-controlled study tested
the effects of 4 months of nasal insulin or detemir treatment.
Interestingly, the detemir group did not show improvements,
while the insulin-treated group showed preserved memory
performances and brain tissue volumes in MRI scans. An
improved ration of phosphorylated tau to amyloid 42 was also
observed in CSF samples (Craft et al., 2017).

These different clinical trials demonstrate that overcoming
insulin resistance in the brain has protective effects in MCI/AD
patients and shows improvements in cognition and relevant
biomarkers. It is a proof of concept that insulin desensitization
is instrumental in driving cognitive impairments in AD, and that
an improvement of insulin signaling has genuine benefits.

Strategies to Re-sensitize Insulin
Signaling in the Brain
Metformin
Several treatment strategies exist to improve insulin signaling in
people with T2DM. A standard drug prescribed to patients is
metformin, which can re-sensitize insulin signaling in diabetes.
However, when comparing metformin with GLP-1 receptor
agonists in animal models of neurodegeneration, metformin is
far less protective (Gault and Holscher, 2018). In a clinical trial
testing metformin in patients with AD, the drug showed no
protective effect. Treatment for 12 months only showed a very
small improvement in a recall test with no changes in ADAS-
cog or in 18FDG-PET brain scans (Luchsinger et al., 2016). While
metformin is widely used in the clinic, it is actually not a very
potent drug and more effective drugs will have to be given
as T2DM progresses (Lentferink et al., 2018). Epidemiological
studies report conflicting results with some showing a reduction
of the risk to develop AD when taken over years (Hsu et al.,
2011; Ng et al., 2014), while other studies showed an increase
in the risk of developing AD after long-term use (Imfeld et al.,
2012; Kuan et al., 2017). In a direct comparison with other drugs
that enhance insulin sensitivity, metformin was inferior to more
potent drugs such as GLP-1 analogs (Lennox et al., 2014). The
reason for this may be that metformin only activates the AMP
kinase, which is activated during starvation, but not the growth-
factor associated PI3kinase (Turban et al., 2012). AMP kinase
activates key survival genes while blocking energy expenditure
on routine housekeeping activity in the cell (Hardie et al., 2012).
PI3kinase, in contrast, is activated by growth factors such as
insulin and IGF-1 and activates all housekeeping genes, ensuring
cell growth, and repair (Talbot et al., 2012; Craft et al., 2013;
Holscher, 2014). Therefore, it is easy to see that metformin is only
helpful for the short term.

Leptin
Leptin is a hormone and growth factor that regulates energy
utilization in cells, similarly to insulin. Both leptin and the
leptin receptor are expressed in the brain where they play a
range of roles. Importantly, some leptin receptor isoforms are

linked to second messenger signaling cascades that also activate
IRS, PI3k, and Akt/PKB, as insulin receptors do (see Figure 1),
and therefore, can control energy utilization and cell growth
on a similar level to insulin (Sweeney, 2002; Marwarha and
Ghribi, 2012; Paz-Filho et al., 2012). Leptin can re-sensitize
insulin signaling by interacting with the IR and signaling pathway
(Fruhbeck, 2006; German et al., 2010; Mantzoros et al., 2011; Paz-
Filho et al., 2012). Leptin can enhance memory formation and
upregulate synaptic plasticity in the hippocampus (Harvey et al.,
2006). In animal models of AD, leptin showed protective effects,
and improved performances in learning tasks (Greco et al., 2010;
Perez-Gonzalez et al., 2011; Sharma and Hölscher, 2014).

As leptin is linked to glucose uptake and energy utilization
in cells, it is not surprising that leptin signaling desensitizes
in T2DM, just as insulin signaling does (Kautzky-Willer et al.,
2001; Carey et al., 2003; Cummings, 2013; Sharma and Hölscher,
2014). This observation convinced researchers studying T2DM
not to develop drugs that act on the leptin receptor as potential
treatments for diabetes (Mantzoros et al., 2011; Chou and Perry,
2013). There is also evidence that leptin signaling is de-sensitized
in AD patients, most likely driven by the chronic inflammatory
response in the brain (Lieb et al., 2009; Clark et al., 2011; Bonda
et al., 2014; Khemka et al., 2014). This would make it difficult
to use leptin to re-sensitize insulin signaling in the brains of
AD. One proposal to circumvent the problem is to co-apply
different hormone analogs that can re-sensitize leptin signaling
(Sadry and Drucker, 2013).

The story does not end here, though. Leptin also plays a
role in pro-inflammatory signaling. The receptor is expressed
on cell types that play key roles in the inflammation response
(Procaccini et al., 2012). As a hormone and growth factor, it
stimulates the activity of macrophages, neutrophils, and natural
killer cells (Matarese et al., 2005). It also activates the proliferation
of T helper cells and the differentiation of CD4+ T-cells into
inflammatory Th-17 cells (Lord et al., 1998). The transgenic
models of obesity that have mutations in leptin and the leptin
receptor genes, ob/ob and db/db, show enhanced inflammatory
responses (Lord et al., 2001). In the animal model of multiple
sclerosis (MS), an auto-immune response is induced. When
trying to induce the auto-immune response in ob/ob mice, the
response is much reduced, and low levels of pro-inflammatory
cytokines are expressed (Matarese et al., 2001b). When replacing
the missing leptin in the ob/ob mice, a full-blown auto-immune
reaction is induced, and levels of pro-inflammatory cytokines
are much increased (Matarese et al., 2001a). Removing leptin in
wild type mice also makes them less susceptible to developing
the MS auto-immune disease phenotype (Ouyang et al., 2014).
As chronic inflammation plays a key role in AD, it is therefore
of benefit for leptin signaling to be de-sensitized. Therefore,
leptin treatment may not be beneficial as a treatment for
neurodegenerative disorders (de Candia and Matarese, 2018).

Glucagon-Like Peptide 1 (GLP-1) and
Glucose-Dependent Insulinotropic Polypeptide (GIP)
Glucagon-like peptide 1 and Glucose-dependent insulinotropic
polypeptide are incretin hormones that signal high energy status
in the body, similar to insulin and leptin (Lund et al., 2011).
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They activate membrane standing G-protein coupled receptors
that are members of the glucagon-type growth factor receptor
family. Classic growth factor signaling cascades are activated
by the receptors, including the cAMP-PKA-CREB pathway that
enhances cell growth, cell repair and expression of insulin, and
insulin receptors (Baggio and Drucker, 2007; Doyle and Egan,
2007; Hölscher, 2016). The PI3k-Akt/PKB-mTOR pathway is
also activated, compensating for the loss of insulin signaling
(Hölscher, 2018). AMPk is also activated by the receptors (Chang
et al., 2018). GLP-1 enhances insulin release making it an
attractive treatment for T2DM (Baggio and Drucker, 2007; Doyle
and Egan, 2007; Long-Smith et al., 2013). GLP-1 receptor agonists
have been developed that have an enhanced biological half-life
in the blood stream. Several are currently on the market to treat
diabetes (Campbell and Drucker, 2013; Elkinson and Keating,
2013; Lean et al., 2014). GLP-1 mimetics re-sensitize insulin
signaling in the brains of animal models of AD (Bomfim et al.,
2012; Long-Smith et al., 2013; Shi et al., 2017) and in patients with
T2DM (Zander et al., 2002).

Glucagon-like peptide 1 mimetics showed clear
neuroprotective effects in several animal models of AD (Li
et al., 2010). The GLP-1 mimetic Liraglutide reduced AD
hallmarks such as amyloid plaque load, memory loss, synapse
loss, impaired synaptic transmission (LTP), and the chronic
inflammation response in the brain (McClean et al., 2011, 2015;
McClean and Holscher, 2014a). The GLP-1 mimetic lixisenatide
showed similar neuroprotective effects in the APP/PS1 mouse
model of AD (McClean and Holscher, 2014b). Furthermore,
liraglutide reduced tangles and phosphorylated tau levels in the
human P301L mutated tau gene expressing mouse, a model of
fronto-temporal lobe dementia (Hansen et al., 2015). Liraglutide
reduced insulin de-sensitization and reduced the inflammation
response caused by the injection of amyloid oligomers into the
brains of cynomologous monkeys (Lourenco et al., 2013; Batista
et al., 2018). GLP-1 mimetics protect mitochondrial activity
and enhance mitochondrial genesis by reducing apoptotic
BAX/BAD signaling and by increasing pro-mitochondrial Bcl-2
and PGC-1a signaling (Li et al., 2016a; Shi et al., 2017; Chang
et al., 2018; Wang et al., 2018). Importantly, GLP-1 mimetics
protect against ER stress and normalize autophagy impairments
found in neurodegenerative disorders, which can explain how
amyloid or tau aggregates are removed by the activation of the
GLP-1 receptor (Sharma et al., 2013; Panagaki et al., 2017).

A pilot clinical trial in AD patients demonstrated an increased
glucose uptake in the brain after treatment with liraglutide
(Gejl et al., 2016). Unfortunately, the trial was underpowered
and did not show any results in other measures. A phase II
clinical trial with 200 AD patients is currently ongoing. Patient
recruitment has finished, and the results should become available
late 2019 (clinical trial identifier NCT01843075). In a double-
blind, placebo-controlled phase II clinical trial in PD patients, the
GLP-1 receptor agonist exendin-4 showed good protective effects
compared to placebo, even after 3 months of wash-out of the drug
(Athauda et al., 2017). Further clinical trials testing other GLP-1
mimetics are currently ongoing.

The sister hormone GIP also has neuroprotective properties
in different animal models of neurodegenerative disorders. Stable

analogs such as D-ala2-GIP or N-glyc-GIP reversed impairments
of synaptic plasticity induced by amyloid (Gault and Holscher,
2008). The GIP analog D-Ala2-GIP showed neuroprotective
effects in the APP/PS1 mouse model of AD by protecting memory
formation, synaptic plasticity, reducing the amyloid plaque load
and the chronic inflammation response in the brain, reducing
oxidative stress, and normalizing neurogenesis in the dentate
gyrus (Duffy and Holscher, 2013; Faivre and Holscher, 2013a,b).
GIP injection ip., had protective effects on spatial learning in
memory tasks and also reduced plaque formation and amyloid
load in a different AD mouse model (Figueiredo et al., 2010). See
(Ji et al., 2016; Verma et al., 2018) for a review.

In the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
mouse model of PD, GIP analogs showed good protective
effects. Motor activity was partly rescued, and the number of
dopaminergic neurons in the substantia nigra was increased.
The cAMP/PKA/CREB growth factor second messenger pathway
was shown to be activated by the drug. The increased levels of
expression of alpha-synuclein in the brain induced by MPTP were
reduced by the drug. In addition, drug treatment reduced chronic
neuroinflammation, oxidative stress and lipid peroxidation, and
increased the expression of the growth factor BDNF (Ji et al.,
2016; Li et al., 2016c; Li Y. et al., 2017; Verma et al., 2017, 2018).

Novel dual GLP-1/GIP receptor agonists also show good
effects in different animal models of neurodegenerative disorder
(Hölscher, 2018).

Ghrelin
Ghrelin is a member of the hormones and growth factors that
signal energy status in the body. It is released by stomach cells
during times of low food availability. It is considered the main
factor that drives the health-improving effects of fasting/caloric
restriction (Gomez et al., 2009; Bayliss et al., 2016b). Ghrelin
does not re-sensitize insulin as it is active at low plasma glucose
levels, while insulin works “against” ghrelin and is only active at
high glucose levels. However, ghrelin activates a range of growth-
factor signaling pathways that can compensate for a loss of insulin
signaling. Ghrelin has been shown to have impressive protective
effects in animal models of Parkinson’s disease. Administration
of ghrelin reduced the neurodegeneration observed in the MPTP
model of PD. Ghrelin reduced the MPTP-induced loss of
substantia nigra (SN) dopamine neurons and striatal dopamine
turnover. Ghrelin activated AMPk and ACC- driven lipid-
oxidation in the striatum. Mitochondrial activity and genesis
were improved. Importantly, the chronic inflammation response
in the brain was much reduced by the drug (Bayliss et al., 2016a,b;
Morgan et al., 2018). These impressive effects make ghrelin a
candidate to be a novel treatment for PD. However, there are
downsides of this strategy.

One of the main modes of action is the activation of AMP-
kinase (AMPk) by the Ghrelin receptor. AMPk is a kinase
that is activated under conditions of low energy, such as low
cellular ATP and high AMP levels. AMPk is a key regulator
of a range of physiological processes that enhance cell survival.
Glucose uptake and oxidation, as well as activation of fat reserves,
uptake of fatty acids and lipid oxidation to generate ATP,
are increased. Importantly, AMPK upregulates genes involved
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in oxidative metabolism and oxidative stress resistance by
regulating transcription factors of the abnormal dauer formation
16 (DAF-16)/forkhead box O (FOXO) family. This enables cells
to deal with enhanced oxidative stress, which will increase
in conditions of low energy and failing mitochondrial activity
(Halliwell, 2006; Hardie et al., 2012). In brief, catabolic pathways
are much enhanced by ghrelin signaling to ensure sufficient
energy supply for cells, while anabolic pathways that are
energy demanding are reduced. These include protein synthesis
and ribosomal RNA (rRNA) synthesis, triglyceride synthesis,
cholesterol synthesis, transcription of gluconeogenic enzymes,
and others (Hardie et al., 2012). It is easy to see that such a
strategy will improve survival in lean times by focusing energy
expenditure on the core processes for survival. However, it
is not sensible to inhibit protein synthesis over long periods
of time. In particular, in neurodegenerative disorders, repair
mechanisms that require de novo protein synthesis are of major
importance. A first clinical trial of a ghrelin analog also points
to major issues that cannot be easily inferred from animal
studies. The survival time of ghrelin in the blood stream
is short, but long-acting protease-resistant analogs have been
developed for the clinic. Relamorelin is a pentapeptide and
analog of ghrelin with improved potency and pharmacokinetics.
In humans, relamorelin produces increases in plasma growth
hormone, prolactin, and cortisol levels, and increases appetite.
A multi- centre, randomized, double-blind, placebo-controlled
study of relamorelin in patients with PD had to be terminated,
as most patients experiencedchronic and severe constipation,
which is another side effect of ghrelin. Only 18 out of 56 subjects
completed the trial, in part because of multiple partially complete
bowel movements in constipated PD patients, which made many
subjects ineligible for further participation (Parkinson Study
Group, 2017). Such drastic side effects do not bode well, and
long-term effects of drug treatment have yet to be investigated.
However, the investigation of the effects of ghrelin enriched out
knowledge of underlying mechanisms of neuronal pathology and
neuronal protection, which may be utilized in other forms and
treatment strategies.

DPP-IV Inhibitors
Currently, inhibitors of the enzyme protease dipeptidyl-peptidase
IV (DPP-IV) are on the market treat T2DM (Ahren, 2007).

DPP-IV degrades GLP-1, GIP and other peptide hormones.
Inhibition of DPP-IV therefore can enhance the blood levels
of these hormones and can treat T2DM effectively. Inhibitors
of DPP-IV also have protective effects in animal models of
AD (Li et al., 2016b). However, DPP-IV inhibitors are small
molecules that do not readily cross the BBB. The DPP-IV
inhibitor saxagliptin (SAX) also showed good neuroprotective
effects in the ICV. STZ animal model of AD that models
insulin desensitization in the brain. Here, animals were orally
administered at 0.25, 0.5, or 1 mg/kg for 60 days after treatment
with STZ. The highest dose of 1mg/kg showed good protection
in memory tests and lowered key biomarkers for AD and
cellular stress (Kosaraju et al., 2013). In a similar study from
the same lab, Vildagliptin also demonstrated neuroprotective
effects. However, the effective dose was more than 10 times higher
with lower protective efficiency, suggesting that Vildagliptin
does not cross the BBB as readily as SAX. In addition, the
protective effects of DPP-IV inhibitors in animal models are
limited compared to GLP-1 receptor agonists (Abdelsalam and
Safar, 2015; Darsalia et al., 2016). This is most likely due to the
fact that DPP-IV inhibitors work indirectly by reducing peptide
hormone cleavage, while GLP-1 receptor agonists act directly
on the receptors.

CONCLUSION

The evidence presented here demonstrates that insulin
de-sensitization contributes to the disease progression in
AD, and that the use of insulin re-sensitizing agents
show promise to make a difference and to reduce disease
progression. First clinical trials have shown promising
results and suggest that the protective effects observed
in animal studies translate to the clinic. This strategy
shows great promise and hopefully will produce effective
novel treatments for AD and other chronic progressive
neurodegenerative disorders.

AUTHOR CONTRIBUTIONS

CH wrote the manuscript.

REFERENCES
Abdelsalam, R. M., and Safar, M. M. (2015). Neuroprotective effects of vildagliptin

in rat rotenone Parkinson’s disease model: role of RAGE-NF-kappaB and Nrf2-
antioxidant signaling pathways. J. Neurochem. 133, 700–707. doi: 10.1111/jnc.
13087

Ahren, B. (2007). GLP-1-based therapy of type 2 diabetes: GLP-1 mimetics and
DPP-IV inhibitors. Curr. Diab. Rep. 7, 340–347. doi: 10.1007/s11892-007-
0056-9

Akiyama, H., Barger, S., Barnum, S., Bradt, B., Bauer, J., Cole, G. M., et al. (2000).
Inflammation and Alzheimer’s disease. Neurobiol. Aging 21, 383–421.

Athauda, D., Maclagan, K., Skene, S. S., Bajwa-Joseph, M., Letchford, D.,
Chowdhury, K., et al. (2017). Exenatide once weekly versus placebo in
Parkinson’s disease: a randomised, double-blind, placebo-controlled trial.
Lancet 390, 1664–1675. doi: 10.1016/S0140-6736(17)31585-4

Baggio, L. L., and Drucker, D. J. (2007). Biology of incretins: GLP-1
and GIP. Gastroenterology 132, 2131–2157. doi: 10.1053/j.gastro.2007.
03.054

Bamji-Mirza, M., Callaghan, D., Najem, D., Shen, S., Hasim, M. S., Yang, Z.,
et al. (2014). Stimulation of insulin signaling and inhibition of JNK-AP1
activation protect cells from amyloid-beta-induced signaling dysregulation and
inflammatory response. J. Alzheimers Dis. 40, 105–122. doi: 10.3233/JAD-
131949

Batista, A. F., Forny-Germano, L., Clarke, J. R., Lyra e Silva, N. M., Brito-Moreira,
J., Boehnke, S. E., et al. (2018). The diabetes drug liraglutide reverses cognitive
impairment in mice and attenuates insulin receptor and synaptic pathology
in a non-human primate model of Alzheimer’s disease. J. Pathol. 245, 85–100.
doi: 10.1002/path.5056

Bayliss, J. A., Lemus, M., Santos, V. V., Deo, M., Elsworth, J. D., and Andrews,
Z. B. (2016a). Acylated but not des-acyl ghrelin is neuroprotective in an MPTP

Frontiers in Aging Neuroscience | www.frontiersin.org 7 April 2019 | Volume 11 | Article 88

https://doi.org/10.1111/jnc.13087
https://doi.org/10.1111/jnc.13087
https://doi.org/10.1007/s11892-007-0056-9
https://doi.org/10.1007/s11892-007-0056-9
https://doi.org/10.1016/S0140-6736(17)31585-4
https://doi.org/10.1053/j.gastro.2007.03.054
https://doi.org/10.1053/j.gastro.2007.03.054
https://doi.org/10.3233/JAD-131949
https://doi.org/10.3233/JAD-131949
https://doi.org/10.1002/path.5056
https://www.frontiersin.org/journals/aging-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-11-00088 April 17, 2019 Time: 16:24 # 8

Hölscher T2DM and AD

mouse model of Parkinson’s disease. J. Neurochem. 137, 460–471. doi: 10.1111/
jnc.13576

Bayliss, J. A., Lemus, M. B., Stark, R., Santos, V. V., Thompson, A., Rees, D. J.,
et al. (2016b). Ghrelin-AMPK signaling mediates the neuroprotective effects
of calorie restriction in Parkinson’s disease. J. Neurosci. 36, 3049–3063. doi:
10.1523/JNEUROSCI.4373-15.2016

Biessels, G. J., van der Heide, L. P., Kamal, A., Bleys, R. L., and Gispen, W. H.
(2002). Ageing and diabetes: implications for brain function. Eur. J. Pharmacol.
441, 1–14. doi: 10.1016/s0014-2999(02)01486-3

Blacker, D., Haines, J. L., Rodes, L., Terwedow, H., Go, R., Harrell, L. E., et al.
(1997). ApoE-4 and age at onset of Alzheimer’s disease: the NIMH genetics
initiative. Neurology 48, 139–147. doi: 10.1212/wnl.48.1.139

Blazquez, E., Velazquez, E., Hurtado-Carneiro, V., and Ruiz-Albusac, J. M. (2014).
Insulin in the brain: its pathophysiological implications for States related
with central insulin resistance, type 2 diabetes and Alzheimer’s disease. Front.
Endocrinol. 5:161. doi: 10.3389/fendo.2014.00161

Blennow, K., de Leon, M. J., and Zetterberg, H. (2006). Alzheimer’s disease. Lancet
368, 387–403.

Bomfim, T. R., Forny-Germano, L., Sathler, L. B., Brito-Moreira, J., Houzel, J. C.,
Decker, H., et al. (2012). An anti-diabetes agent protects the mouse brain
from defective insulin signaling caused by Alzheimer’s disease- associated Abeta
oligomers. J. Clin. Invest. 122, 1339–1353. doi: 10.1172/JCI57256

Bonda, D. J., Stone, J. G., Torres, S. L., Siedlak, S. L., Perry, G., Kryscio, R., et al.
(2014). Dysregulation of leptin signaling in Alzheimer disease: evidence for
neuronal leptin resistance. J. Neurochem. 128, 162–172. doi: 10.1111/jnc.12380

Campbell, J. E., and Drucker, D. J. (2013). Pharmacology, physiology, and
mechanisms of incretin hormone action. Cell Metab. 17, 819–837. doi: 10.1016/
j.cmet.2013.04.008

Carey, P. E., Stewart, M. W., Ashworth, L., and Taylor, R. (2003). Effect of insulin
therapy on plasma leptin and body weight in patients with type 2 diabetes.
Horm. Metab. Res. 35, 372–376. doi: 10.1055/s-2003-41360

Carro, E., and Torres-Aleman, I. (2004). The role of insulin and insulin-like growth
factor I in the molecular and cellular mechanisms underlying the pathology
of Alzheimer’s disease. Eur. J. Pharmacol. 490, 127–133. doi: 10.1016/j.ejphar.
2004.02.050

Chang, C. C., Lin, T. C., Ho, H. L., Kuo, C. Y., Li, H. H., Korolenko, T. A.,
et al. (2018). GLP-1 analogue liraglutide attenuates mutant huntingtin-induced
neurotoxicity by restoration of neuronal insulin signaling. Int. J. Mol. Sci.
19:E2505. doi: 10.3390/ijms19092505

Chou, K., and Perry, C. M. (2013). Metreleptin: first global approval. Drugs 73,
989–997. doi: 10.1007/s40265-013-0074-7

Clark, I. A., Alleva, L. M., and Vissel, B. (2011). TNF and leptin tell essentially
the same story in Alzheimer’s disease. J. Alzheimers Dis. 26, 201–205.
doi: 10.3233/JAD-2011-110266

Clark, I. A., and Vissel, B. (2018). Therapeutic implications of how TNF
links apolipoprotein E, phosphorylated tau, alpha-synuclein, amyloid-beta
and insulin resistance in neurodegenerative diseases. Br. J. Pharmacol. 175,
3859–3875. doi: 10.1111/bph.14471

Claxton, A., Baker, L. D., Hanson, A., Trittschuh, E. H., Cholerton, B.,
Morgan, A., et al. (2015). Long-acting intranasal insulin detemir improves
cognition for adults with mild cognitive impairment or early-stage Alzheimer’s
disease dementia. J. Alzheimers Dis. 44, 897–906. doi: 10.3233/jad-
141791

Claxton, A., Baker, L. D., Wilkinson, C. W., Trittschuh, E. H., Chapman, D.,
Watson, G. S., et al. (2013). Sex and ApoE genotype differences in treatment
response to two doses of intranasal insulin in adults with mild cognitive
impairment or Alzheimer’s disease. J. Alzheimers Dis. 35, 789–797. doi: 10.3233/
jad-122308

Craft, S., Baker, L. D., Montine, T. J., Minoshima, S., Watson, G. S., Claxton, A.,
et al. (2012). Intranasal insulin therapy for Alzheimer disease and amnestic
mild cognitive impairment: a pilot clinical trial. Arch. Neurol. 69, 29–38.
doi: 10.1001/archneurol.2011.233

Craft, S., Cholerton, B., and Baker, L. D. (2013). Insulin and Alzheimer’s disease:
untangling the web. J. Alzheimers Dis. 33(Suppl. 1), S263–S275.

Craft, S., Claxton, A., Baker, L. D., Hanson, A. J., Cholerton, B., Trittschuh,
E. H., et al. (2017). Effects of regular and long-acting insulin on cognition
and Alzheimer’s disease biomarkers: a pilot clinical trial. J. Alzheimers Dis. 57,
1325–1334. doi: 10.3233/JAD-161256

Cummings, B. P. (2013). Leptin therapy in type 2 diabetes. Diabetes Obes. Metab.
15, 607–612. doi: 10.1111/dom.12048

Cunningham, C., Wilcockson, D. C., Campion, S., Lunnon, K., and Perry,
V. H. (2005). Central and systemic endotoxin challenges exacerbate the
local inflammatory response and increase neuronal death during chronic
neurodegeneration. J. Neurosci. 25, 9275–9284. doi: 10.1523/jneurosci.2614-
05.2005

Damasio, A. R., Trauel, D., and Damasio, H. (1989). “Amnesia caused by herpes
simplex encephalitis, infarctions in basal forebrain, Alzheimer’s disease and
anoxia/ischemia,” in Handbook of Neuropsychology, eds B. V. J. Boller and F.
Grafman (Amsterdam: Elsevier), 149–166.

Darsalia, V., Larsson, M., Lietzau, G., Nathanson, D., Nystrom, T., Klein, T.,
et al. (2016). Gliptin-mediated neuroprotection against stroke requires chronic
pretreatment and is independent of glucagon-like peptide-1 receptor. Diabetes
Obes. Metab. 18, 537–541. doi: 10.1111/dom.12641

de Candia, P., and Matarese, G. (2018). Leptin and ghrelin: sewing metabolism
onto neurodegeneration. Neuropharmacology 136, 307–316. doi: 10.1016/j.
neuropharm.2017.12.025

de Oliveira Manoel, A. L., and Macdonald, R. L. (2018). Neuroinflammation as
a target for intervention in subarachnoid hemorrhage. Front. Neurol. 9:292.
doi: 10.3389/fneur.2018.00292

Denver, P., Gault, V. A., and McClean, P. L. (2018). Sustained high-fat diet
modulates inflammation, insulin signalling and cognition in mice and a
modified xenin peptide ameliorates neuropathology in a chronic high-fat
model. Diabetes Obes. Metab. 20, 1166–1175. doi: 10.1111/dom.13210

Doyle, M. E., and Egan, J. M. (2007). Mechanisms of action of glucagon-like peptide
1 in the pancreas. Pharmacol. Ther. 113, 546–593. doi: 10.1016/j.pharmthera.
2006.11.007

Duffy, A. M., and Holscher, C. (2013). The incretin analogue D-Ala(2)GIP reduces
plaque load, astrogliosis and oxidative stress in an APP/PS1 mouse model of
Alzheimer’s disease. Neuroscience 228, 294–300. doi: 10.1016/j.neuroscience.
2012.10.045

Elkinson, S., and Keating, G. M. (2013). Lixisenatide: first global approval. Drugs
73, 383–391. doi: 10.1007/s40265-013-0033-3

Faivre, E., and Holscher, C. (2013a). D-Ala2GIP facilitated synaptic plasticity and
reduces plaque load in aged wild type mice and in an Alzheimer’s disease mouse
model. J. Alzheimers Dis. 35, 267–283. doi: 10.3233/JAD-121888

Faivre, E., and Holscher, C. (2013b). Neuroprotective effects of D-Ala2GIP on
Alzheimer’s disease biomarkers in an APP/PS1 mouse model. Alzheimers Res.
Ther. 5, 20–28. doi: 10.1186/alzrt174

Ferrario, C. R., and Reagan, L. P. (2018). Insulin-mediated synaptic plasticity in the
CNS: anatomical, functional and temporal contexts. Neuropharmacology 136,
182–191. doi: 10.1016/j.neuropharm.2017.12.001

Figueiredo, C. P., Pamplona, F. A., Mazzuco, T. L., Aguiar, A. S. Jr., Walz,
R., and Prediger, R. D. (2010). Role of the glucose-dependent insulinotropic
polypeptide and its receptor in the central nervous system: therapeutic potential
in neurological diseases. Behav. Pharmacol. 21, 394–408. doi: 10.1097/FBP.
0b013e32833c8544

Freiherr, J., Hallschmid, M., Frey, W. H. II, Brunner, Y. F., Chapman, C. D.,
Holscher, C., et al. (2013). Intranasal insulin as a treatment for Alzheimer’s
disease: a review of basic research and clinical evidence. CNS Drugs 27, 505–514.
doi: 10.1007/s40263-013-0076-8

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.

Fruhbeck, G. (2006). Intracellular signalling pathways activated by leptin. Biochem.
J. 393, 7–20. doi: 10.1042/bj20051578

Gault, V. A., and Holscher, C. (2008). Protease-resistant glucose-dependent
insulinotropic polypeptide agonists facilitate hippocampal LTP and reverse the
impairment of LTP induced by beta-amyloid. J. Neurophysiol. 99, 1590–1595.
doi: 10.1152/jn.01161.2007

Gault, V. A., and Holscher, C. (2018). GLP-1 receptor agonists show
neuroprotective effects in animal models of diabetes. Peptides 100, 101–107.
doi: 10.1016/j.peptides.2017.11.017

Gejl, M., Gjedde, A., Egefjord, L., Møller, A., Hansen, S. B., Vang, K., et al. (2016). In
Alzheimer’s disease, six-month treatment with GLP-1 analogue prevents decline
of brain glucose metabolism: randomized, placebo-controlled, double-blind
clinical trial. Front. Aging Neurosci. 8:108. doi: 10.3389/fnagi.2016.00108

Frontiers in Aging Neuroscience | www.frontiersin.org 8 April 2019 | Volume 11 | Article 88

https://doi.org/10.1111/jnc.13576
https://doi.org/10.1111/jnc.13576
https://doi.org/10.1523/JNEUROSCI.4373-15.2016
https://doi.org/10.1523/JNEUROSCI.4373-15.2016
https://doi.org/10.1016/s0014-2999(02)01486-3
https://doi.org/10.1212/wnl.48.1.139
https://doi.org/10.3389/fendo.2014.00161
https://doi.org/10.1172/JCI57256
https://doi.org/10.1111/jnc.12380
https://doi.org/10.1016/j.cmet.2013.04.008
https://doi.org/10.1016/j.cmet.2013.04.008
https://doi.org/10.1055/s-2003-41360
https://doi.org/10.1016/j.ejphar.2004.02.050
https://doi.org/10.1016/j.ejphar.2004.02.050
https://doi.org/10.3390/ijms19092505
https://doi.org/10.1007/s40265-013-0074-7
https://doi.org/10.3233/JAD-2011-110266
https://doi.org/10.1111/bph.14471
https://doi.org/10.3233/jad-141791
https://doi.org/10.3233/jad-141791
https://doi.org/10.3233/jad-122308
https://doi.org/10.3233/jad-122308
https://doi.org/10.1001/archneurol.2011.233
https://doi.org/10.3233/JAD-161256
https://doi.org/10.1111/dom.12048
https://doi.org/10.1523/jneurosci.2614-05.2005
https://doi.org/10.1523/jneurosci.2614-05.2005
https://doi.org/10.1111/dom.12641
https://doi.org/10.1016/j.neuropharm.2017.12.025
https://doi.org/10.1016/j.neuropharm.2017.12.025
https://doi.org/10.3389/fneur.2018.00292
https://doi.org/10.1111/dom.13210
https://doi.org/10.1016/j.pharmthera.2006.11.007
https://doi.org/10.1016/j.pharmthera.2006.11.007
https://doi.org/10.1016/j.neuroscience.2012.10.045
https://doi.org/10.1016/j.neuroscience.2012.10.045
https://doi.org/10.1007/s40265-013-0033-3
https://doi.org/10.3233/JAD-121888
https://doi.org/10.1186/alzrt174
https://doi.org/10.1016/j.neuropharm.2017.12.001
https://doi.org/10.1097/FBP.0b013e32833c8544
https://doi.org/10.1097/FBP.0b013e32833c8544
https://doi.org/10.1007/s40263-013-0076-8
https://doi.org/10.1042/bj20051578
https://doi.org/10.1152/jn.01161.2007
https://doi.org/10.1016/j.peptides.2017.11.017
https://doi.org/10.3389/fnagi.2016.00108
https://www.frontiersin.org/journals/aging-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-11-00088 April 17, 2019 Time: 16:24 # 9

Hölscher T2DM and AD

German, J. P., Wisse, B. E., Thaler, J. P., Oh, I. S., Sarruf, D. A., Ogimoto, K.,
et al. (2010). Leptin deficiency causes insulin resistance induced by uncontrolled
diabetes. Diabetes Metab. Res. Rev. 59, 1626–1634. doi: 10.2337/db09-1918

Gomez, R., Lago, F., Gomez-Reino, J. J., and Gualillo, O. (2009). Novel factors as
therapeutic targets to treat diabetes. Focus on leptin and ghrelin. Expert Opin.
Ther. Targets 13, 583–591. doi: 10.1517/14728220902914834

Greco, S. J., Bryan, K. J., Sarkar, S., Zhu, X., Smith, M. A., Ashford, J. W., et al.
(2010). Leptin reduces pathology and improves memory in a transgenic mouse
model of Alzheimer’s disease. J. Alzheimers Dis. 19, 1155–1167. doi: 10.3233/
JAD-2010-1308

Guerreiro, R., and Hardy, J. (2014). Genetics of Alzheimer’s disease.
Neurotherapeutics 11, 732–737. doi: 10.1007/s13311-014-0295-9

Haan, M. N. (2006). Therapy Insight: type 2 diabetes mellitus and the risk of late-
onset Alzheimer’s disease. Nat. Clin. Pract. Neurol. 2, 159–166. doi: 10.1038/
ncpneuro0124

Halliwell, B. (2006). Oxidative stress and neurodegeneration: where are we now?
J. Neurochem. 97, 1634–1658. doi: 10.1111/j.1471-4159.2006.03907.x

Hansen, H. H., Barkholt, P., Fabricius, K., Jelsing, J., Terwel, D., Pyke, C., et al.
(2015). The GLP-1 receptor agonist liraglutide reduces pathology-specific tau
phosphorylation and improves motor function in a transgenic hTauP301L
mouse model of tauopathy. Brain Res. 1634, 158–170. doi: 10.1016/j.brainres.
2015.12.052

Hardie, D. G., Ross, F. A., and Hawley, S. A. (2012). AMPK: a nutrient and energy
sensor that maintains energy homeostasis. Nat. Rev. Mol. Cell Biol. 13, 251–262.
doi: 10.1038/nrm3311

Hardy, J. (1997). Amyloid, the presenilins and Alzheimer’s disease. Trends
Neurosci. 20, 154–159. doi: 10.1016/s0166-2236(96)01030-2

Harvey, J., Solovyova, N., and Irving, A. (2006). Leptin and its role in hippocampal
synaptic plasticity. Prog. Lipid Res. 45, 369–378. doi: 10.1016/j.plipres.2006.
03.001

Heras-Sandoval, D., Perez-Rojas, J. M., Hernandez-Damian, J., and Pedraza-
Chaverri, J. (2014). The role of PI3K/AKT/mTOR pathway in the modulation of
autophagy and the clearance of protein aggregates in neurodegeneration. Cell.
Signal. 26, 2694–2701. doi: 10.1016/j.cellsig.2014.08.019

Herder, C., Carstensen, M., and Ouwens, D. M. (2013). Anti-inflammatory
cytokines and risk of type 2 diabetes. Diabetes Obes. Metab. 15(Suppl. 3), 39–50.
doi: 10.1111/dom.12155

Herz, J., and Chen, Y. (2006). Reelin, lipoprotein receptors and synaptic plasticity.
Nat. Rev. Neurosci. 7, 850–859. doi: 10.1038/nrn2009

Hogestyn, J. M., Mock, D. J., and Mayer-Proschel, M. (2018). Contributions
of neurotropic human herpesviruses herpes simplex virus 1 and human
herpesvirus 6 to neurodegenerative disease pathology. Neural Regen. Res. 13,
211–221. doi: 10.4103/1673-5374.226380

Holmes, C., Boche, D., Wilkinson, D., Yadegarfar, G., Hopkins, V., Bayer, A.,
et al. (2008). Long-term effects of Abeta42 immunisation in Alzheimer’s
disease: follow-up of a randomised, placebo-controlled phase I trial. Lancet 372,
216–223. doi: 10.1016/S0140-6736(08)61075-2

Holscher, C. (2014). Insulin, incretins and other growth factors as potential novel
treatments for Alzheimer’s and Parkinson’s diseases. Biochem. Soc. Trans. 42,
593–599. doi: 10.1042/BST20140016

Hölscher, C. (2016). GLP-1 and GIP analogues as novel treatments for Alzheimer’s
and Parkinson’s disease. Cardiovasc. Endocrinol. 5, 93–98.

Hölscher, C. (2018). Novel dual GLP-1/GIP receptor agonists show neuroprotective
effects in Alzheimer’s and Parkinson’s disease models. Neuropharmacology 136,
251–259. doi: 10.1016/j.neuropharm.2018.01.040

Hoyer, S. (1998). Risk factors for Alzheimer’s disease during aging. Impacts of
glucose/energy metabolism. J. Neural Transm. Suppl. 54, 187–194. doi: 10.1007/
978-3-7091-7508-8_18

Hsu, C. C., Wahlqvist, M. L., Lee, M. S., and Tsai, H. N. (2011). Incidence of
dementia is increased in type 2 diabetes and reduced by the use of sulfonylureas
and metformin. J. Alzheimers Dis. 24, 485–493. doi: 10.3233/JAD-2011-101524

Hutton, M., Perez, T. J., and Hardy, J. (1998). Genetics of Alzheimer’s disease.
Essays Biochem. 33, 117–131.

Illien-Junger, S., Grosjean, F., Laudier, D. M., Vlassara, H., Striker, G. E.,
and Iatridis, J. C. (2013). Combined anti-inflammatory and anti-AGE drug
treatments have a protective effect on intervertebral discs in mice with diabetes.
PLoS One 8:e64302. doi: 10.1371/journal.pone.0064302

Iloun, P., Abbasnejad, Z., Janahmadi, M., Ahmadiani, A., and Ghasemi, R. (2018).
Investigating the role of P38, JNK and ERK in LPS induced hippocampal insulin
resistance and spatial memory impairment: effects of insulin treatment. EXCLI
J 17, 825–839. doi: 10.17179/excli2018-1387

Imfeld, P., Bodmer, M., Jick, S. S., and Meier, C. R. (2012). Metformin, other
antidiabetic drugs, and risk of Alzheimer’s disease: a population-based case-
control study. J. Am. Geriatr. Soc. 60, 916–921. doi: 10.1111/j.1532-5415.2012.
03916.x

Itzhaki, R. F., Dobson, C. B., Shipley, S. J., and Wozniak, M. A. (2004a). The
role of viruses and of APOE in dementia. Ann. N. Y. Acad. Sci. 1019, 15–18.
doi: 10.1196/annals.1297.003

Itzhaki, R. F., Wozniak, M. A., Appelt, D. M., and Balin, B. J. (2004b). Infiltration
of the brain by pathogens causes Alzheimer’s disease. Neurobiol. Aging 25,
619–627. doi: 10.1016/j.neurobiolaging.2003.12.021

Janson, J., Laedtke, T., Parisi, J. E., O’Brien, P., Petersen, R. C., and Butler, P. C.
(2004). Increased risk of type 2 diabetes in Alzheimer disease. Diabetes Metab.
Res. Rev. 53, 474–481. doi: 10.2337/diabetes.53.2.474

Ji, C., Xue, G. F., Li, G., Li, D., and Holscher, C. (2016). Neuroprotective effects
of glucose-dependent insulinotropic polypeptide in Alzheimer’s disease. Rev.
Neurosci. 27, 61–70. doi: 10.1515/revneuro-2015-0021

Jin, S. C., Benitez, B. A., Karch, C. M., Cooper, B., Skorupa, T., Carrell, D., et al.
(2014). Coding variants in TREM2 increase risk for Alzheimer’s disease. Hum.
Mol. Genet. 23, 5838–5846. doi: 10.1093/hmg/ddu277

Karch, C. M., and Goate, A. M. (2015). Alzheimer’s disease risk genes and
mechanisms of disease pathogenesis. Biol. Psychiatry 77, 43–51. doi: 10.1016/
j.biopsych.2014.05.006

Kautzky-Willer, A., Pacini, G., Tura, A., Bieglmayer, C., Schneider, B., Ludvik, B.,
et al. (2001). Increased plasma leptin in gestational diabetes. Diabetologia 44,
164–172. doi: 10.1007/s001250051595

Khemka, V. K., Bagchi, D., Bandyopadhyay, K., Bir, A., Chattopadhyay, M., Biswas,
A., et al. (2014). Altered serum levels of adipokines and insulin in probable
Alzheimer’s disease. J. Alzheimers Dis. 41, 525–533. doi: 10.3233/JAD-140006

Konishi, H., and Kiyama, H. (2018). Microglial TREM2/DAP12 signaling:
a double-edged sword in neural diseases. Front. Cell. Neurosci. 12:206.
doi: 10.3389/fncel.2018.00206

Korczyn, A. D., and Vakhapova, V. (2007). The prevention of the dementia
epidemic. J. Neurol. Sci. 257, 2–4. doi: 10.1016/j.jns.2007.01.081

Kosaraju, J., Gali, C. C., Khatwal, R. B., Dubala, A., Chinni, S., Holsinger,
R. M., et al. (2013). Saxagliptin: a dipeptidyl peptidase-4 inhibitor ameliorates
streptozotocin induced Alzheimer’s disease. Neuropharmacology 72, 291–300.
doi: 10.1016/j.neuropharm.2013.04.008

Krasemann, S., Madore, C., Cialic, R., Baufeld, C., Calcagno, N., El Fatimy, R.,
et al. (2017). The TREM2-APOE pathway drives the transcriptional phenotype
of dysfunctional microglia in neurodegenerative diseases. Immunity 47, 566–
581.e9. doi: 10.1016/j.immuni.2017.08.008

Kuan, Y. C., Huang, K. W., Lin, C. L., Hu, C. J., and Kao, C. H. (2017). Effects of
metformin exposure on neurodegenerative diseases in elderly patients with type
2 diabetes mellitus. Prog. Neuropsychopharmacol. Biol. Psychiatry 79, 77–83.
doi: 10.1016/j.pnpbp.2017.06.002

Lane-Donovan, C., Philips, G. T., and Herz, J. (2014). More than cholesterol
transporters: lipoprotein receptors in CNS function and neurodegeneration.
Neuron 83, 771–787. doi: 10.1016/j.neuron.2014.08.005

Lean, M. E., Carraro, R., Finer, N., Hartvig, H., Lindegaard, M. L., Rossner, S., et al.
(2014). Tolerability of nausea and vomiting and associations with weight loss in
a randomized trial of liraglutide in obese, non-diabetic adults. Int. J. Obes. 38,
689–697. doi: 10.1038/ijo.2013.149

Lee, Y. J., Han, S. B., Nam, S. Y., Oh, K. W., and Hong, J. T. (2010). Inflammation
and Alzheimer’s disease. Arch. Pharm. Res. 33, 1539–1556.

Lehrer, S., and Rheinstein, P. H. (2015). Is Alzheimer’s disease autoimmune
inflammation of the brain that can be treated with nasal nonsteroidal anti-
inflammatory drugs? Am. J. Alzheimers Dis. Other Demen. 30, 225–227.
doi: 10.1177/1533317514545478

Lennox, R., Porter, D. W., Flatt, P. R., Holscher, C., Irwin, N., and Gault, V. A.
(2014). Comparison of the independent and combined effects of sub-chronic
therapy with metformin and a stable GLP-1 receptor agonist on cognitive
function, hippocampal synaptic plasticity and metabolic control in high-fat fed
mice. Neuropharmacology 86C, 22–30. doi: 10.1016/j.neuropharm.2014.06.026

Frontiers in Aging Neuroscience | www.frontiersin.org 9 April 2019 | Volume 11 | Article 88

https://doi.org/10.2337/db09-1918
https://doi.org/10.1517/14728220902914834
https://doi.org/10.3233/JAD-2010-1308
https://doi.org/10.3233/JAD-2010-1308
https://doi.org/10.1007/s13311-014-0295-9
https://doi.org/10.1038/ncpneuro0124
https://doi.org/10.1038/ncpneuro0124
https://doi.org/10.1111/j.1471-4159.2006.03907.x
https://doi.org/10.1016/j.brainres.2015.12.052
https://doi.org/10.1016/j.brainres.2015.12.052
https://doi.org/10.1038/nrm3311
https://doi.org/10.1016/s0166-2236(96)01030-2
https://doi.org/10.1016/j.plipres.2006.03.001
https://doi.org/10.1016/j.plipres.2006.03.001
https://doi.org/10.1016/j.cellsig.2014.08.019
https://doi.org/10.1111/dom.12155
https://doi.org/10.1038/nrn2009
https://doi.org/10.4103/1673-5374.226380
https://doi.org/10.1016/S0140-6736(08)61075-2
https://doi.org/10.1042/BST20140016
https://doi.org/10.1016/j.neuropharm.2018.01.040
https://doi.org/10.1007/978-3-7091-7508-8_18
https://doi.org/10.1007/978-3-7091-7508-8_18
https://doi.org/10.3233/JAD-2011-101524
https://doi.org/10.1371/journal.pone.0064302
https://doi.org/10.17179/excli2018-1387
https://doi.org/10.1111/j.1532-5415.2012.03916.x
https://doi.org/10.1111/j.1532-5415.2012.03916.x
https://doi.org/10.1196/annals.1297.003
https://doi.org/10.1016/j.neurobiolaging.2003.12.021
https://doi.org/10.2337/diabetes.53.2.474
https://doi.org/10.1515/revneuro-2015-0021
https://doi.org/10.1093/hmg/ddu277
https://doi.org/10.1016/j.biopsych.2014.05.006
https://doi.org/10.1016/j.biopsych.2014.05.006
https://doi.org/10.1007/s001250051595
https://doi.org/10.3233/JAD-140006
https://doi.org/10.3389/fncel.2018.00206
https://doi.org/10.1016/j.jns.2007.01.081
https://doi.org/10.1016/j.neuropharm.2013.04.008
https://doi.org/10.1016/j.immuni.2017.08.008
https://doi.org/10.1016/j.pnpbp.2017.06.002
https://doi.org/10.1016/j.neuron.2014.08.005
https://doi.org/10.1038/ijo.2013.149
https://doi.org/10.1177/1533317514545478
https://doi.org/10.1016/j.neuropharm.2014.06.026
https://www.frontiersin.org/journals/aging-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-11-00088 April 17, 2019 Time: 16:24 # 10

Hölscher T2DM and AD

Lentferink, Y. E., van der Aa, M. P., van Mill, E., Knibbe, C. A. J., and van der Vorst,
M. M. J. (2018). Long-term metformin treatment in adolescents with obesity
and insulin resistance, results of an open label extension study. Nutr. Diabetes
8:47. doi: 10.1038/s41387-018-0057-6

Li, L., Liu, K., Zhao, J., Holscher, C., Li, G. L., and Liu, Y. Z. (2016a).
Neuroprotective role of (Val(8))GLP-1-Glu-PAL in an in vitro model of
Parkinson’s disease. Neural Regen. Res. 11, 326–331. doi: 10.4103/1673-5374.
177742

Li, Y., Li, L., and Holscher, C. (2016b). Incretin-based therapy for type 2 diabetes
mellitus is promising for treating neurodegenerative diseases. Rev. Neurosci. 27,
689–711. doi: 10.1515/revneuro-2016-0018

Li, Y., Liu, W., Li, L., and Holscher, C. (2016c). Neuroprotective effects of a GIP
analogue in the MPTP Parkinson’s disease mouse model. Neuropharmacology
101, 255–263. doi: 10.1016/j.neuropharm.2015.10.002

Li, T. C., Yang, C. P., Tseng, S. T., Li, C. I., Liu, C. S., Lin, W. Y., et al. (2017).
Visit-to-visit variations in fasting plasma glucose and HbA1c associated with an
increased risk of Alzheimer disease: Taiwan diabetes study. Diabetes Care 40,
1210–1217. doi: 10.2337/dc16-2238

Li, Y., Duffy, K., Ottinger, M., Ray, B., Bailey, J., Holloway, H., et al. (2010).
GLP-1 receptor stimulation reduces amyloid-beta peptide accumulation and
cytotoxicity in cellular and animal models of Alzheimer’s disease. J. Alzheimers
Dis. 19, 1205–1219. doi: 10.3233/JAD-2010-1314

Li, Y., Liu, W., Li, L., and Holscher, C. (2017). D-Ala2-GIP-glu-PAL is
neuroprotective in a chronic Parkinson’s disease mouse model and increases
BNDF expression while reducing neuroinflammation and lipid peroxidation.
Eur. J. Pharmacol. 797, 162–172. doi: 10.1016/j.ejphar.2016.11.050

Lieb, W., Beiser, A. S., Vasan, R. S., Tan, Z. S., Au, R., Harris, T. B., et al. (2009).
Association of plasma leptin levels with incident Alzheimer disease and MRI
measures of brain aging. JAMA 302, 2565–2572. doi: 10.1001/jama.2009.1836

Liu, C. C., Hu, J., Tsai, C. W., Yue, M., Melrose, H. L., Kanekiyo, T., et al. (2015).
Neuronal LRP1 regulates glucose metabolism and insulin signaling in the brain.
J. Neurosci. 35, 5851–5859. doi: 10.1523/JNEUROSCI.5180-14.2015

Long-Smith, C. M., Manning, S., McClean, P. L., Coakley, M. F., O’Halloran, D. J.,
Holscher, C., et al. (2013). The diabetes drug liraglutide ameliorates aberrant
insulin receptor localisation and signalling in parallel with decreasing both
amyloid-beta plaque and glial pathology in a mouse model of Alzheimer’s
disease. Neuromolecular Med. 15, 102–114. doi: 10.1007/s12017-012-8199-5

Lord, G. M., Matarese, G., Howard, J. K., Baker, R. J., Bloom, S. R., and Lechler, R. I.
(1998). Leptin modulates the T-cell immune response and reverses starvation-
induced immunosuppression. Nature 394, 897–901. doi: 10.1038/29795

Lord, G. M., Matarese, G., Howard, J. K., and Lechler, R. I. (2001). The bioenergetics
of the immune system. Science 292, 855–856. doi: 10.1126/science.292.5518.855

Lourenco, M. V., Clarke, J. R., Frozza, R. L., Bomfim, T. R., Forny-Germano,
L., Batista, A. F., et al. (2013). TNF-alpha mediates PKR-dependent memory
impairment and brain IRS-1 inhibition induced by Alzheimer’s beta-amyloid
oligomers in mice and monkeys. Cell Metab. 18, 831–843. doi: 10.1016/j.cmet.
2013.11.002

Luchsinger, J. A., Perez, T., Chang, H., Mehta, P., Steffener, J., Pradabhan, G., et al.
(2016). Metformin in amnestic mild cognitive impairment: results of a pilot
randomized placebo controlled clinical trial. J. Alzheimers Dis. 51, 501–514.
doi: 10.3233/JAD-150493

Luchsinger, J. A., Tang, M. X., Shea, S., and Mayeux, R. (2004). Hyperinsulinemia
and risk of Alzheimer disease. Neurology 63, 1187–1192. doi: 10.1212/01.wnl.
0000140292.04932.87

Lund, A., Vilsboll, T., Bagger, J. I., Holst, J. J., and Knop, F. K. (2011). The separate
and combined impact of the intestinal hormones, GIP, GLP-1, and GLP-2, on
glucagon secretion in type 2 diabetes. Am. J. Physiol. Endocrinol. Metab. 300,
E1038–E1046. doi: 10.1152/ajpendo.00665.2010

Maldonado-Ruiz, R., Montalvo-Martinez, L., Fuentes-Mera, L., and Camacho, A.
(2017). Microglia activation due to obesity programs metabolic failure leading
to type two diabetes. Nutr. Diabetes 7:e254. doi: 10.1038/nutd.2017.10

Mantzoros, C. S., Magkos, F., Brinkoetter, M., Sienkiewicz, E., Dardeno, T. A., Kim,
S. Y., et al. (2011). Leptin in human physiology and pathophysiology. Am. J.
Physiol. Endocrinol. Metab. 301, E567–E584. doi: 10.1152/ajpendo.00315.2011

Marfany, A., Sierra, C., Camafort, M., Domenech, M., and Coca, A. (2018). High
blood pressure, Alzheimer disease and antihypertensive treatment. Panminerva
Med. 60, 8–16. doi: 10.23736/S0031-0808.18.03360-8

Marwarha, G., and Ghribi, O. (2012). Leptin signaling and Alzheimer’s disease. Am.
J. Neurodegener. Dis. 1, 245–265.

Matarese, G., Carrieri, P. B., La Cava, A., Perna, F., Sanna, V., De Rosa, V., et al.
(2005). Leptin increase in multiple sclerosis associates with reduced number of
CD4(+)CD25+ regulatory T cells. Proc. Natl. Acad. Sci. U.S.A. 102, 5150–5155.
doi: 10.1073/pnas.0408995102

Matarese, G., Di Giacomo, A., Sanna, V., Lord, G. M., Howard, J. K., Di Tuoro,
A., et al. (2001a). Requirement for leptin in the induction and progression of
autoimmune encephalomyelitis. J. Immunol. 166, 5909–5916. doi: 10.4049/
jimmunol.166.10.5909

Matarese, G., Sanna, V., Di Giacomo, A., Lord, G. M., Howard, J. K., Bloom, S. R.,
et al. (2001b). Leptin potentiates experimental autoimmune encephalomyelitis
in SJL female mice and confers susceptibility to males. Eur. J. Immunol. 31,
1324–1332. doi: 10.1002/1521-4141(200105)31:5<1324::aid-immu1324>3.0.
co;2-y

McCarthy, M. (2014). NIH will partner drug industry to study Alzheimer’s,
diabetes, and autoimmune disorders. BMJ 348:g1397. doi: 10.1136/bmj.g1397

McClean, P., Parthsarathy, V., Faivre, E., and Hölscher, C. (2011). The diabetes
drug Liraglutide prevents degenerative processes in a mouse model of
Alzheimer’s disease. J. Neurosci. 31, 6587–6594. doi: 10.1523/JNEUROSCI.
0529-11.2011

McClean, P. L., and Holscher, C. (2014a). Liraglutide can reverse memory
impairment, synaptic loss and reduce plaque load in aged APP/PS1 mice,
a model of Alzheimer’s disease. Neuropharmacology 76(Pt A), 57–67.
doi: 10.1016/j.neuropharm.2013.08.005

McClean, P. L., and Holscher, C. (2014b). Lixisenatide, a drug developed to treat
type 2 diabetes, shows neuroprotective effects in a mouse model of Alzheimer’s
disease. Neuropharmacology 86C, 241–258. doi: 10.1016/j.neuropharm.2014.
07.015

McClean, P. L., Jalewa, J., and Holscher, C. (2015). Prophylactic liraglutide
treatment prevents amyloid plaque deposition, chronic inflammation and
memory impairment in APP/PS1 mice. Behav. Brain Res. 293, 96–106. doi:
10.1016/j.bbr.2015.07.024

McGeer, P. L., Walker, D. G., Pitas, R. E., Mahley, R. W., and McGeer, E. G.
(1997). Apolipoprotein E4 (ApoE4) but not ApoE3 or ApoE2 potentiates beta-
amyloid protein activation of complement in vitro. Brain Res. 749, 135–138.
doi: 10.1016/s0006-8993(96)01324-8

Minett, T., Classey, J., Matthews, F. E., Fahrenhold, M., Taga, M., Brayne, C., et al.
(2016). Microglial immunophenotype in dementia with Alzheimer’s pathology.
J. Neuroinflammation 13:135. doi: 10.1186/s12974-016-0601-z

Moloney, A. M., Griffin, R. J., Timmons, S., O’Connor, R., Ravid, R., and O’Neill, C.
(2010). Defects in IGF-1 receptor, insulin receptor and IRS-1/2 in Alzheimer’s
disease indicate possible resistance to IGF-1 and insulin signalling. Neurobiol.
Aging 31, 224–243. doi: 10.1016/j.neurobiolaging.2008.04.002

Morgan, A. H., Rees, D. J., Andrews, Z. B., and Davies, J. S. (2018). Ghrelin
mediated neuroprotection - A possible therapy for Parkinson’s disease?
Neuropharmacology 136, 317–326. doi: 10.1016/j.neuropharm.2017.12.027

Morris, G., Berk, M., Maes, M., and Puri, B. K. (2018). Could Alzheimer’s disease
originate in the periphery and if so how so? Mol. Neurobiol. 56, 406–434.
doi: 10.1007/s12035-018-1092-y

Najem, D., Bamji-Mirza, M., Chang, N., Liu, Q. Y., and Zhang, W. (2014). Insulin
resistance, neuroinflammation, and Alzheimer’s disease. Rev. Neurosci. 25,
509–525.

Ng, T. P., Feng, L., Yap, K. B., Lee, T. S., Tan, C. H., and Winblad, B. (2014). Long-
term metformin usage and cognitive function among older adults with diabetes.
J. Alzheimers Dis. 41, 61–68. doi: 10.3233/JAD-131901

Ohara, T., Doi, Y., Ninomiya, T., Hirakawa, Y., Hata, J., Iwaki, T., et al. (2011).
Glucose tolerance status and risk of dementia in the community: the Hisayama
Study. Neurology 77, 1126–1134. doi: 10.1212/WNL.0b013e31822f0435

Olmos-Alonso, A., Schetters, S. T., Sri, S., Askew, K., Mancuso, R., Vargas-
Caballero, M., et al. (2016). Pharmacological targeting of CSF1R inhibits
microglial proliferation and prevents the progression of Alzheimer’s-like
pathology. Brain 139, 891–907. doi: 10.1093/brain/awv379

Ouyang, S., Hsuchou, H., Kastin, A. J., Mishra, P. K., Wang, Y., and Pan, W.
(2014). Leukocyte infiltration into spinal cord of EAE mice is attenuated
by removal of endothelial leptin signaling. Brain Behav. Immun. 40, 61–73.
doi: 10.1016/j.bbi.2014.02.003

Frontiers in Aging Neuroscience | www.frontiersin.org 10 April 2019 | Volume 11 | Article 88

https://doi.org/10.1038/s41387-018-0057-6
https://doi.org/10.4103/1673-5374.177742
https://doi.org/10.4103/1673-5374.177742
https://doi.org/10.1515/revneuro-2016-0018
https://doi.org/10.1016/j.neuropharm.2015.10.002
https://doi.org/10.2337/dc16-2238
https://doi.org/10.3233/JAD-2010-1314
https://doi.org/10.1016/j.ejphar.2016.11.050
https://doi.org/10.1001/jama.2009.1836
https://doi.org/10.1523/JNEUROSCI.5180-14.2015
https://doi.org/10.1007/s12017-012-8199-5
https://doi.org/10.1038/29795
https://doi.org/10.1126/science.292.5518.855
https://doi.org/10.1016/j.cmet.2013.11.002
https://doi.org/10.1016/j.cmet.2013.11.002
https://doi.org/10.3233/JAD-150493
https://doi.org/10.1212/01.wnl.0000140292.04932.87
https://doi.org/10.1212/01.wnl.0000140292.04932.87
https://doi.org/10.1152/ajpendo.00665.2010
https://doi.org/10.1038/nutd.2017.10
https://doi.org/10.1152/ajpendo.00315.2011
https://doi.org/10.23736/S0031-0808.18.03360-8
https://doi.org/10.1073/pnas.0408995102
https://doi.org/10.4049/jimmunol.166.10.5909
https://doi.org/10.4049/jimmunol.166.10.5909
https://doi.org/10.1002/1521-4141(200105)31:5<1324::aid-immu1324>3.0.co;2-y
https://doi.org/10.1002/1521-4141(200105)31:5<1324::aid-immu1324>3.0.co;2-y
https://doi.org/10.1136/bmj.g1397
https://doi.org/10.1523/JNEUROSCI.0529-11.2011
https://doi.org/10.1523/JNEUROSCI.0529-11.2011
https://doi.org/10.1016/j.neuropharm.2013.08.005
https://doi.org/10.1016/j.neuropharm.2014.07.015
https://doi.org/10.1016/j.neuropharm.2014.07.015
https://doi.org/10.1016/j.bbr.2015.07.024
https://doi.org/10.1016/j.bbr.2015.07.024
https://doi.org/10.1016/s0006-8993(96)01324-8
https://doi.org/10.1186/s12974-016-0601-z
https://doi.org/10.1016/j.neurobiolaging.2008.04.002
https://doi.org/10.1016/j.neuropharm.2017.12.027
https://doi.org/10.1007/s12035-018-1092-y
https://doi.org/10.3233/JAD-131901
https://doi.org/10.1212/WNL.0b013e31822f0435
https://doi.org/10.1093/brain/awv379
https://doi.org/10.1016/j.bbi.2014.02.003
https://www.frontiersin.org/journals/aging-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-11-00088 April 17, 2019 Time: 16:24 # 11

Hölscher T2DM and AD

Panagaki, T., Michael, M., and Hölscher, C. (2017). Liraglutide restores chronic ER
stress, autophagy impairments and apoptotic signalling in SH-SY5Y cells. Sci.
Rep. 7:16158. doi: 10.1038/s41598-017-16488-x

Parkinson Study Group (2017). A randomized trial of relamorelin for constipation
in Parkinson’s disease (MOVE-PD): trial results and lessons learned.
Parkinsonism Relat. Disord. 37, 101–105. doi: 10.1016/j.parkreldis.2017.02.003

Paz-Filho, G., Mastronardi, C., Wong, M. L., and Licinio, J. (2012). Leptin therapy,
insulin sensitivity, and glucose homeostasis. Indian J. Endocrinol. Metab. 16,
S549–S555. doi: 10.4103/2230-8210.105571

Perez-Gonzalez, R., Antequera, D., Vargas, T., Spuch, C., Bolos, M., and
Carro, E. (2011). Leptin induces proliferation of neuronal progenitors and
neuroprotection in a mouse model of Alzheimer’s disease. J. Alzheimers Dis.
24(Suppl. 2), 17–25. doi: 10.3233/JAD-2011-102070

Perry, V. H., Cunningham, C., and Holmes, C. (2007). Systemic infections and
inflammation affect chronic neurodegeneration. Nat. Rev. Immunol. 7, 161–167.
doi: 10.1038/nri2015

Procaccini, C., De Rosa, V., Galgani, M., Carbone, F., Cassano, S., Greco, D.,
et al. (2012). Leptin-induced mTOR activation defines a specific molecular
and transcriptional signature controlling CD4+ effector T cell responses.
J. Immunol. 189, 2941–2953. doi: 10.4049/jimmunol.1200935

Readhead, B., Haure-Mirande, J. V., Funk, C. C., Richards, M. A., Shannon, P.,
Haroutunian, V., et al. (2018). Multiscale analysis of independent Alzheimer’s
cohorts finds disruption of molecular, genetic, and clinical networks by human
herpesvirus. Neuron 99, 64–82.e7. doi: 10.1016/j.neuron.2018.05.023

Reger, M. A., Watson, G. S., Frey, W. H. II, Baker, L. D., Cholerton, B., Keeling,
M. L., et al. (2006). Effects of intranasal insulin on cognition in memory-
impaired older adults: modulation by APOE genotype. Neurobiol. Aging 27,
451–458. doi: 10.1016/j.neurobiolaging.2005.03.016

Reger, M. A., Watson, G. S., Green, P. S., Baker, L. D., Cholerton, B., Fishel,
M. A., et al. (2008a). 2nd, and Craft, S., 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

Ristow, M. (2004). Neurodegenerative disorders associated with diabetes mellitus.
J. Mol. Med. 82, 510–529.

Roussos, P., Katsel, P., Fam, P., Tan, W., Purohit, D. P., and Haroutunian, V. (2015).
The triggering receptor expressed on myeloid cells 2 (TREM2) is associated
with enhanced inflammation, neuropathological lesions and increased risk for
Alzheimer’s dementia. Alzheimers Dement. 11, 1163–1170. doi: 10.1016/j.jalz.
2014.10.013

Sadry, S. A., and Drucker, D. J. (2013). Emerging combinatorial hormone therapies
for the treatment of obesity and T2DM. Nat. Rev. Endocrinol. 9, 425–433.
doi: 10.1038/nrendo.2013.47

Schrijvers, E. M., Witteman, J. C., Sijbrands, E. J., Hofman, A., Koudstaal, P. J.,
and Breteler, M. M. (2010). Insulin metabolism and the risk of Alzheimer
disease: the Rotterdam Study. Neurology 75, 1982–1987. doi: 10.1212/WNL.
0b013e3181ffe4f6

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.

Sharma, M., and Hölscher, C. (2014). The neurophysiological and neuroprotective
effects of leptin. JSM Alzheimers Dis. Relat. Dement. 1:1009.

Sharma, M., Jalewa, J., and Holscher, C. (2013). Neuroprotective and anti-
apoptotic effects of Liraglutide on SH-SY5Y cells exposed to Methylglyoxal
stress. J. Neurochem. 128, 459–471. doi: 10.1111/jnc.12469

Shi, L., Zhang, Z., Li, L., and Holscher, C. (2017). A novel dual GLP-1/GIP receptor
agonist alleviates cognitive decline by re-sensitizing insulin signaling in the
Alzheimer icv. STZ rat model. Behav. Brain Res. 327, 65–74. doi: 10.1016/j.bbr.
2017.03.032

Shi, Y., and Holtzman, D. M. (2018). Interplay between innate immunity and
Alzheimer disease: APOE and TREM2 in the spotlight. Nat. Rev. Immunol. 18,
759–772. doi: 10.1038/s41577-018-0051-1

Song, Y., Ding, W., Bei, Y., Xiao, Y., Tong, H. D., Wang, L. B., et al. (2018). Insulin
is a potential antioxidant for diabetes-associated cognitive decline via regulating
Nrf2 dependent antioxidant enzymes. Biomed. Pharmacother. 104, 474–484.
doi: 10.1016/j.biopha.2018.04.097

Steen, E., Terry, B. M., Rivera, E., Cannon, J. L., Neely, T. R., Tavares, R.,
et al. (2005). Impaired insulin and insulin-like growth factor expression
and signaling mechanisms in Alzheimer’s disease - is this type 3 diabetes?
J. Alzheimers Dis. 7, 63–80. doi: 10.3233/jad-2005-7107

Strachan, M. W. (2005). Insulin and cognitive function in humans: experimental
data and therapeutic considerations. Biochem. Soc. Trans. 33, 1037–1040.
doi: 10.1042/bst0331037

Sweeney, G. (2002). Leptin signalling. Cell. Signal. 14, 655–663. doi: 10.1016/
s0898-6568(02)00006-2

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

Tsatsoulis, A., Mantzaris, M. D., Bellou, S., and Andrikoula, M. (2013).
Insulin resistance: an adaptive mechanism becomes maladaptive in the
current environment - an evolutionary perspective. Metabolism 62, 622–633.
doi: 10.1016/j.metabol.2012.11.004

Turban, S., Stretton, C., Drouin, O., Green, C. J., Watson, M. L., Gray, A., et al.
(2012). Defining the contribution of AMP-activated protein kinase (AMPK)
and protein kinase C (PKC) in regulation of glucose uptake by metformin in
skeletal muscle cells. J. Biol. Chem. 287, 20088–20099. doi: 10.1074/jbc.M111.
330746

Vaz, A. R., Silva, S. L., Barateiro, A., Fernandes, A., Falcao, A. S., Brito, M. A.,
et al. (2011). Pro-inflammatory cytokines intensify the activation of NO/NOS,
JNK1/2 and caspase cascades in immature neurons exposed to elevated levels
of unconjugated bilirubin. Exp. Neurol. 229, 381–390. doi: 10.1016/j.expneurol.
2011.03.004

Verma, M. K., Goel, R., Krishnadas, N., and Nemmani, K. V. S. (2018). Targeting
glucose-dependent insulinotropic polypeptide receptor for neurodegenerative
disorders. Expert Opin. Ther. Targets 22, 615–628. doi: 10.1080/14728222.2018.
1487952

Verma, M. K., Goel, R., Nandakumar, K., and Nemmani, K. V. (2017). Effect
of D-Ala2GIP, a stable GIP receptor agonist on MPTP-induced neuronal
impairments in mice. Eur. J. Pharmacol. 804, 38–45. doi: 10.1016/j.ejphar.2017.
03.059

Wang, R. F., Xue, G. F., Holscher, C., Tian, M. J., Feng, P., Zheng, J. Y.,
et al. (2018). Post-treatment with the GLP-1 analogue liraglutide alleviate
chronic inflammation and mitochondrial stress induced by Status
epilepticus. Epilepsy Res. 142, 45–52. doi: 10.1016/j.eplepsyres.2018.
03.009

Wenzel, P. (2018). Monocytes as immune targets in arterial hypertension. Br. J.
Pharmacol.

Zander, M., Madsbad, S., Madsen, J. L., and Holst, J. J. (2002). Effect of 6-week
course of glucagon-like peptide 1 on glycaemic control, insulin sensitivity,
and beta-cell function in type 2 diabetes: a parallel-group study. Lancet 359,
824–830. doi: 10.1016/s0140-6736(02)07952-7

Zhao, N., Liu, C. C., Van Ingelgom, A. J., Martens, Y. A., Linares, C., Knight,
J. A., et al. (2017). Apolipoprotein E4 impairs neuronal insulin signaling
by trapping insulin receptor in the endosomes. Neuron 96, 115–129.e5.
doi: 10.1016/j.neuron.2017.09.003

Conflict of Interest Statement: CH is a named inventor on several patent
applications that cover the use of dual GLP-1 and GIP receptor agonists to treat
neurodegenerative disorders.

Copyright © 2019 Hölscher. 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 Aging Neuroscience | www.frontiersin.org 11 April 2019 | Volume 11 | Article 88

https://doi.org/10.1038/s41598-017-16488-x
https://doi.org/10.1016/j.parkreldis.2017.02.003
https://doi.org/10.4103/2230-8210.105571
https://doi.org/10.3233/JAD-2011-102070
https://doi.org/10.1038/nri2015
https://doi.org/10.4049/jimmunol.1200935
https://doi.org/10.1016/j.neuron.2018.05.023
https://doi.org/10.1016/j.neurobiolaging.2005.03.016
https://doi.org/10.3233/jad-2008-13309
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/10.1016/j.jalz.2014.10.013
https://doi.org/10.1016/j.jalz.2014.10.013
https://doi.org/10.1038/nrendo.2013.47
https://doi.org/10.1212/WNL.0b013e3181ffe4f6
https://doi.org/10.1212/WNL.0b013e3181ffe4f6
https://doi.org/10.1111/jnc.12469
https://doi.org/10.1016/j.bbr.2017.03.032
https://doi.org/10.1016/j.bbr.2017.03.032
https://doi.org/10.1038/s41577-018-0051-1
https://doi.org/10.1016/j.biopha.2018.04.097
https://doi.org/10.3233/jad-2005-7107
https://doi.org/10.1042/bst0331037
https://doi.org/10.1016/s0898-6568(02)00006-2
https://doi.org/10.1016/s0898-6568(02)00006-2
https://doi.org/10.1172/JCI59903
https://doi.org/10.1172/JCI59903
https://doi.org/10.1016/j.metabol.2012.11.004
https://doi.org/10.1074/jbc.M111.330746
https://doi.org/10.1074/jbc.M111.330746
https://doi.org/10.1016/j.expneurol.2011.03.004
https://doi.org/10.1016/j.expneurol.2011.03.004
https://doi.org/10.1080/14728222.2018.1487952
https://doi.org/10.1080/14728222.2018.1487952
https://doi.org/10.1016/j.ejphar.2017.03.059
https://doi.org/10.1016/j.ejphar.2017.03.059
https://doi.org/10.1016/j.eplepsyres.2018.03.009
https://doi.org/10.1016/j.eplepsyres.2018.03.009
https://doi.org/10.1016/s0140-6736(02)07952-7
https://doi.org/10.1016/j.neuron.2017.09.003
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/aging-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Insulin Signaling Impairment in the Brain as a Risk Factor inAlzheimer's Disease
	Introduction
	Insulin Is a Key Growth Factor
	Causes for Insulin Desensitization
	Chronic Inflammation
	Triggers for Chronic Inflammation in the Brain

	Re-Sensitizing Insulin Signaling in the Brain to Prevent Ad
	Treating AD Patients With Insulin
	Strategies to Re-sensitize Insulin Signaling in the Brain
	Metformin
	Leptin
	Glucagon-Like Peptide 1 (GLP-1) and Glucose-Dependent Insulinotropic Polypeptide (GIP)
	Ghrelin
	DPP-IV Inhibitors


	Conclusion
	Author Contributions
	References


