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There are currently 35.6 million people
world-wide with dementia, which will
double to 65.7 million by 2030 and more
than triple to 115 million by 2050 (WHO
report, 2012).
AD accounts for up to 80% of dementias



366 million people currently have
diabetes mellitus world-wide, and this
number is expected to reach 552 million
by 2030



Kukull et al.,  Arch Neurol 2002

Type 2 diabetes mellitus (DM2) and Alzheimer’s disease
(AD) are both conditions:

• Age-related • With increasing worldwide incidence • Complex, multi-factorial• Chronic

Epidemiological similarities
between diabetes and Alzheimer’s disease



Kukull et al.,  Arch Neurol 2002; 
Bedse, Front. Neurosci 2015

Type 2 diabetes mellitus (DM2) and Alzheimer’s disease
(AD) are both conditions:

• Age-related • With increasing worldwide incidence • Complex, multi-factorial• Chronic• Characterised by IR, increased inflammation, impaired 
energy metabolism, increased oxidative stress

Similarities
between diabetes and Alzheimer’s disease



In a longitudinal cohort study, lasting up to 9 years, the risk of
AD was 65% higher in persons with diabetes than in non-diabetic
controls (Arvanitakis, Arch Neurol 2004);

In a community-based controlled study (Mayo Clinic AD Patient
Registry) frank diabetes or glucose intolerance might be present
in up to 80% of patients with AD (Janson, Diabetes 2004).

Longer diabetes duration is associated with a higher risk of
dementia (Ott, Neurology 1999; Bruce, Diabetes Care 2008; Bruce,
Diabetologia 2008).

There is a positive association between DM2 and mild cognitive
impairment (MCI), and an accelerated progression from MCI to
dementia in DM2 (Alagiakrishnan, Am J Geriatr Psychiatry 2012).

Epidemiological evidence



DM was not an independent risk factor for AD in the overall Framingham Study sample, but 
it was a strong independent risk factor for AD among persons at a relatively lower initial 
risk (those who were APOE ε4 negative and did not have a plasma tHcy level in the highest 
age- and sex-specific quartile), raising the RR for AD by 3- to 5- fold in this group.



Diabetes and prediabetes increased risk of conversion from amnestic MCI
to AD; risk in treated versus untreated diabetes was lower in one study.
Diabetes was also associated with increased risk of conversion from any-type
or nonamnestic MCI to all-cause dementia. Mediterranean diet decreased
the risk of conversion.

76 eligible articles





Measures of glycaemia are negatively associated with
scores on cognitive tests in type 2 diabetes,
particularly increased HbA1c concentration and
acute glucose fluctuations, but not fasting blood
glucose concentrations.

No clear conclusions about the association between
measures of insulin concentration and IR and
cognitive performance in type 2 diabetes.

Other factors might contribute to the onset and
progression of cerebral changes in type 2 diabetes,
starting with vascular risk factors (eg, hypertension,
dyslipidaemia, and obesity) associated with cognitive
decline in the general population and more prevalent
in type 2 diabetes.



GWAS studies support disease concordance between T2D and AD, and
provide information for the design of future novel therapeutic approaches, for a
subpopulation of T2D subjects with genetic disposition to AD, that could
benefit T2D and reduce the risk for subsequent development of AD.
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Verdile et al., Neurobiol. Aging, 2015

Insulin signaling in the brain



Insulin signaling is altered in AD



Insulin signaling is altered in AD (ctd.)



Insulin signaling is altered in AD

- Reduced brain IR sensitivity

- IR and IRS-1 hyperphosphorylation

- Reduced IR and IGF-1R expression

- Reduced CSF insulin levels (controv.)

Watson and Craft, 2003; Rivera et al., 2005; Steen et al., 2005; Holscher and Li, 2010; 
Talbot et al., 2012; de La Monte, 2012c; Freiherr et al., 2013.



Effects of insulin signaling in the brain on central and peripheral function. Brain insulin resistance results in
increased food intake, hypothalamic hypogonadism, hypothermia, decreased white fat mass, increased hepatic
glucose output, impaired response to hypoglycemia, and impaired neural function.
ARC, arcuate nucleus; DMX, dorsal motor vagal nucleus; NTS, nucleus of the solitary tract.

Consequences of altered insulin signaling (IR) 
in the brain

Kleinridders et al., 2014
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Verdile et al., 2015

Contribution of type-2 diabetes/IR
to neurodegeneration



Contribution of type-2 diabetes/IR
to neurodegeneration

Verdile et al., 2015



Atrophy in Alzheimer’s disease
Prodromal AD 15%
Mild dementia 25%           
Moderate dementia       40%

IR is associated with brain atrophy: MRI 
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The rate of brain atrophy in T2D is up to 3 times faster than in
normal aging (Van Elderen, 2010)



Probability map of location of gray matter atrophy attributable to T2DM.
VBM: voxels highlighted are those areas most likely to have gray matter
atrophy attributable to T2DM, with a false discovery rate P<0.001
(orange) to P<0.0001 (yellow).
Hyppocampus is included in these areas.

Moran et al., 2013

IR is associated with brain atrophy: VBM  



A link between increased IR and decreased glucose uptake/ metabolism (FDG-
PET) in several brain areas, particularly robust in the left medial temporal lobe, 
which in turn may predict worse memory performance.

JAMA 2015

18-FDG  PET



IR is associated
with loss of brain connectivity on DTI  

Cerebral white matter networks reconstructed from diffusion tensor imaging (DTI) scans with graph 
theory.  A) DTI-based fibre tracts form the edges (connections) of the network
B) Parcellated cortical and subcortical regions form the nodes (90 in total). C) Weighted brain network 
obtained, which can be represented by D)  a 90x90 connectivity matrix. 

Brain changes in T2D patients are strongly correlated with cognitive 
functioning, independent of MRI markers of atrophy and small vessel 
disease.                             

(Reimer et al, 2013)



IR promotes the accumulation of beta-amyloid

When insulin resistance is induced
in 3xTg AD-model transgenic mice or
in diabetic obese mice (db/db, leptin
mutant mice) through feeding a high
fat diet, the mice exhibit increased
levels of brain Aβ and key enzymes
that generate Aβ (BACE and γ-
secretase)

Vandal et al., 2014



In participants with normoglycemia but not hyperglycemia, higher insulin resistance
corresponded to higher PiB uptake in frontal and temporal areas, reflecting increased
amyloid deposition. The first human study to demonstrate that insulin resistance may
contribute to amyloid deposition in brain regions affected by AD.

PiB, amyloid load according to HOMA, sagittal plane



IR reduces glucose utilization
and promotes oxidative stress

Oxidation of several enzymes involved in
glycolisis and Krebs cycle in AD and 2TD.

Mitochondria dysfunction is an early
event in AD: cause of consequence of IR?

The oxidative stress processes associated
with both T2D and AD represent the
major underlying link of these
conditions: using the same oxidative
stress-dependent mechanisms, T2D and
AD may feedback on each other.



J Neurol Neurosurg Psychiatry 2015

Reciprocal relationship between the alteration of neuronal energy metabolism (increased CSF lactate
concentration), the severity of AD neurodegenerative processes (CSF t-τ and p-τ proteins), and cognitive
inpairment (MMSE) The damage of energetic cellular metabolism in AD may involve not only mitochondria
but also glycolysis.



IR, hyperinsulinaemia and obesity
cause neuroinflammation

and increase neuroinflammation in AD

Physiological functions of microglia, (tissue
surveillance and synaptic remodelling), are
compromised when microglia sense
pathological amyloid β accumulations.
Triggers and aggravators promote
sustained exposure and immune activation,
(cytokines) perpetuation of chronic
neuroinflammation (RAGE), and eventually
NDG

Heneka, Lancet Neurol 2015



IR reduces cerebral blood flow: vasoconstriction

eNOS

Reduced vasodilation

Relative  increase in ET

Decreased  RBF in AD

Increased vasoconstriction



Hyperinsulinaemia, in the context of IR, is a risk factor for artherosclerosis (A). Insulin is transported
actively across the BBB (1), may be produced locally in the brain (2), and via IRs (3)—modulates food-intake
and energy homeostasis (B). Ageing is associated with changes in insulin and its receptor in the brain, and
these may be even more pronounced in AD(C). Insulin also affects amyloid metabolism (D): it stimulates
the secretion of amyloid (4) into the extracellular space where it can aggregate with other proteins to form
senile plaques (5). Alternatively, excessive amyloid can be cleared through endocytosis (6), or through
direct extracellular proteolytic degradation by insulin-degrading enzyme IDE (7).

Biessels, 2006

IR reduces cerebral blood flow: atherosclerosis
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Intranasal insulin improves memory
function: animals



Daily intranasal administration of
insulin for 7 days



Intranasal insulin improves memory
function: humans



Concentrations of insulin in cerebrospinal fluid
(CSF) before and within 80 min after i.n.
administration of human insulin (40 IU; solid
lines) and placebo (dashed lines) with a nasal
spray atomizer.

Intranasal insulin effects: CSF concentrations

Benedict et al, 2004 and 2012

- Rapid delivery of insulin to CNS 
(bypassing BBB) via bulk flow along 
olfactory and trigeminal perivascular 
channels, and slower delivery via 
olfactory bulb axonal transports

- No invasive administration

- Avoidance of  adverse side effects

- Relatively high bioavailability

- Avoidance of  first- pass effect 



Intranasal insulin effetcs: a memory enhancer?

Benedict et al, 2004, 2007 and and 2012; Reger et al. 2008, Claxton 2015

Rapidly absorbed insulin aspart, and long-acting insulin detemir even stronger
effects



A, Areas of hypometabolism at baseline (scan 1)
and month 4 (scan 2), along with changes in
hypometabolism (Δ time 2 − time 1) The red and
orange colors indicate areas of greater
hypometabolism from time 1 to time 2, and from
placebo group to insulin groups. B, Change in
mean regional z scores. Reduced activity over
time for the placebo group compared with the 40-
IU dose insulin group.4-month treatment

basal

4 mths



Intranasal 40 IU insulin (Humulin-RU-100; 
Lilly) or placebo, daily for 12 months (blinded 
phase) followed by a 6-month open-label 
extension (49 and later further 240 pts).

No benefits of for any outcome (clinical / 
biochemical /MR imaging).

Further investigation is needed with
intranasal delivery devices increasing insulin
levels in the CNS. The indirectly measured
access is an insufficient standard and the
access of insulin to the CNS needs to be
directly shown, i.e measuring acute increases
in CSF, or alternatively by administering
labelled insulin and measuring brain
distribution with PET.

2020SNIFF STUDY



Metformin

- acts via AMPactivated kinase (AMPK) in liver and other tissues,
increasing insulin sensitivity.

- crosses the BBB (Labuzek et al., 2010; Nath et al., 2009)

- reduces phosphorylation of tau (Gupta et al., 2011) and
promotes dephosphorylation of tau (Kickstein et al., 2010).

- in vivo attenuates cognitive impairment and AD-like pathology
in obese, leptin resistant mice (Li et al.,2012).

- After pilot studies in subjects in non-diabetic MCI
(NCT00620191) and AD (NCT01965756), with unclear results, a
phase 2 trial for patients with MCI and AD is currently
underway (NCT04098666).

Insulin sensitizers    



Thiazolinediones

• Increase insulin sensitivity by activating gene expression of the 
glucose transporter (GLUT-4) via PPAR-γ receptor

• inhibit inflammatory gene expression, reduce Aβ deposition and 
exhibit other neuroprotective effects (Landreth, 2007; Neumann , 
2008 Jiang , 2008, Kummer, 2014).

• Rosiglitazone (4 mg/day) for 6 months in mild AD or  MCI showed 
improvement in memory and modulation of plasma Aβ levels 
(Watson et al., 2005) but  a larger phase 3 trial failed (Harrington 
et al., 2011)

• Pioglitazone  in mild AD  with type 2 diabetes improved cognition 
and cerebral blood flow (Sato et al., 2011). Longer (18 month) 
treatment in non-diabetic AD patients failed (Geldmacher et al., 
2011). The TOMMORROW Study (NCT01931566), a phase 3 trial 
in 3500 cognitively normal subjects  based on their APOE 
genotype (to delay MCI) was terminated due to lack of efficacy.

Insulin sensitizers



- GLP-1 (glucagon-like peptide 1) receptor agonists stimulate insulin 
secretion and increase peripheral insulin sensitivity. 

- In the brain, GLP-1 receptor agonists  increase cell proliferation and 
growth, protect against excitotoxic cell death and apoptosis, increase 
hippocampal neuronal density, protect  against insulin receptor loss 
and synaptic dysfunction, reduce hyperphosphorylated tau. 

- Subcutaneous daily administration of liraglutide in 18 patients with 
AD for 26 weeks prevented the decline of brain glucose metabolism 
compared with placebo but had no effect on cognition or Aβ burden.

- An ongoing phase 2, randomised, placebo-controlled clinical trial of
12 months of daily liraglutide treatment in patients with AD is
examining treatment effects on FDG-PET (primary outcome), and
cognitive performance (NCT01843075).

GLP-1 receptor agonists



Meta-analysis of pro-cognitive effects 
of antidiabetic agents vs placebo for AD/MCI 

(Cao et al., 2018)



Risk of developing AD in T2DM patients 
on antidiabetic drugs  compared to metformin

Akimoto et al., 2020

66.085 pts studied

GLP-1 receptor 
agonists (exenatide, 
liraglutide, dutaglutide) 
and rosiglitazone 
reduce the risk of AD
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Neuroprotective Properties of Linagliptin

Wicinski et al, 2019

Dipeptidyl peptidase 4 (DPP-4) inhibitor (decrease in glucagon and glucose)

Anti-TAU Antinflamm. Neuroprotect. Anti-atherog.



IR, AD and related disorders

Too many variables interplaying, it is 
mandatory to be earlier and  more specific.
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