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Abstract Alzheimer’s disease (AD) has characteristic
neuropathological abnormalities including regionalized
neurodegeneration, neurofibrillary tangles, amyloid beta
(Ab) deposition, activation of pro-apoptotic genes, and
oxidative stress. As the brain functions continue to disintegrate, there is a decline in person’s cognitive abilities,
memory, mood, spontaneity, and socializing behavior. A
framework that sequentially interlinks all these phenomenons under one event is lacking. Accumulating evidence has indicated the role of insulin deficiency and
insulin resistance as mediators of AD neurodegeneration.
Herein, we reviewed the evidence stemming from the
development of diabetes agent-induced AD animal model.
Striking evidence has attributed loss of insulin receptorbearing neurons to precede or accompany initial stage of
AD. This state seems to progress with AD such that, in the
terminal stages, it worsens and becomes global. Oxidative
stress, tau hyperphosphorylation, APP-Ab deposition, and
impaired glucose and energy metabolism have all been
linked to perturbation in insulin/IGF signaling. We conclude that AD could be referred to as ‘‘type 3 diabetes’’.
Moreover, owing to common pathophysiology with diabetes common therapeutic regime could be effective for
AD patients.
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Introduction
Alzheimer’s disease (AD), an age-related, progressive
neurodegenerative disorder, is the leading cause of
dementia. It is characterized by two types of lesions;
intracellular neurofibrillary tangles (NFT) and amyloid-b
(Ab) plaques [1]. These, together with elevated oxidative
stress, synaptic loss, regionalized neuronal death, and brain
atrophy have been observed in AD pathology [2]. In the
past, efforts have been directed to interlink these abnormalities under a single primary pathogenic mechanism and
several heavily debated hypotheses that exist trying to
explain the underlying factor that trigger the development
of AD brain pathology [3–5].
AD, often tagged as a heterogeneous disorder, implicates multiple aberrant signaling cascades in its pathogenesis. Insulin resistance is one such factor known to
affect multiple cascades of known relevance to AD [6, 7].
De la Monte et al. reported cerebral insulin and Insulin-like
growth factor (IGF) production. De la Monte et al. later
observed that a common finding in AD was the impairments in energy metabolism and glucose utilization [8].
Insulin receptors (IRs), insulin, and IGF deficiency in AD
brain further implicated insulin resistance in AD neuropathology [9, 10]. AD Braak stages have demonstrated
an inversely proportional relationship to insulin expression. AD patients presented an 80 % decline in insulin
receptors [8]. Insulin’s ability to bind to its receptors was
reportedly compromised. The decline in glucose processing
was thought to coincide with, or even preceded, the early
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stages of AD [11]. Moreover, Ab pathology, impaired
cholinergic system, tau hyperphosphorylation, pro-apoptotic and pro-inflammatory events have all also been
attributed to impaired insulin signaling [12].
In a nut shell, evidence is growing to suggest impaired
insulin signaling as the putative factor governing AD
pathology hence favoring the conjecture of AD being a
neuroendocrine disorder. Researchers thus concluded that
perhaps Alzheimer’s is a brain-specific type of diabetes
which they termed as ‘‘type 3 diabetes’’ [8].
In the following review, we will provide a brief
description about the role of insulin in brain and focus
more closely on accumulating evidences implicating
impaired insulin signaling in AD pathology. Finally we
will discuss the potential of insulin targeting drugs in AD
therapeutics.

Role of insulin in brain
The role of insulin in carbohydrate, lipid, and protein
metabolism is already known [13]. Reflecting a major
paradigm shift, hypothalamic actions of insulin in regulating energy homeostasis was reported [14]. This suggested insulin signaling in brain as well. IR localization in
central nervous system (CNS), by ligand autoradiography
was first documented by Havrankova et al. with later verification by immunohistochemistry and autoradiography
[15]. Controversies still exist regarding the source of
insulin in brain, where some claiming that insulin is of
cerebral origin, it is however agreed upon that insulin plays
a role in cerebral glucose utilization following its receptormediated transport across the blood brain barrier [16].
IR seems to be widely distributed with most of them
concentrating the synapses of astrocytes and neurons.
Cerebral regions such as hippocampus, amygdala, and
septum have shown higher distribution of IR [17]. Intracellular pathways such as PI3K/AKT and ERK/MAP
kinase pathways are reportedly activated via IR and IGF-1
receptors stimulation [17] thereby indicating broad impact
of insulin signaling in the outside of the hypothalamus.
Hippocampus, with its abundant IR substrate (IRS)
proteins regulates the acquisition and consolidation of
memories thereby suggesting the role of insulin in memory
potentiation [18]. In healthy adults, systemic infusion of
insulin yielded a significant improvement in verbal memory and selective attention [19]. Insulin has been suggested
to be neuroprotective and considered to have significant
effects to enhance memory [20].
In accordance with this, AD patients have shown
improvement in memory and performance following
insulin administration [21]. Implication of causal impaired
insulin signaling in stroke, AD, and Parkinson disease [22]
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has made it necessary to find the putative proteins that
trigger these neurological disorders [23]. IRS-1, a putative
target of known relevance to proper brain function, is found
to be inhibited in AD brains [24].

Insulin-mediated AD pathology
Insulin receptor deficiency and aberrant insulin signaling
in AD was first reported by Frolich and colleagues [25].
Their results were further strengthened when cerebrospinal fluid (CSF) of AD and mild cognitive impairment (MCI) patients showed reduced levels of insulin [4].
Reduced levels of insulin and IGF-1 polypeptide and
receptor genes have been linked to advanced stage AD. It
was observed that AD brains presented perturbed insulin
and IGF-1-mediated neuronal development and mitochondrial dysfunction [26]. Evidence has suggested neurodegeneration of insulin and IGF-1 receptor-bearing
neurons to precede or accompany initial stage of AD [11,
27]. This insulin-mediated neurodegeneration progresses
with AD such that, in the later stages, it becomes global
[26].
Role of insulin has also been suggested in the development of AD pathology markers [28]. The regulation of
tau phosphorylation, one of the characteristic hallmarks of
AD [29], is demonstrated to be governed by b-N-acetylglucosamine (GlcNAc)-mediated O-GlcNAcylation which
inversely affects tau phosphorylation. Impaired glucose
metabolism, one of the features of AD, has been linked
with down regulation of O-GlcNAcylation consequently
leading to tau hyperphosphorylation [30]. Furthermore, due
to insulin deficiency, glycogen synthase kinase (GSK-3)
remains inactivated (unphosphorylated), thereby leading to
tau hyperphosphorylation, as shown in Fig. 1 [31]. Duration of diabetes has been demonstrated to positively correlate with neuritic plaques [32].
Acetylcholine deficiency has long been recognized as an
early irregularity in AD [33] which has now also been
linked to insulin resistance [12]. Acetylcholine transferase
(ChAT), involved in Ach synthesis is expressed in insulin
and IGF-I receptor-positive cortical neurons [34]. Insulin
deficiency and resistance have been linked to decreased
ACh level owing to underlying reduced ChAT expression
[35]. Reduced ChAT co-localization has been documented
in insulin receptor-bearing neurons of AD patients [26].
Hippocampi of non-diabetic AD patients have shown an
increase in the levels of peripheral insulin resistance
biomarkers [36]. This established a link between aberrant
insulin signaling and dementia [34, 37]. In this regard antidiabetic agents-mediated prevention of hypoglycemic
events can be a potential strategy to reduce cognitive
decline and dementia [38].
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Fig. 1 Insulin receptor
signaling. Insulin binds to and
activates the membrane-bound
insulin receptor (IR) tyrosine
kinase, which consists of two asubunits and two b-subunits
forming an a2b2
heterotetramer. Receptor
autophosphorylation and
subsequent phosphorylation of
IRS activates PI3K. PI3K
further activates GSK-3 hence
leading to glycogen synthesis.
During conditions of
insufficient insulin, GSK-3
remains inactivated.
Unphosphorylated GSK-3 leads
to tau phosphorylation and Ab
accumulation, the characteristic
hallmarks of AD

Impairment in energy metabolism with attendant
increased oxidative stress and cognitive deterioration may
be due to perturbation in the insulin/IGF signaling [39]
where progressive brain insulin/IGF resistance tends to
increase the expression of cerebral inflammatory mediators
in AD. Aberrant insulin/IGF signaling-mediated increased
oxidative stress and mitochondrial dysfunction enhance the
APP gene expression level while APP-Ab deposition-mediated neurotoxicity further positively regulates oxidative
stress-induced APP-Ab deposition [8] (Fig. 2).
Evidences regarding underlying shared cascade that
governs both AD and diabetes have extensively been
reviewed [40, 41]. Impaired insulin signaling and inflammation appear to be shared processes in diabetes mellitus
(DM) and AD. It was hence inferred that events analogous
to those that result in peripheral insulin resistance in type 2
diabetes mellitus (T2DM) likely underlie aberrant insulin
signaling in AD.
In T2DM, c-Jun N-terminal kinase (JNK) pathway is
stimulated by TNF-a cascade [42] thereby initiating
peripheral insulin resistance [43]. Likewise, in cultured
hippocampal neurons and AD mouse models Ab oligomers
via activating the TNF-a/JNK pathway causes IRS-1
inhibition [44–46]. Following intracerebroventricular
(i.c.v.) administration of Ab oligomers, hippocampi of
cynomolgus monkeys showed JNK activation and IRS-1
inhibition. Likewise, elevated IRS-1pSer and activated
JNK levels have been reported in AD brains following
postmortem analysis [36, 45]. Oligomer-mediated internalization of neuronal IRs [43] may facilitate IRS-1pSer

following IR displacement from the cell surface. Insulin
prevents both, Ab oligomers-induced IR downregulation
[47] and IRS-1pSer [45].
Insoluble Ab fibrils, generated by self-association of Ab
in AD brains [48] were initially thought to cause neuronal
loss (hence, memory loss). Overwhelming evidence in
recent past has however indicated otherwise. Of clinical
relevance, MCI-negative individuals presented brain Ab
deposition while, conversely, individuals displaying cognitive deterioration lacked Ab load [49]. Moreover, it was
suggested that synapse loss rather than amyloid burden, is
the best correlate of the extent of dementia [50]. This led to
the conclusion that a factor other than fibrillar Ab mediates
synapse and cognitive impairment.
Lambert and coworkers demonstrated that Ab self-aggregation forms neurotoxic-soluble oligomers. These oligomers are not easily observed in pathological examination
[51]. AD hippocampi analysis also revealed the presence of
oligomers at the postsynapse [52]. Increased levels of Ab
oligomers were reported in CSF and AD brains [53, 54]. It
was hypothesized that synapse failure and neuronal dysfunction are primarily mediated by Ab oligomers [55, 56].
NMDA- and AMPA-type glutamate receptors, involved in
synaptic plasticity [57, 58], upon oligomer exposure, are
removed from the cell surface indicating a broad impact of
oligomers on synapses. Oligomers; also implicated in ADassociated neuropathology, activates the signaling pathways that lead to abnormal tau phosphorylation [59] and
oxidative stress [60]. Ab oligomers, therefore, through
altered neuronal IR function, mediates synaptic
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Fig. 2 Developmental profile
of AD pathology. The schematic
illustration depicts perturbed
insulin signaling resulting in
oxidative stress and
mitochondrial dysfunction.
Oxidative stress and attendant
mitochondrial dysfunction
further lead to APP gene
expression and consequent
APP-Ab deposition. APP-Ab
deposition positively regulates
the oxidative stress-mediated
APP-Ab deposition

dysfunction and neuronal pathology. This provides a basis
for brain insulin resistance in AD and is likely connected to
impaired learning and memory in disease.
Defective insulin signaling seems to be intimately linked
to Ab oligomers. The first evidence demonstrated that Ab
oligomers bind to hippocampal neurons thereby displacing
IRs from the plasma membrane [43, 47]. This was subsequently verified in AD brains [9, 61]. Elevated IR levels in
cell bodies of neurons with oligomers attached to their surface suggested a subcellular redistribution of IRs [62]. This
redistribution and internalization of IRs mediates decreased
responsiveness to insulin. The latter has been revealed by
impaired insulin-induced receptor protein tyrosine kinase
activity in oligomer-exposed cultured neurons [43].

Evidence of insulin resistance in AD
From the past couple of decades, evidence is being gathered by producing diabetes agent-induced experimental
AD animal models. In spite of several factors known to
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trigger AD, overwhelming evidence suggests involvement
of cerebral insulin/IGF resistance in MCI, dementia, and
AD [37, 63–65]. Cerebral insulin, agreed to be of pancreatic origin, is known to modulate synaptic plasticity that
regulates learning and memory. It has been shown to
induce memory consolidation, retrieval and extinction of
contextual memory via phosphatidylinositol 3-kinase
(PI3K) pathway [31]. AD association with increasing
brain insulin resistance in the absence of T2DM, indicates
primary impaired insulin signaling [9, 37, 64].
Cognitive impairment in rats following i.c.v. injections
of streptozotocin (STZ), with deficits in spatial memory,
insulin resistance, and insulin deficiency further consolidates the hypothesis of AD being a type 3 diabetes [66].
AD hallmarks, including tau hyperphosphorylation, APPAb deposition, and decreased neuronal survival have been
recapitulated by STZ. Downstream effects of STZ-induced
impaired insulin and IGF signaling in the CNS could be
responsible for this. Craft et al. have suggested that progressive insulin resistance, accompanied by reduced cerebral glucose metabolism and subtle cognitive impairments
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at initial AD stages, may serve as a marker of AD even
before the onset of MCI [6].
Results from i.c.v. injection of STZ have demonstrated reduced glucose metabolism, oxidative stress, IR
dysfunction, and cognitive impairment [67]. Reduced
expression of insulin and IR encoding genes has been
linked to STZ. Striking evidence of STZ-induced brain
atrophy, increased tau phosphorylation, and APP-Ab
deposition was demonstrated by De la Monta et al. [68].
Moreover, low-dose nitrosamines exposure has been
shown to induce cognitive impairment, AD-type neurodegeneration, and brain insulin resistance [69], similar to the
effects of STZ. This may account for progressive increase
in sporadic AD (Type 3 diabetes) prevalence rates, since
environmental exposures such as nitrosamines that contaminate highly processed and preserved foods and have
become staples in our diets [65]. Studies on Tg2576 have
linked increased APP-Ab aggregation to diet-induced
insulin resistance [70]. This increased APP production
coincides with increased amyloid load and poor performance in spatial water maize task [71]. These findings
establish that cerebral insulin signaling is perturbed in
rodent and non-human primate AD models, by mechanisms
similar to those, governing insulin resistance in DM.
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Conclusion
Initially thought to be an independent disorder, DM and
AD, seemingly have shared pathophysiological mechanisms. Positive results stemming from the results of
(a) development of animal model with diabetes agent-induced insulin-resistant brain state accompanied by cognitive impairment, (b) anti-diabetes agent-induced reversal of
insulin signaling-associated neurodegenerative effects
suggest AD to be a neuroendocrine disorder.
Insulin and IGF signaling impairment, with attendant
inflammatory mediators, oxidative stress, and impaired
mitochondrial function contribute to AD-associated neurodegeneration. Owing to common underlying pathological
cascade governing AD and DM, AD could be rightfully
referred to as Type 3 diabetes thereby indicating that
common therapeutic intervention could be effective. Currently a number of clinical trials based on testing effectiveness of anti-diabetic drugs against Alzheimer’s are
being conducted. The results, if positive, would pave ways
for potential new pharmacotherapy for AD patients.
Compliance with ethical standards
Conflict of interest The authors have no conflict of interest pertaining to this review.

Anti-diabetics—a promising solution for AD
patients

References

Alzheimer’s disease pathology, recapitulated by treatment
with diabetes agents led to the hypothesis that AD pathology
and cognitive deterioration could be reduced by treatment
regime involving anti-diabetic agents such as peroxisome
proliferator-activated receptor (PPAR) agonists [68]. PPARc,
a neuromodulator, has been implicated in the pathogenesis of
both DM and AD. PPARc agonists, thiazolidinediones, have
been shown to improve insulin resistance. Treatment with
rosiglitazone yielded positive relation between insulin levels
and cognition as compared with placebo. This was proved by
the fact that IR expression and binding were significantly
enhanced by the PPAR-agonist treatment [72].
Intranasal insulin administration exhibited improvement
in memory [73] and attention on the 21st day of treatment.
Likewise, Exendin-4 has been documented to activate
pathways common to insulin signaling via glucagon-like
peptide 1 (GLP-1) receptor simulation. This in turn has
shown to block insulin signaling impairment in hippocampal cultures [45]. Exendin-4 in transgenic (Tg) mice
thus reverses insulin-mediated AD pathology and cognitive
improvement [74]. These results reflect paradigm shift
regarding AD pathogenesis, i.e., AD is mediated by perturbed insulin signaling owing to underlying insulin resistance and insulin deficiency in the brain.

1. Selkoe DJ (2001) Alzheimer’s disease: genes, proteins, and
therapy. Physiol Rev 81:741–766
2. Ashe KH, Zahs KR (2010) Probing the biology of Alzheimer’s
disease in mice. Neuron 66:631–645
3. Hardy J, Selkoe DJ (2002) The amyloid hypothesis of Alzheimer’s disease: progress and problems on the road to therapeutics.
Science 29:353–356
4. Gil-Bea FJ, Solas M, Solomon A, Mugueta C, Winblad B,
Kivipelto M et al (2010) Insulin levels are decreased in the
cerebrospinal fluid of women with prodomal Alzheimers disease.
J Alzheimers Dis 22:405–413
5. Markesbery WR (1997) Oxidative stress hypothesis in Alzheimer’s disease. Free Radic Biol Med 23:134–147
6. Craft S, Cholerton B, Baker LD (2013) Insulin and Alzheimer’s
disease: untangling the web. J Alzheimers Dis 33:S263–S275
7. Zhu X, Perry G, Smith MA (2005) Insulin signaling, diabetes
mellitus and risk of Alzheimer disease. J Alzheimers Dis 7:81–84
8. de la Monte SM, Wands JR (2005) Review of insulin and insulinlike growth factor expression, signaling, and malfunction in the
central nervous system: relevance to Alzheimer’s disease.
J Alzheimers Dis 7:45–61
9. Steen E, Terry BM, Rivera EJ, Cannon JL, Neely TR, 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
10. Craft S (2012) Alzheimer disease: insulin resistance and AD—
extending the translational path. Nat Rev Neurol 8:360–362
11. Iwangoff P, Armbruster R, Enz A, Meier-Ruge W (1980) Glycolytic enzymes from human autoptic brain cortex: normal aged
and demented cases. Mech Ageing Dev 14:203–209

123

1768
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