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The microtubule-associated protein tau (MAPT) is mainly identified as a tubulin binding
protein essential for microtubule dynamics and assembly and for neurite outgrowth.
However, several other possible functions for Tau remains to be investigated. Insulin
signaling is important for synaptic plasticity and memory formation and therefore is
essential for proper brain function. Tau has recently been characterized as an important
regulator of insulin signaling, with evidence linking Tau to brain and peripheral insulin
resistance and beta cell dysfunction. In line with this notion, the hypothesis of Tau
pathology as a key trigger of impaired insulin sensitivity and secretion has emerged.
Conversely, insulin resistance can also favor Tau dysfunction, resulting in a vicious
cycle of these events. In this review article, we discuss recent evidence linking Tau
pathology, insulin resistance and insulin deficiency. We further highlight the deleterious
consequences of Tau pathology-induced insulin resistance to the brain and/or peripheral
tissues, suggesting that these are key events mediating cognitive decline in Alzheimer’s
disease (AD) and other tauopathies.

Keywords: insulin resistance, tau protein, MAPT, Alzheimer’s disease, tauopathy, cognitive decline, diabetes

INTRODUCTION

Tau protein was first isolated from the porcine brain as a factor essential for microtubule
assembly (Weingarten et al., 1975). Eleven years after its first characterization, Tau was
shown to be a component of paired helical filaments (PHFs), the main constituents of
Neurofibrillary tangles (NFTs) in the Alzheimer’s disease (AD) brain (Grundke-Iqbal et al.,
1986). The need to understand the role of Tau in AD and other tauopathies resulted in
years of studies focusing on the pathological role of this protein and therefore, currently there
exists a gap in what we know about the physiological functions of Tau. Bridging this gap
will be instrumental to better comprehend the contribution of this protein to disease states.

Abbreviations: Aβ, Amyloid β; AD, Alzheimer’s disease; CSF, Cerebrospinal fluid; FTD, Frontotemporal dementia;
GSK3β, Glycogen synthase kinase 3 β; NFTs, Neurofibrillary tangles; PHFs, Paired helical filaments; PTEN, Phosphatase
and tensin homolog protein; PTMs, Post-translational modifications; AkT, Protein kinase B; SH3, Src homology 3; T2D,
Type 2 diabetes.
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Tau is a natively soluble and unfolded protein that undergoes
a variety of post-translational modifications (PTMs), which
directly or indirectly modulates its physiological and pathological
functions. Phosphorylation is the most common PTM described
for Tau, and Tau has 85 different phospho-sites (Guo et al.,
2017). A proper balance in the number of phosphorylated
and dephosphorylated residues of Tau favors its classical
physiological role in neurite outgrowth, axonal transport and
microtubule dynamics. In addition, due to its scaffolding
property, Tau can bind to a variety of proteins, therefore
impacting multiple physiological functions (Meier et al., 2015;
Suzuki and Kimura, 2017; Zhou et al., 2017; Stefanoska et al.,
2018). Many of these interactions still remain to be uncovered.
Under pathological conditions, an imbalance between the
activities of kinases and phosphatases originates high levels of
abnormally phosphorylated Tau, which have reduced affinity
to microtubules and results in cytoskeleton destabilization. In
addition, Tau hyperphosphorylation induces its missorting from
axons into somatodendritic compartments, which is linked
to synaptic dysfunction and cell death (Guo et al., 2017).
Highly phosphorylated Tau self-assembles into PHFs and then
NFTs, insoluble dense intracellular lesions considered a key
hallmark of important human neurodegenerative disorders, such
as AD, frontotemporal dementia (FTD), and other Tauopathies
(Goedert and Spillantini, 2011).

In this review article, we discuss recent findings suggesting
a novel physiological function for Tau protein as a regulator
of insulin signaling in the brain and in peripheral tissues,
and we further discuss the possible implications of Tau
pathology-induced insulin resistance to cognition. A thorough
understanding of the mechanisms linking Tau and insulin
signaling becomes important when elucidating the increased risk
of dementia associated with diabetes.

Tau PROTEIN AND INSULIN SIGNALING IN
THE BRAIN

Insulin, the main regulator of glucose homeostasis and
metabolism, is also crucial for a variety of different brain
functions such as synaptic plasticity, learning and memory
(Duarte et al., 2012; Fernandez and Torres-Alemán, 2012;
De Felice, 2013; Kleinridders et al., 2014). In addition to
its classical role as a microtubule-stabilizer, Tau acts as a
scaffolding protein and interacts with components of the insulin
signaling pathway in the brain. The N-terminal portion of Tau
can bind to Src homology 3 (SH3) domains of Src family
tyrosine kinases, which include domains from the p85alpha
subunit of phosphatidylinositol 3-kinase (PI3K), a key protein
in the insulin signaling pathway (Reynolds et al., 2008).
Co-immunoprecipitation studies using wild-type (WT) mouse
brain tissue and N1E115 cells transfected with WT human Tau
reported that Tau binds to phosphatase and tensin homolog
protein (PTEN), a negative regulator of insulin transduction
that catalyzes the dephosphorylation of phosphatidylinositol
(3,4,5)-triphosphate (PIP3) resulting in the formation of
phosphatidylinositol (4,5)-diphosphate (PIP2). Therefore, by
interacting with PTEN, Tau reduces its activity and favors

insulin signaling (Marciniak et al., 2017). These studies raise the
possibility that the ability of insulin to maintain proper brain
activity depends on Tau and, conversely, pathological forms of
Tau could be deleterious due to a loss of proper protein function.
This idea was corroborated by a study showing that Tau deletion
impaired hippocampal insulin sensitivity (Marciniak et al., 2017).
Tau ablation in mice further resulted in deficits in long-term
potentiation and contextual fear conditioning responses (Ahmed
et al., 2014). In another study, the knockout (KO) of Tau in a
mouse of B6129PF1/J background strain induced age-dependent
defects in short-term memory and in synaptic plasticity (Biundo
et al., 2018).

Impaired brain insulin signaling has been consistently
associated with cognitive decline in animal models and in
humans (Moloney et al., 2010; Bomfim et al., 2012; Craft et al.,
2012, 2017; Lourenco et al., 2015; Benedict and Grillo, 2018).
Under pathological conditions, loss of physiological function
when Tau is hyperphosphorylated may trigger impairments
in insulin signaling that will negatively impact the brain.
The ability of Tau to interact with SH3 domains inversely
correlates with its phosphorylated levels (Reynolds et al.,
2008), suggesting that the scaffolding properties of Tau are
regulated by its phosphorylation status. Moreover, increased Tau
phosphorylation and decreased insulin signaling was observed
in the hippocampus of middle-aged (17 months) rats, and
it was linked to deficits in spatial learning (Kuga et al.,
2018). In another study, hyperphosphorylated Tau-containing
neurons from insoluble fractions of post-mortem AD and other
tauopathies were shown to contain insulin accumulated as
oligomers (Rodriguez-Rodriguez et al., 2017). In this study,
the authors showed that the intraneuronal accumulation of
insulin was associated with impairments in insulin signaling,
characterized by reduced neuronal insulin receptor expression,
as well as decreased downstream components of the insulin
signaling pathway, such as phosphorylated protein kinase B
(AkT). Studies using animal models that develop Tau pathology
are warranted to determine whether impaired synaptic function
and insulin signaling are a result of Tau loss of function due to
Tau aggregation.

The loss of function hypothesis for Tau toxicity also extends
to the findings in clinics. Reduced brain levels of soluble Tau
are characteristic of the most common pathological variant
of FTD, known as dementia lacking distinctive histopathology
(DLDH). In these cases, reduced soluble Tau and the absence of
insoluble or fibrillary Tau inclusions are associated with disease
severity (Zhukareva et al., 2003). Proteomic analysis has found
a high correlation between reduced Tau protein levels, synaptic
impairment and reactive gliosis in FTD cases (Papegaey et al.,
2016).

Although the influence of Tau pathology on insulin signaling
is not completely understood, it is known that insulin resistance
can induce Tau hyperphosphorylation and cognitive decline in
human and in animal models (Deng et al., 2009; El Khoury
et al., 2014; Yarchoan et al., 2014; Benedict and Grillo, 2018).
Systemic insulin resistance was linked to poorer performance
on cognitive tests and higher levels of cerebrospinal fluid (CSF)
phosphorylated and total Tau in cognitively normal individuals
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(Laws et al., 2017). Conversely, systemic insulin resistance
was only associated with higher CSF levels of phosphorylated
and Total Tau when the presence of the APOE e4 allele
was considered (Starks et al., 2015). One of the mechanisms
underlying this event involves the glycogen synthase kinase 3 β

(GSK3β), a Tau kinase regulated by insulin via the AkT pathway
(Welsh and Proud, 1993). Impaired brain insulin signaling, either
as a result of insulin resistance due to the chronic exposure
of neurons to high levels of insulin (Kim et al., 2011), or as
a result of eventual decrease in brain insulin levels, triggers
a reduction in AkT phosphorylation that leads to an increase
in GSK3β activity and ultimately Tau phosphorylation (Zhang
et al., 2018). Insulin can also affect phospho-Tau levels by
decreasing the activity of Tau phosphatases (Gratuze et al., 2017).
Protein phosphatase 2 (PP2A) is the primary Tau phosphatase
implicated in AD, the activity of which is suppressed by insulin
administration in humans and animals (Gong et al., 1995; Kins
et al., 2001; Vogelsberg-Ragaglia et al., 2001). It remains to
be investigated if defective insulin signaling, or tau pathology
comes first in the disease pathogenesis. Our hypothesis is that
it is individual specific. Regardless, in both cases, dysfunctional
Tau protein and insulin signaling would aggravate each other
and prompt or exacerbate cognitive decline in AD and other
tauopathies.

In addition to insulin, insulin-like growth factors (IGFs)
are important for the regulation of physiological functions
such as glucose and energy metabolism, and they play crucial
metabolic and neurotrophic roles in the brain (Gasparini and Xu,
2003; Sharma et al., 2016). The administration of IGFII in rats
enhanced memory retention and prevented memory impairment
(Chen et al., 2011). Serum levels of IGF1 reduces with aging
and correlates with cognitive performance of individuals in
the Mini Mental State Examination (MMSE) and in other
neuropsychological assessments (Rollero et al., 1998; Kalmijn
et al., 2000; Dik et al., 2003; Landi et al., 2007; Al-Delaimy
et al., 2009; Angelini et al., 2009). Moreover, lower levels of
IGF1 are both a risk factor and a feature of AD (Mustafa
et al., 1999; Steen et al., 2005; Talbot et al., 2012; Westwood
et al., 2014). Intriguingly, IGF proteins have been shown to
regulate Tau phosphorylation in vivo (Schubert et al., 2003) and
in vitro (Hong and Lee, 1997; Lesort et al., 1999; Lesort and
Johnson, 2000), with the brain IGFI null mouse having increased
hyperphosphorylated Tau when compared to WT animals
(Cheng et al., 2005). Therefore, considering our hypothesis of
Tau loss of function when this protein is hyperphosphorylated
and aggregated in pathological conditions, it is likely that
dysfunctional Tau is also a consequence of impaired IGF
signaling in AD and other tauopathies. Moreover, because
insulin and IGF signaling pathways share common intracellular
components, it is possible that in disease, Tau loss of function
affects IGF signaling. However, the association between the IGF
system and Tau loss of function still needs to be investigated.

Apart from intracellular Tau, the existence of extracellular
forms of Tau protein has been reported. The secretion of Tau via
direct translocation across the plasma membrane was observed
in neuroblastoma and in Chinese hamster ovary (CHO) cells
overexpressing Tau constructs. In another study, Tau protein

was released via exosomes by primary neuronal cultures and
N2a cells overexpressing Tau constructs (Wang et al., 2017).
While our current knowledge on the physiological functions
of intracellular Tau is expanding, less is known about the role
of extracellular Tau in physiology. A recent study has argued
that the secretion and transfer of Tau between neurons is a
physiological process rather than a disease-specific event (Evans
et al., 2018). However, Tau secretion was shown to increase
with Tau phosphorylation (Katsinelos et al., 2018), leading to
the hypothesis that pathological Tau is secreted as a consequence
of its reduced affinity to MTs when abnormally phosphorylated.
Indeed, the exposure of neuroblastoma cells (SH-SY5Y) to
conditioned medium from activated humanmicroglia, caused an
increase in the production and secretion of Tau (Lee et al., 2015),
reinforcing the idea that neuroinflammation may impact Tau
pathogenesis (Laurent et al., 2018). Therefore, with inflammation
as a feature of the metabolic syndrome, a detrimental cycle
might arise escalating both neurodegeneration and metabolic
dysfunction in Tauopathies.

Neuronal-derived exosomes of total plasma from AD subjects
presented increased levels of pIRS-1Ser312, a marker of insulin
resistance, detected as early as 10 years before clinical onset
of AD (Kapogiannis et al., 2015). In other studies, neuronal-
derived exosomes in plasma of AD patients had higher levels
of phosphorylated Tau (Abner et al., 2016), and the ratio of
oligomeric to total Tau was higher in the CSF of AD patients
(Sengupta et al., 2017). Despite the detection of markers of both
Tau pathology and insulin resistance in exosomes derived from
AD patients, it still remains to be elucidated how these species
interact with each other regarding cause and consequence, their
potential to act as trans-synaptic transmitter of pathology across
neurons and their implication on brain function.

Tau PROTEIN AND INSULIN SIGNALING IN
PERIPHERAL TISSUES

A recent publication suggested that Tau in the brain can
efflux into the blood and can be cleared in the periphery, and
therefore, a chronic increase of peripheral Tau clearance can
reduce pathological Tau accumulation, neurodegeneration, and
neuroinflammation in the brain (Wang et al., 2018). Tau is
cleared in kidney and liver under physiological conditions in
both human and mice. Therefore, compromised kidney and
liver function might impede Tau clearance from the brain and
thereby contribute to neurodegeneration. Insulin resistance has
been suggested to contribute to kidney dysfunction and may also
lead to non-alcoholic fatty liver disease during type 2 diabetes
(T2D; De Cosmo et al., 2013;Mohamed et al., 2016), providing an
additional mechanism by which T2Dmay contribute to cognitive
dysfunction.

While Tau has played a primary role in the pathogenesis
of some neurodegenerative diseases and has been extensively
studied in the context of the brain, Tau has only recently been
proposed to play a role in peripheral metabolic regulation. Recent
work by our group and others has shown that Tau is highly
expressed in pancreatic islets, in insulin-secreting beta cells
(Bharadwaj et al., 2017; Wijesekara et al., 2018). Interestingly,
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mice with a global KO of Tau show an increase in body
weight and defects in glucose-stimulated insulin secretion and
impaired glucose tolerance at a very young age (Wijesekara et al.,
2018). A recent study also showed central insulin resistance
in Tau KO animals, proposing that impaired insulin signaling
in the hypothalamus, the main regulator of body weight, is a
possibility. In accordance with this last hypothesis, Tau ablation
inhibited the anorexigenic effects of insulin when delivered icv
in mice (Marciniak et al., 2017). Mice with genetic deletion
of insulin receptors in the brain [i.e., neuron-specific IR KO
(NIRKO)] exhibit diet-sensitive obesity, increased food intake,
and insulin resistance (Brüning et al., 2000). Moreover, brain
insulin resistance typically results in increased hypothermia,
augmented hepatic glucose output and impaired response to
hypoglycemia (Kleinridders et al., 2014), all characteristics
mirrored in the Tau KO animals, clearly suggesting the presence
of reduced brain insulin signaling in these animals. While the
effects on beta cell function could be a consequence of this,
modulated by alterations in leptin levels, it was also evident
that Tau plays a direct role in insulin production and secretion
in these cells (Maj et al., 2016; Wijesekara et al., 2018). As a
microtubule binding protein, Tau may be important for insulin
granule movement to or sequestration at the plasma membrane
mediating insulin secretion, and movement of proinsulin from
the endoplasmic reticulum to the Golgi and subsequently to
the insulin granule mediating insulin synthesis. In addition, one
previous study suggested that Tau may also regulate insulin gene
transcription (Maj et al., 2016).

Interestingly, elevated levels of Tau phosphorylation
have been reported in the pancreas of patients with T2D
(Miklossy et al., 2010), and recently, we showed significant Tau
hyperphosphorylation in pancreatic islets from a transgenic
mouse model of AD and T2D (Wijesekara et al., 2017).
Whether this contributes to diabetes pathogenesis or is a
consequence of diabetes itself remains to be understood. During
diabetes, PI3 kinase pathway is typically down-regulated and
therefore, GSK3 activity may be up-regulated, which could
drive phosphorylation of Tau in diabetes (Hooper et al.,
2008). Indeed, in pancreatic beta cell-derived rodent cell
line, RIN-5F, inhibition of P13K was shown to increase Tau
phosphorylation (Maj et al., 2016). Furthermore, it has been
suggested that hypothermia, a consequence of insulin resistance
could also drive Tau phosphorylation (El Khoury et al., 2016).
Conversely, since hyperphosphorylated Tau may contribute to
microtubule disassembly, changes in mitochondrial dynamics
and inflammation (Beharry et al., 2014; Laurent et al., 2018),
pathological Tau likely further contribute to beta cell dysfunction
and insulin resistance. Regardless, the end result is an eventual
reduction in insulin secretion, therefore, lower brain insulin
levels leading to further aggravation of synaptic and cognitive
impairments.

Although we were unable to observe appreciable expression
of Tau in both mouse skeletal muscle and fat tissue (Wijesekara
et al., 2018), its expression was shown in rat skeletal muscle
in a previous study (Gu et al., 1996). An important feature
of T2D is impaired glucose transport into skeletal muscle
and adipose tissue, which is facilitated by GLUT4 glucose

transporter translocation to the plasma membrane. While some
have suggested that an intact microtubule system is important
for the insulin-induced actin remodeling prior to the transporter
translocation, some studies using agents that inhibit microtubule
polymerization has suggested against this (Fletcher et al., 2000;
Olson et al., 2001; Liu et al., 2013). Nonetheless, it has been
shown that GLUT4 storage vesicles travel along microtubules
via kinesins and actin filaments, from the perinuclear region,
bringing them into close proximity with the plasma membrane
SNARE proteins (Tunduguru and Thurmond, 2017). Newly
formed GLUT4 vesicles also are transported from the plasma
membrane to the cell interior by the microtubule-based motor
protein dynein. However, it has been shown that heterologous
overexpression of Tau protein, despite being localized to
microtubules in 3T3-L1 adipocytes, delays the initial appearance
of GLUT4 at the cell membrane following insulin stimulation
(Emoto et al., 2001). This is in accordance with the view that
excess Tau blocks axonal transport due to interference with
motor proteins (Mandelkow et al., 2003). If Tau is indeed
a critical regulator of GLUT4 movement in insulin-sensitive
tissues, reduced glucose uptake into these tissues may have
contributed to the early development of hyperglycemia in Tau
KO mice and remains to be explored in future studies.

Current data suggests that there is clearly a role of Tau in
peripheral tissue, particularly in regulating glucose homeostasis.
However, the mechanisms linking central insulin resistance
and peripheral Tau hyperphosphorylation and the metabolic
consequences remain largely unknown. There are many factors
that require consideration such as the impact of brain
insulin resistance, particularly the hypothalamus on peripheral

FIGURE 1 | Tau pathology as a mediator of insulin resistance and cognitive
and metabolic alterations. Under pathological conditions, Tau loss of function
can negatively impact the brain and peripheral tissues, such as skeletal
muscle, adipose tissue and pancreas. In this review article, we explore the
hypothesis of Tau pathology being a key inductor of insulin resistance and
beta cell dysfunction in Alzheimer’s disease (AD) and other tauopathies. When
defective insulin signaling is present in the brain, it triggers neurodegeneration
and cognitive decline. On the other hand, when it is present in peripheral
tissues, it leads to a diabetes-like phenotype. Inflammation, oxidative stress,
hormonal dysregulation and neurotransmitter imbalance are mechanisms that
can lead to/aggravate Tau pathology-induced alterations in insulin
signaling/secretion in the brain and in the periphery, which are further
associated with cognitive defects.
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metabolic regulation, especially in the context of feeding
behavior, body temperature regulation, energy expenditure;
influence of pathological Tau on hormone regulation such as
leptin and ghrelin and their impact on metabolism; direct
changes to the microtubule system in individual tissues; and
impact of gluco- and lipo-toxicity and peripheral insulin
resistance and inflammation. Regardless, even with limited data,
it is becoming quite clear that we cannot fully comprehend
neurodegeneration without fully understanding the physiological
roles of its key players such as Tau within the periphery.

CONCLUSION

Tau pathology has emerged as a trigger of insulin resistance and
insulin deficiency in the brain and peripheral tissues, and it is
suggested to be an early event in the pathogenesis of AD and
other tauopathies, representing a promising therapeutic target
capable of interfering with disease progression. Impaired insulin
signaling can also trigger Tau pathology, sustaining a vicious
cycle, with cognitive decline being the end result as illustrated
in Figure 1. However, it remains to be elucidated whether
impaired insulin signaling, or Tau pathology comes first in AD
pathogenesis and other tauopathies.

The molecular mechanisms of how Tau impairs insulin
signaling and insulin secretion also remains to be better
investigated and might involve loss of Tau function or
indirect mechanisms such as inflammation, oxidative stress or
changes in hormone/neurotransmitter release. Regardless, it is
becoming apparent that Tau may be an important link between

neurodegeneration and diabetes and while Tau KOmice provide
a good foundation for these studies, future experiments need
to be geared towards understanding these phenomena at a
whole-body level using transgenic Tau hyperphosphorylation
models and tissue-specific Tau KO animals.
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