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Abstract

Alzheimer’s disease (AD) is the most prevalent neurodegenerative disorder worldwide. While the
causes of AD are not known, several risk factors have been identified. Among these, type 2
diabetes (T2D), a chronic metabolic disease, is one of the most prevalent risk factors for AD.
Insulin resistance, which is associated with T2D, is defined as diminished or absent insulin
signaling, and is reflected by peripheral blood hyperglycemia and impaired glucose clearance. In
this study, we used complimentary approaches to probe for peripheral insulin resistance, central
nervous system (CNS) insulin sensitivity and energy homeostasis in Tg2576 and 3xTg-AD mice,
two widely used animal models of AD. We report that CNS insulin signaling abnormalities are
evident months before peripheral insulin resistance. Additionally, we find that brain energy
metabolism is differentially altered in both mouse models, with the 3xTg-AD mice showing more
extensive changes. Collectively, our data suggest that early AD may reflect engagement of
different signaling networks that influence CNS metabolism, which in-turn may alter peripheral
insulin signaling.
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1. Introduction

Alzheimer’s disease (AD) is the most prevalent neurodegenerative disorder worldwide.
Clinically, AD is characterized by impairments of memory and cognitive functions that
affect a person’s ability to perform activities of daily living (Alzheimer’s Association, 2016;
LaFerla and Oddo, 2005). Accumulation of amyloid-p (Ap) and neurofibrillary tangles are
the prominent neuropathologies in AD patients (Querfurth and LaFerla, 2010). Currently,
5.4 million Americans are affected by AD, and this number is expected to rise to 13.8
million by 2050 (Alzheimer’s Association, 2016). Several genetic and environmental risk
factors (APOE4 inheritance, Down syndrome, age, education, lifestyle, etc.) contribute to
the prevalence of AD (Alzheimer’s Association, 2016; Grober et al., 2008; Head et al., 2016;
Kivipelto et al., 2002; Moll et al., 2014; Wiseman et al., 2015).

Type 2 diabetes (T2D), one of the most prevalent risk factors for AD, is a chronic metabolic
disease that currently affects 21 million Americans (Alex et al., 2012). Peripheral insulin
resistance, a defining feature of T2D, is reflected by fasting levels of hyperglycemia and
impaired glucose clearance in the glucose tolerance test (Boura-Halfon and Zick, 2009a;
Jackson et al., 2017). Insulin resistance manifests as disrupted coupling of insulin and
insulin receptor signaling mediators (Dineley et al., 2014; Gual et al., 2005; Steen et al.,
2005; Tanti and Jager, 2009).

In the CNS, insulin impinges upon its receptor to activate insulin signaling and the
expression of genes that modulate memory (Dineley et al., 2014; Watson and Craft, 2004).
Compelling evidence suggests that insulin resistance and T2D worsen AD pathology and
cognitive deficits (Haan, 2006; Ramos-Rodriguez et al., 2016; Saedi et al., 2016; Sena et al.,
2015; Sheen and Sheu, 2016; Zilliox et al., 2016). To this end, central insulin signaling
dysregulation has been demonstrated in post-mortem hippocampal and cortical samples
from subjects with both mild cognitive impairment (MCI) and early AD (Talbot et al.,
2012a; Watson and Craft, 2004). The insulin receptor (IR), the insulin receptor substrate-1
(IRS-1), the phosphoinositide-dependent kinase-1 (PDK1), and the alpha serine/threonine-
protein kinase (AKT) are regulated through stoichiometric activation/inactivation
phosphorylation profiles and form the components of a highly integrated intracellular insulin
signaling pathway that undergoes diminished function in AD (Boura-Halfon and Zick,
2009a; Galbo et al., 2013, 2011; Gual et al., 2005; Long-Smith et al., 2013; Steen et al.,
2005; Stuart et al., 2014; Talbot et al., 2012; Wang et al., 2009; Yarchoan and Arnold, 2014;
Zhang et al., 2016).

Importantly, although dysfunction in central insulin signaling is evident in MCI and AD
patient post-mortem hippocampal and cortical tissue, it is not certain whether these changes
may occur before or after peripheral insulin resistance. While evidence suggests that insulin
resistance and T2D worsen AD pathology, it is not presumed that all AD patients have
peripheral insulin resistance prior to AD diagnoses. To this end, parsing out the relative
contribution of central and peripheral insulin resistance to dementia and diabetes may lead to
novel targets and treatments.
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The development of preclinical AD animal models has strengthened the notion that insulin
resistance, T2D, and AD are mechanistically linked (Goldstein et al., 2007; Ho et al., 2004;
Pedersen and Flynn, 2004; Rodriguez-Rivera et al., 2011). For example, Tg2576 mice
exhibit increased body weight, fasting hyperglycemia and hyperinsulinemia. These changes
are accompanied by peripheral insulin resistance by 9 months of age (as measured by the
GTT), which coincides with the onset of AR accumulation in the brain (Hsiao et al., 1996;
Pedersen and Flynn, 2004; Rodriguez-Rivera et al., 2011). Further, 14-month-old female
3xTg-AD mice develop insulin resistance, fasting hyperinsulinemia and hyperglycemia
(Vandal et al., 2015). The link between insulin resistance and AD is further strengthened by
data showing that diet-induced insulin resistance exacerbates Ap accumulation, tau
phosphorylation and cognitive impairments, and leads to the development of a diabetes-like
phenotype (Cao et al., 2007; Carvalho et al., 2012; Orr et al., 2014). Thus, numerous
previous studies strongly suggest that AD pathology begets a diabetes-like phenotype;
however, the temporal relationship between CNS insulin signaling dysregulation and
peripheral insulin resistance remains unexplored.

Herein, we report results from studies monitoring the total and phosphorylation status of
several key components of the insulin signaling pathway in Tg2576 and 3xTg-AD mice at
ages prior to and coincident with amyloid deposition. We found evidence that CNS insulin
signaling dysregulation precedes the onset of peripheral insulin resistance in both Tg2576
and 3xTg-AD mice that progresses with age. In contrast, alterations in markers of energy
homeostasis were detected only after the onset of both central and peripheral insulin deficits.
Thus, the common pathology between the two models, aberrant Ap misfolding and
accumulation appears capable of driving CNS insulin signaling dysregulation as well as
peripheral insulin resistance. However, in 3xTg-AD mice markers for CNS insulin resistance
manifest earlier relative to peripheral insulin resistance and progress more aggressively
suggesting that discrepancies between Tg2576 and 3xTg-AD CNS insulin signaling may be
the result of 3xTg-AD genetically-driven tau pathology.

2. Methods & Materials

2.1 Animals

Tg2576 mice were bred by mating heterozygous Tg2576 males, negative for the retinal
degeneration (rd) gene, with C57BI6/SJL (F1) females (Stock No. 100012, Jackson
Laboratory) and genotyped as described in (Jahrling et al., 2014). Details for the generation
and genotyping of 3xTg-AD mice used in the current study were previously reported (Oddo
et al., 2003). Age-matched wildtype (WT) mice served as controls for both lines of AD
preclinical animal models. Tg2576 and 3xTg-AD mice were housed in the University of
Texas Medical Branch (UTMB) and Arizona State University Animal Resource Center
Facilities, respectively. These facilities operate in compliance with the USDA Animal
Welfare Act, the Guide for the Care and Use of Laboratory Animals, under OLAW
accreditation, and IACUC approved protocols. Mice were housed up to 5 per cage, with ad
libitum access to food and water.

Within the 3xTg-AD colony, male mice show high neuropathological variability, even
between littermates. In contrast, female 3xTg-AD mice do not show such large variability
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and their phenotype progresses with age in a predictable manner. Therefore, only female
3xTg-AD mice were used for the experiments described herein. Experimenters were blinded
to genotype during key data acquisition and analysis steps.

2.2 Glucose tolerance test

Tg2576 glucose tolerance data have been published illustrating peripheral insulin resistance
at 9 months of age but not at 5 months of age (Rodriguez-Rivera et al., 2011). Here, we
examined glucose tolerance only in 3xTg-AD mice as previously described (Orr et al., 2014;
Rodriguez-Rivera et al., 2011). Specifically, 3xTg-AD mice were overnight fasted for 16
hours, then were weighed the following morning prior to nicking tails with a fresh razor
blade to measure baseline fasting blood glucose level. All animals received 2 mg/kg glucose
injection into the intraperitoneal (i.p.) cavity. At 15, 30, 45, 60, 90, 120 and 210 minutes
post-injection, blood glucose was sampled from the tail using a TRUEtrack glucose meter
and TRUEtrack test strips (Trividia Health, Fort Lauderdale, FL).

2.3 Immunoblot

Immunoblots were performed on Tg2576 and 3xTg-AD brain homogenates using our
previously described methods (Caccamo et al., 2015; Denner et al., 2012; Dineley et al.,
2001; Sando et al., 2011; Velazquez et al., 2016). Of note, Tg2576 hippocampal tissue was
analyzed, while hippocampal and cortex combined homogenates were used for 3xTg-AD
mice. We focused on the Tg2576 hippocampus as plaque pathology is not yet apparent at 5
months of age and starts to develop at 9 months of age; however, these mice exhibit spatial,
hippocampal-dependent learning and memory deficits at these ages (Ashe, 2006; Rodriguez-
Rivera et al., 2011). 3xTg-AD mice develop a global neurobehavioral phenotype, providing
our rationale for investigating the cortex and hippocampus (Oddo et al., 2003). Equivalent
amounts of protein extract (DC Protein Assay, Bio-Rad) were resolved by SDS-PAGE,
transferred to PVDF membrane (Immobilon, Millipore) or nitrocellulose membranes
(iBlot2, Life Technologies), and probed with the appropriate primary and secondary
antibodies. The amount of protein loaded was chosen to ensure band intensities were in the
linear range (10-40 pug depending on the protein of interest) for densitometry. Equivalent
loading was determined by appropriate loading controls as described in the figure legends.

Western blots of proteins extracted from Tg2576 mice were detected by chemiluminescence
(Advance ECL, GE Healthcare). Film exposures in the linear range for the antigen-antibody
combination were developed with a Kodak imager (Kodak), scanned at 300 dpi, then
numeric band density and background values were acquired using ImageJ software
[National Institutes of Health (NIH)]. Mean density values were normalized for each
immunoblot by dividing each experimental band density by the mean WT control density.

Western blots of proteins extracted from 3xTg-AD mice were imaged/quantified using a
LICOR Odyssey CLx (LI-COR Biosciences) attached to a Dell computer (OptiPlex 7010)
running Windows 7 and Image Studio (version 1.0.11, LI-COR Biosciences). Loading
controls are provided for all immunoblots shown.
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2.4 Antibodies

B-actin (#4967, 1:1000, MW=42kD), AKT (#4056 or #9272, 1:1000, MW=60kD), pAKT
(Thr308, #4056, 1:1000), pAKT (Ser473, #4060 or #9271, 1:10000), AMPK (#2603,
1:1000, MW=62kD), pAMPK (Thr172, #2535, 1:500), GSK-3p (#9315, 1:1000,
MW=47kD), PDK1 (#3062, 1:1000, MW=63kD), pPDK1 (S241, #4056, 1:1000), IRS-1
(#7200, 1:100, MW=180kD), PI3K p85 (#4292, 1:1000, MW=85kD), pPI3K (p85 Tyr485,
#4228, MW= 60-85kD), ERK 1/2 (#9102, 1:1000, MW=44/42kD) were from Cell signaling;
pIRS-1 (Ser612, #44-550G, 1:500) was from Invitrogen. pGSK-3p (Tyr216, #05-413,
1:1000) was from Upstate (Millipore).

2.5 Statistical analyses

Data are reported as mean +/— SEM. Outliers were defined as exhibiting a mean = two
standard deviations from the mean of the group. Repeated measures ANOVAS were used to
analyze the glucose tolerance data. Student’s unpaired t-test was employed for pairwise
comparison between WT and transgenic mice within each age sampled as we utilized a
cross-sectional design. Significance was set to p< 0.05.

3. Results

3.1 Age-dependent onset of peripheral insulin resistance

Tg2576 mice develop age-dependent peripheral insulin resistance as demonstrated by altered
glucose tolerance test (Rodriguez-Rivera et al., 2011; Table 1). To assess changes in
peripheral glucose metabolism in 3xTg-AD mice, we performed a glucose tolerance test in
10- and 16-month-old 3xTg-AD and age-matched wildtype (WT) mice. At both of these
ages, 3xTg-AD mice show cognitive deficits, while they have established extracellular
plaques at 16 but not at 10 months of age (Oddo et al., 2008). We found that fasting glucose
levels at 10 months of age were not significantly different between WT and 3xTg-AD mice
(101.12 +/-7.28 mg/dL for WT and 105.45 +/- 9.01 mg/dL for 3xTg-AD mice); at this age,
the ability of 3xTg-AD mice to restore their glucose levels back to baseline after a bolus of
glucose injected i.p. (time 0 min) was not significantly different compared to WT mice
(Table 1 and Fig. 1A). In contrast, 16-month-old 3xTg-AD mice had significantly elevated
fasting glucose levels (132.154 +/- 5.578 mg/dL) compared to WT mice (82.727 +/- 3.38
mg/dL) and displayed impairments in their ability to restore the elevated glucose levels
during the glucose tolerance test (Fig. 1B). Specifically, glucose levels in 3xTg-AD mice
were significantly higher than WT mice at 15, 60, 90 and 120 minutes after the injection of 2
mg/kg bolus of glucose. The area under the curve (AUC) of a glucose tolerance test provides
a better assessment of glucose tolerance. AUC analysis indicated that glucose tolerance was
not different between 10-month-old 3xTg-AD and WT mice (Fig. 1C). However, at 16
months of age, AUC was significantly higher in 3xTg-AD than WT mice (Fig. 1C). Taken
together, these data suggest peripheral glucose insulin resistance in 16-month-old 3xTg-AD
mice; this finding is consistent with previous reports (Vandal et al., 2015).

Peripheral insulin resistance is often associated with increased body weight and obesity
(Kahn et al., 2006). We therefore measured the body weight of 3xTg-AD and WT mice and
found that 10- and 16-month-old 3xTg-AD mice weighed significantly more than WT mice
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(Fig. 1D). This finding is consistent with previous reports and suggest that weight may be a
contributing factor to peripheral insulin resistance observed in 3xTg-AD mice (Kahn et al.,
2006; Knight et al., 2013).

3.2 Age-dependent dysregulation of CNS insulin signaling

Given that both Tg2576 and 3xTg-AD mice develop peripheral insulin resistance, we
measured components of the CNS insulin signaling pathway to determine whether brain
insulin signaling is dysregulated. Specifically, we measured both total and phosphorylated
levels of receptor substrate 1 (IRS-1) and key mediators of IRS coupling, phosphoinositide
3-kinases (PI13K), phosphoinositide-dependent kinase-1 (PDK1), alpha serine/threonine-
protein kinase (AKT), and glycogen synthase kinase-3 (GSK3-p). We focused on these
proteins because their dysregulation through hypo- and hyper-phosphorylation are
implicated in central insulin resistance (Gual et al., 2005; Pederson et al., 2001; Steen et al.,
2005; Tanti and Jager, 2009). Briefly, insulin binds to the insulin receptor (IR), which in turn
activates IRS-1, whose activity in the brain is necessary for synaptic plasticity and memory
consolidation (Horwood et al., 2006). IRS-1 can then activate PI3K, which is required for a
wide variety of cellular responses downstream of insulin (Alessi and Downes, 1998).
Specifically, phosphorylated IRS recruits the heterodimeric p85/p110 PI3K at the plasma
membrane, where it produces the second messenger phosphatidylinositol-4,5-bisphosphate
3- (PIP3) kinase, which in turn activates a serine/threonine phosphorylation cascade of PH-
domain containing proteins (Alessi and Downes, 1998). PIP3 targets include PDK1, the
serine/threonine protein kinase B (PKB)/Akt, and the atypical protein kinases C C and A
isoforms (Dineley et al., 2014; Vandal et al., 2015). GSK-3p, a convergent target of the
PDK1/AKT pathways, induces glycogen synthesis through the target of rapamycin
complexes to control AMP-activated protein kinase (AMPK), energy metabolism,
mitochondrial function, synaptic plasticity and memory (Cheng et al., 2010; Kleinridders et
al., 2014; Stoica et al., 2011; White, 2003). Notably, these proteins contribute to insulin
resistance through feedback inhibition of IRS (Boura-Halfon and Zick, 2009a; Gual et al.,
2005). This provides a variety of pathways that may compromise insulin signaling and
subsequently insulin resistance.

Here, we used: 5- and 9-month-old Tg2576 mice. At 5 months of age these mice are yet to
develop extracellular Ap plaques, while numerous plaques are readily detected at 9 months
of age (Ashe, 2006). We also used 3xTg-AD mice at 10 months of age, prior to the
development of extracellular Ap plaques, and at 16 months of age, when A plaques are
numerous and present throughout the hippocampus and cortex (Oddo et al., 2003). We found
that, in 5-month-old Tg2576 mice, total IRS-1 levels were similar to those of WT mice;
however, at 9 months of age, after plaques are readily detected in the brain of Tg2576 mice,
IRS-1 levels were reduced compared to age-matched WT mice (Fig. 2A, B). We next
examined IRS-1 levels phosphorylated at Ser612, as increased phosphorylation at this
epitope reduces IRS-1 activity and positively correlates with amyloid oligomers and memory
deficits in MCI and AD (Talbot et al., 2012a). The levels of IRS-1 phosphorylated at Ser612
were unaltered in 5-month-old Tg2576 compared to age-matched WT mice (Fig. 2C). In
contrast, these levels were higher in 9-month-old Tg2576 mice compared to WT, providing a
clear indication of reduced IRS-1 activity and CNS insulin dysregulation.
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In 3xTg-AD mice, we found that total IRS-1 levels were reduced compared to WT mice at
10 months of age, before the onset of plaque deposition (Fig. 2D, E). Paradoxically, in 16-
month-old 3xTg-AD mice with established Ap plaques, IRS-1 levels were significantly
higher than WT mice (Fig. 2D, E). However, the levels of IRS-1 phosphorylated at Ser612
were significantly reduced in 10-month-old but not in 16-month-old 3xTg-AD mice (Fig.
2D, F). The decrease phosphorylation of IRS-1 at Ser612 at 10 months could indicate a
compensatory mechanism to reduce inhibition since IRS-1 total levels are already reduced in
these mice. The elevation in total IRS-1 levels in 16-month-old 3xTg-AD mice may be a
result of structural brain changes accompanied by AD-pathology. Collectively, these results
illustrate dysregulated IRS-1 activity in both mouse models of AD.

To further assess the effects of dysregulated IRS-1 activity on downstream insulin signaling
targets, we next measured total PI3K p85 and phosphorylated levels of pPI3K p85 at Tyr458.
Both 5- and 9-month-old Tg2576 mice show equal levels of total PI3K p85 activity (Figure
3A, B). In contrast, 9-month-old Tg2576 mice, but not 5-month-old mice, show a
significantly elevated level of pPI3K p85 at Tyr458 compared to age-matched WT mice
(Figure 3A, C). These results provide a clear indication of increased PI13K activity, which is
consistent with changes in IRS-1 levels and illustrate CNS insulin dysregulation.

In 3xTg-AD mice, we found no significant differences in total PI3K p85 levels in 10- and
16-month-old mice (Figure 3D, E). Consistent with IRS-1 activity, we found that levels of
pPI3K p85 at Tyr458 are significantly reduced in both 10- and 16-month-old 3xTg-AD mice
compared to age-matched WT mice (Figure 3D, F). This is consistent with dysregulation of
IRS-1 activity before the onset of peripheral insulin resistance in 3xTg-AD mice and
illustrates that CNS insulin resistance preceding peripheral insulin resistance.

To further assess insulin signaling in Tg2576 and 3xTg-AD mice, we measured total and
phosphorylated levels of PDK1, which is phosphorylated by PI3K. Specifically, in 5-month-
old Tg2576 mice, but not in 9-month-old mice, the levels of total PDK1 protein were
significantly increased compared to age-matched WT mice (Fig. 4A, B). Phosphorylation of
PDK1 at Ser241 (pPDK1) activates the catalytic function of this enzyme (Casamayor et al.,
1999). We found that pPDK1 levels were significantly increased in 5-month-old Tg2576
mice compared to age-matched WT mice (Fig. 4A, C). In contrast, in 9-month-old Tg2576
mice, the levels of pPDK1 were significantly decreased compared to age-matched WT mice.
These results suggest that the activity of PDK1 is dysregulated early before the onset of
peripheral insulin resistance. Additionally, PDK1 activity becomes reduced consistent with
the age when Ap pathology is apparent in Tg2576 mice.

In 3xTg-AD mice, we found no significant differences in total PDK1 levels at 10 months of
age compared to WT mice. However, we found a significantly reduced level at 16 months of
age (Fig. 4D, E). Additionally, we found a significantly reduced level of pPDK1 in 10-
month-old 3xTg-AD mice compared to age-matched WT mice (Fig. 4D, F). A similar
pattern was observed in 16-month-old 3xTg-AD mice. However, this difference failed to
reach statistical significance. Taken together, these data suggest that PDK1 activity is
dysregulated prior to the onset of peripheral insulin resistance in both Tg2576 and 3xTg-AD
mice.

Neurobiol Aging. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Velazquez et al.

Page 8

We next measured total and phosphorylated AKT levels as AKT is an integral component of
the insulin signaling pathway. Total levels of AKT remained unchanged for both 5- and 9-
month-old Tg2576 mice relative to age-matched WT mice (Fig. 5A, B). We therefore
examined the levels of AKT phosphorylated (pAKT) at Thr308 and Ser473, as
phosphorylation of these epitopes leads to full activation of AKT (Hanada et al., 2004).
Five-month-old Tg2576 mice show no significant differences in pAKT at Thr308 and
Ser473 relative to age-matched WT (Fig. 5A, C). However, we found a significant reduction
of pAKT Thr308 and a significant increase of pAKT Ser473 in 9-month-old Tg2576 mice
relative to age-matched WT mice. (Fig. 5A, D). The increase in pAKT activity in 9-month-
old Tg2576 mice may be a result of alterations of alternative pathways associated with Ap
pathology (Hanada et al., 2004).

In 3xTg-AD mice, we found that the total levels of AKT remained unchanged at both ages
analyzed (Fig. 5E, F). Similarly, 10-month-old 3xTg-AD mice show no significant
differences compared to age-matched WT mice for pAKT Thr308 and pAKT Ser473 levels.
In contrast, we found that the levels of pAKT phosphorylated at these two epitopes were
significantly increased in 16-month-old 3xTg-AD mice compared to their age-matched WT
mice (Fig. 5E, G-H). Similar to Tg2576 mice, the increase in pAKT activity in 16-month-
old 3xTg-AD mice may be a result of alterations of alternative pathways associated with Ap
pathology (Hanada et al., 2004).

GSK-3p is a convergent target of the PDK1/AKT pathways as well as a key negative
regulator of IRS-1 (Henriksen and Dokken, 2006; Talbot et al., 2012a). We found that the
total levels of GSK-3p remained unchanged in 5- and 9-month-old Tg2576 mice relative to
WT mice (Fig. 6A, B). GSK-3p activity is regulated by phosphorylation of Tyr216
(pGSK-3p), which is necessary for its activity (Bhat et al., 2000). We found that pGSK3p at
Tyr216 was similar between 5-month-old Tg2576 and WT mice (Fig. 6A, C). There was
however a significantly elevated level in 9-month-old Tg2576 mice relative to WT mice.
These results suggest that prior to the onset of peripheral insulin resistance, GSK-3p activity
is unaltered in Tg2576 mice relative to WT mice. The activity of GSK-3p then increases
after the onset of peripheral insulin resistance.

For the 3xTg-AD mice, we found that the total levels of GSK-3 remained unchanged in 10-
and 16-month-old mice relative to age-matched WT mice (Fig. 6D, E). Similar to Tg2576
mice, we found that the levels of pGSK-3p at Tyr216 were not significantly different
between 10-month-old 3xTg-AD and WT mice, but they were significantly elevated level in
16-month-old 3xTg-AD mice relative to WT mice (Fig. 6D, H). These results are consistent
with GSK-3p activity in Tg2576 mice and suggest an age-dependent increase in GSK-3p
consecutive to the onset of peripheral insulin resistance. Collectively, these results show that
both animal models of AD exhibit dysregulation of the various components of the central
insulin signaling pathway months prior to the onset of peripheral insulin resistance.

3.3 Age-dependent dysregulation of phosphorylated AMPK levels in Tg2576 and 3xTg-AD

mice

Cognitive impairments associated with diabetes and AD include a process beyond insulin
resistance and encompass energy homeostasis (Denner et al., 2012; Kobilo et al., 2014;
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Rodriguez-Rivera et al., 2011; Saha et al., 2010). AMPK is a key sensor of energy
homeostasis and is activated when energy levels are diminished (Kobilo et al., 2014). We
thus evaluated the activity of AMPK in Tg2576 and 3xTg-AD mice as a function of age.
Notably, we included a Tg2576 13-month-old age group to determine whether AMPKs
activity changes when Ap accumulation is further progressed (Ashe, 2006). We found that
compared to WT mice, AMPK levels in Tg2576 mice were increased at 13 months of age
but not at 9 months of age (Fig. 7A, B). We next measured the phosphorylated levels of
AMPK (pAMPK) at Thrl72 as phosphorylation of this epitope increases the activity of
AMPK (Hawley et al., 1996). We found that 9-month-old Tg2576 mice show no difference
relative to age-matched WT mice, however there was a significant reduction in 13-month-
old Tg2576 mice relative to their age-match WT mice (Fig. 7A, C). These results suggest
that metabolic energy homeostasis is altered in Tg2576 mice at an age well beyond the onset
of central insulin dysregulation and Ap accumulation.

In 3xTg-AD mice, we found that the levels of AMPK were not statistically different
compared to WT mice at both ages analyzed (Fig. 7D-E). In contrast, we found that
pAMPK levels at Thr172 were increased in 10- but not in 16-month-old 3xTg-AD mice
compared to age-matched WT mice (Fig. 7D, F). These results suggest that 3xTg-AD mice
exhibit altered pAMPK Thr172 levels coincident with central insulin dysregulation (10
months of age).

4. DISCUSSION

Type 2 diabetes (T2D) and Alzheimer’s disease (AD) are two of the most prominent
diseases plaguing the aging population (Alzheimer’s Association, 2016; Baglietto-Vargas et
al., 2016; Zilliox et al., 2016). Epidemiological, clinical, and preclinical, evidence
compellingly suggests that T2D and AD bear interrelated disease risks and mechanisms
(Haan, 2006; Heneka et al., 2015; Janson et al., 2004; Kandimalla et al., 2016; Steen et al.,
2005). However, significant gaps in knowledge still exist concerning the relationship
between CNS and peripheral insulin signaling with cognitive function and AD pathology.
Our results show that in two mouse models of AD-like pathology, central insulin signaling
markers are dysregulated prior to the onset of peripheral insulin resistance and central
insulin resistance occurs concomitant with manifestation of AD-like cognitive deficits and
oligomeric amyloid pathology (Park, 2011; Talbot et al., 2012; Zhang et al., 2012).
Furthermore, we have evidence that tau pathology contributes to more severe CNS insulin
resistance in 3xTg-AD mice.

Again, since both models are genetically programmed to overproduce A and exhibit AD-
like amyloidosis suggests that this amyloid pathology is a primary driver of central and
peripheral insulin resistance and downstream effects on effectors of energy homeostasis
(e.g., AMPK). Since, tau pathology is often observed in models of insulin resistance, T2D,
and AD, the additional phenotype of tau pathology in 3xTg-AD mice is a candidate
explanation for the general observation of more extensive dysregulation of CNS insulin
signaling intermediaries observed in 3xTg-AD compared to Tg2576 mice (Baglietto-Vargas
etal., 2016; Ke et al., 2009; Kim et al., 2013; Qi et al., 2016; Yarchoan et al., 2014). Future
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studies directed at the specific effects of tau in CNS insulin signaling will elucidate this
relationship.

Peripheral insulin resistance is commonly evaluated with the GTT by measuring blood
glucose clearance after a bolus intravenous injection of glucose with fasting. Using the GTT
on our two mouse models, we found that glucose metabolism is normal in 3xTg-AD mice at
10 months of age but deficient by 16 months of age, as evidenced by a marked delay in
blood glucose clearance. This is consistent with our previous work showing that peripheral
glucose metabolism is affected in Tg2576 mice at 9 and 13 months of age but not at 5
months of age when cognitive deficits first manifest (Rodriguez-Rivera et al., 2011). The
correlation between the age-of-onset of peripheral GTT deficits with A oligomer pathology
and cognitive deficits are notably consistent between these two AD mouse models (Ashe,
2006; Oddo et al., 2008). In support, a recent publication using 3xTg-AD mice reported that
peripheral glucose intolerance and cortical Ap deposition progressively worsened from 10
and 14 months of age (Vandal et al., 2015). Furthermore, the weight of 3xTg-AD mice was
significantly elevated at both 10 and 16 months of age, while peripheral insulin resistance
was not observed until 16 months of age, suggesting that weight is not the only factor
leading to impaired peripheral glucose insulin resistance in 3xTg-AD mice. Collectively,
these results suggest that peripheral insulin resistance manifests in Tg2576 and 3xTg-AD
mice after the initiation of cognitive and central insulin signaling deficits.

A well-established, albeit not exclusive, biomarker of insulin resistance is phosphorylation
(hyper- and hypo-phosphorylation) of IRS-1 at serine residues (Boura-Halfon and Zick,
2009a; Gual et al., 2005; Pederson et al., 2001; Sun and Liu, 2009; Talbot et al., 2012;
Zhang et al., 2016). IRS-1 serine phosphorylation results from feedback inhibition exerted
mainly by ERK2, GSK-33, mTOR and atypical protein kinase C (PKCC/A) and from feed-
forward inhibition exerted by nuclear factor NF-xB and c-Jun N-terminal kinases (JNK %2)
(Boura-Halfon and Zick, 2009a, 2009b; Gual et al., 2005; Sun and Liu, 2009; Tanti and
Jager, 2009). To this end, both /in vitro and in vivo work has shown that Ap can induce
insulin resistance by activating the Janus kinase 2 (JAK2)/Signal transducer and activator of
transcription 3 (STAT3)/Suppressor of cytosine signaling 1 (SOCS-1) signaling pathway
(Zhang et al., 2013, 2012). Thus, we looked at the downstream IR substrate IRS-1 Ser612
phosphorylation, which correlates with amyloid oligomers and memory in MCI and AD
(Talbot et al., 2012). 9-month-old Tg2576 mice exhibited hippocampal Ser612 hyper-
phosphorylation of the IRS-1 protein. These data are consistent with previous work showing
IRS-1 Ser612 hyper-phosphorylation in APP/PS1 transgenic mice of a similar age (Long-
Smith et al., 2013). Regarding 3xTg-AD mice, we found evidence for CNS insulin resistance
in 10-month-old mice as indicate by reduced total and Ser612 phopho-IRS-1. These markers
continue to be dysregulated at 16 months of age when peripheral insulin resistance is
detectable with the GTT. Similar to Tg2576, CNS insulin resistance in 10-month-old 3xTg-
AD mice coincides with the onset of hippocampal-dependent cognitive deficits (Oddo et al.,
2003; Vandal et al., 2015). Thus, as is the case in MCI and AD subjects, brain insulin
resistance appears to be an early and common feature in two animal models for amyloidosis
and precedes peripheral insulin resistance. In support of our hypothesis that central insulin
resistance is intermingled with AD-like pathology and cognitive decline in Tg2576 and
3xTg-AD mice, we found that the total and phosphorylation levels of PI3K, PDK1, and
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AKT changed as a function of age that simulate a chain reaction of the insulin signaling
cascade. For instance, PI3K phosphorylation is consistent with altered PDK1
phosphorylation levels, as PDK1 is a target of PI3K and decreased pAKT at Thr308 is
internally consistent since the latter is a PDK1 target. Furthermore, elevated levels of pAKT
at Thr308 and Ser473 in 3xTg-AD mice at 16 months of age are internally consistent with
the upstream observations of PDK1. It should be noted that these changes are consistent
with results in Tg2576 mice. Notably, the increases in AKT phosphorylation seen in 3xTg-
AD mice do not appear to be driven by obesity as the body weight of 3xTg-AD mice was
significantly higher than age-matched WT mice at both age groups analyzed, whereas AKT
activity is increased only at 16 months of age. Alteration of AKT signaling has emerged as
an important feature of neurodegenerative diseases characterized by neuronal attrition,
which includes AD (Griffin et al., 2005). Our results on the effects of AKT activity are
consistent with this feature as dysregulation was evident after the onset of Ap pathology.

GSK-3p is a convergent target of the PDK1/AKT and ERK MAPK pathways as well as a
key negative regulator of IRS-1 (Talbot et al., 2012). AKT drives GLUT (glucose
transporter) plasma membrane translocation to normalize blood glucose and activates
GSK-3p to induce glycogen synthesis through the target of rapamycin complexes, including
mTOR, to control AMPK, energy metabolism, mitochondrial function, synaptic plasticity
and memory (Cheng et al., 2010; Kleinridders et al., 2014; Stoica et al., 2011). GSK-3f
activity is increased by phosphorylation of Tyr216 (Bhat et al., 2000). At 9 months of age,
pGSK-3B at Tyr216 is elevated in Tg2576, suggesting that GSK-3p is enhanced at this age
by AKT and potentially through other signaling pathways. To this end, GSK-3f can be
phosphorylated by pAKT at Thr308, and is also targeted by protein kinase A, protein kinase
B, protein kinase C-C, and p90 ribosomal S6 kinase, indicating that these GSK-3p
alterations may additionally occur independent of the IR-IRS-PI3K-PDK1-AKT signaling
pathway (Medina and Wandosell, 2011). Interestingly, these same patterns were seen in the
3xTg-AD mice in which we found elevated levels of pGSK-3p at Try216 at 16 months of
age, consistent with peripheral insulin resistance and increased AKT activity. To this end,
researchers have shown that the GSK-3 pathway, when dysregulated by insulin resistance,
facilitates the AP plaques pathology (Phiel et al., 2003) and is linked to tau misfolding and
toxicity (Bosco et al., 2011; Himmelstein et al., 2012; Luchsinger, 2010).

It must be noted that the baseline status of CNS insulin signaling intermediaries was
divergent between the two mouse models analyzed here. Specifically, while both mouse
models exhibit significant dysregulation of PDK1 activity before the onset of peripheral
insulin resistance, 3xTg-AD mice exhibit a much more aggressive CNS insulin resistance
phenotype. For instance, IRS-1 and PI3K phosphorylation were significantly reduced in
3xTg-AD mice prior to the onset of peripheral insulin resistance whereas Tg2576 mice show
dysregulation of these markers after the onset of peripheral insulin resistance. These
discrepancies may be specific to the tau pathology that develops in 3xTg-AD mice. It is well
established that tau protein is regulated by insulin and IGF signaling and insulin signaling
dysregulation often results in tau (de la Monte, 2012; Himmelstein et al., 2012; Ke et al.,
2009; Yarchoan et al., 2014). Thus, it is likely that the more robust changes in insulin
signaling in older 3xTg-AD mice leads to tau hyperphosphorylation, possibly through
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altered function of tau kinases and phosphatases (de la Monte, 2012; Ke et al., 2009; Mairet-
Coello et al., 2013; Mullins et al., 2017; Vingtdeux et al., 2011).

Energy homeostasis is an additional dimension to the cellular and physiological dysfunction
related to insulin resistance and T2D (Carling, 2017; Porte, 2006; Saha et al., 2010). AMPK
is a key cellular sensor of energy reserves and a significant diabetes therapeutic target to
increase insulin sensitivity (Misra, 2008; Misra and Chakrabarti, 2007; Musi, 2006). In the
CNS, AMPK has been shown to have important, but complex, roles in energy balance
(Kobilo et al., 2014). AMPK is dysregulated concomitant with central insulin resistance in
10-month-old 3xTg-AD mice yet occurs much later in 13-month-old Tg2576 mice and is
associated with further decline in Tg2576 mice cognitive function (Ashe, 2006; Cacucci et
al., 2008; Dineley et al., 2001; Kotilinek et al., 2002; Saha et al., 2010; Westerman et al.,
2002). Paradoxically, we found that AMPK activity (i.e., pAMPK at Thrl172 levels) was
increased in 10-month-old 3xTg-AD brain. To this end, studies increased AMPK activity
upregulates tau phosphorylation (Mairet-Coello et al., 2013; Thornton et al., 2011;
Vingtdeux et al., 2011). Further, Mariet-Coello and colleagues found that A4, oligomers
trigger activation of AMPK which in turn promote the phosphorylation of tau (Mairet-
Coello et al., 2013). Furthermore, it has been demonstrated that recombinant AMPK
phosphorylates tau protein at numerous sites in the microtubule-binding domain and within
the flanking regions (Thornton et al., 2011; Vingtdeux et al., 2011). Given that the 3xTg-AD
mice develop NFTSs, this suggests that AMPK upregulation may contribute to or even be a
consequence of the tau pathology unique to this model (Oddo et al., 2003). Additionally, AD
is associated with multi-dimensional abnormalities in energy metabolism, for example,
mitochondrial dysfunctions, decline in glucose uptake, and defects in cholesterol
metabolism and Ca2* homeostasis (Galindo et al., 2010; LaFerla, 2002; Martins et al., 2009;
Mosconi et al., 2008). Considering the capability of AMPK to influence these mechanisms,
the observed defects in AMPK in 3xTg-AD and Tg2576 mice that coincide with the
progression of insulin resistance are a compelling subject for future investigation.

5. CONCLUSIONS

Our data suggest an age-dependent progression of CNS insulin signaling dysregulation that
precedes peripheral insulin resistance in two preclinical models of AD. Importantly, these
CNS insulin signaling abnormalities are more apparent in 3xTg-AD mice, which develop
AP and tau pathology. Interestingly, the respective age-dependent onset of dysfunctional
central insulin signaling coincides with the onset of cognitive impairment described for these
two preclinical models of AD. These results suggest that early AD may reflect engagement
of different signaling networks that influence CNS metabolism, which in-turn alter
peripheral insulin signaling. Additionally, our data show that energy metabolism is
dysregulated both pre- and post-peripheral insulin resistance and its dysregulation may be
specific to AP and tau pathology in our preclinical AD models. Peripheral insulin resistance
may further contribute to brain pathology and functional abnormalities in AD, creating a
vicious cycle which further augments AD-neuropathology. Collectively, this work suggests
that reducing CNS insulin signaling dysfunction in patients with MCI or early stage AD may
help reduce peripheral insulin resistance, possibly deterring this insidious cycle.
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Highlights
. Type 2 diabetes is a risk factor for Alzheimer’s disease (AD).

. In two mouse models of AD (Tg2576 and 3xTg-AD), we report an age-
dependent progression of CNS insulin resistance that precedes peripheral
insulin resistance.

. Additionally, we find that brain energy metabolism is differentially altered in
both mouse models, with the 3xTg-AD mice showing more extensive
changes.

. Collectively, our data suggest that early AD may reflect engagement of

different signaling networks that influence CNS metabolism, which in-turn
alter peripheral insulin signaling.
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Figure 1. 3xTg-AD mice show an age-dependent onset of peripheral insulin resistance
3xTg-AD and WT mice were given a glucose tolerance test. (A) At 10 months of age, a

repeated measures ANOVA revealed no significant effect of Genotype (F (1, 28) = 0.026, p >
0.05), however there was a significant Genotype x Time interaction (F (1, 2g) = 0.0032, p <
0.05). Interestingly the interaction was the result of the WT mice showing a significantly
elevated serum glucose mg/DL level compared to 3xTg-AD mice 30 mins after sucrose
injection (p < 0.05). No other time points were significant. (B) At 16 months of age, the
repeated measures ANOVA revealed a significant main effect of Genotype (F (1, 2g) =
17.183, p < 0.001) and a significant Genotype x Time interaction (F (1, 2g) = 54.699, p <
0.0001). 3xTg-AD mice showed a significantly elevated serum glucose mg/DL level at
fasting (0 mins; p < 0.0001) and 15 (p < 0.05), 45 (p < 0.05), 60 (p < 0.01), 90 (p < 0.01)
and 120 mins (p < 0.05) after sucrose injection compared to WT mice. (C) Area under the
curve (AUC) analysis for glucose revealed no differences at 10 months of age (t (2g) = 0.470,
p > 0.05). At 16 months of age, a highly significant student’s t-test revealed that 3xTg-AD
have a higher glucose AUC compared to WT mice (t (2g) = 27.322, p < 0.0001). (D) 3xTg-
AD mice weight is significantly higher at 10 (t (2g) = 4.883, p < 0.05) and 16 months of age
(t 28) = 27.634, p < 0.0001) relative to their age-matched WT counterparts. Error bars
represent mean = SEM. *p < 0.05, **p < 0.01, ***p < 0.001. (n = 15/genotype/age).
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Figure 2. Tg2576 and 3xTg-AD mice show an age-dependent dysregulation of insulin receptor
substrate 1 (IRS-1) in the brain

(A) Representative western blots of protein extracted from both 5- and 9-month-old Tg2576
and WT mice. Blots were probed with the indicated antibodies. (B) The key mediator of IR
activation, IRS-1, is down-regulated in 9-month-old Tg2576 compared to WT mice (t (10) =
5.245, p < 0.01). (C) Inhibitory Ser612 phosphorylation is elevated in 9-month-old Tg2576
mice compared to WT mice (t (10) = 6.016, p < 0.01). (D) Representative western blots of
protein extracted from both 10- and 16-month-old 3xTg-AD and age-matched WT mice. (E)
10-month-old 3xTg-AD mice show a significant reduction of IRS-1 compared to WT mice (t
(10) = 60.670, p < 0.0001). On the contrary, 16-month-old 3xTg-AD mice show a significant
increase in total IRS-1 levels compared to WT mice (t (109) = 58.765, p < 0.0001). (F) 10-
month-old 3x-TgAD mice show a significant reduction of pIRS-1 at Ser612 compared to
WT mice (t (10) = 4.772, p < 0.05). Quantitative analyses of the blots obtained by
normalizing the quantity of a specific protein with its loading control. Error bars represent
mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001. (n = 6/genotype/age).
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Figure 3. Tg2576 and 3xTg-AD mice show an age-dependent dysregulation of PI3K in the brain
(A) Representative western blots of protein extracted from 5- and 9-month-old Tg2576 and

WT mice. Blots were probed with the indicated antibodies. (B) PI3K p85, a downstream
target of IRS-1, was not significantly different between WT and Tg2576 mice at both ages
analyzed. (C) The levels of PI3K p85 phosphorylated at Tyr485 were significantly increased
in 9-month-old Tg2576 mice compared to WT mice (t (10) = 4.429 p < 0.05). (D)
Representative western blots of protein extracted from both 10- and 16-month-old 3xTg-AD
and age-matched WT mice. (E) PI3K p85 levels were not significantly different between
WT and 3xTg-AD mice at both ages analyzed (F) 10- and 16-month-old 3xTg-AD mice
show a significant reduction in the levels of pPI3K p85 phosphorylated at Tyr485 compared
to age-matched WT mice (t (10) = 6.681, p < 0.05 and t (1) = 7.997, p < 0.05, respectively).
Quantitative analyses of the blots was obtained by normalizing the quantity of a specific
protein with its loading control. Error bars represent mean + SEM. *p < 0.05, **p < 0.01,
***p < 0.001. (n = 6/genotype/age).
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Figure 4. PDK1 activity is dysregulated prior to the onset of peripheral insulin resistance in
Tg2576 and 3xTg-AD mice

(A) Representative western blots of protein extracted from both 5- and 9-month-old Tg2576
and WT mice. Blots were probed with the indicated antibodies. (B) PDK, a downstream
kinase of insulin receptor activation, was up regulated in 5-month-old Tg2576 (t (1) = 5.13,
p < 0.01), but not 9-month-old compared to WT. (C) pPDK is up regulated in 5-month-old
and downregulated in 9-month-old Tg2576 mice compared to WT mice (t (10) = 5.13, p <
0.01 and t (19) = 8.647, p < 0.001 for 5- and 9-month-old, respectively). (D) Representative
western blots of protein extracted from both 10- and 16-month-old 3xTg-AD and WT mice.

(E) 10-month-old 3xTg-AD mice show no significant differences in total PDK1 levels

compared to age-matched WT mice. At 16 months of age, 3xTg-AD mice show a significant
reduction in total PDK levels compared to WT mice (t (109) = 8.987, p < 0.05). (F) 10-month-
old 3xTg-AD mice show a significant reduction of pPDK1 at Ser 241 compared to age-
matched WT mice (t (10) = 7.722, p < 0.05). No significant difference for 16-month-old
3xTg-AD mice. Quantitative analyses of the blots obtained by normalizing the quantity of a
specific protein with its loading control. Error bars represent mean £ SEM. *p < 0.05, **p <
0.01, ***p < 0.001. n = 6/genotype/age.
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Figure 5. AKT activity is dysregulated concomitantly with peripheral insulin resistance in
Tg2576 and 3xTg-AD mice

(A) Representative western blots of protein extracted from both 5- and 9-month-old Tg2576
and WT mice. Blots were probed with the indicated antibodies. (B) AKT levels were not
significant difference between 5- and 9-month-old WT and Tg2576 mice. (C)
Phosphorylation of AKT at Thr308 was significantly downregulated in 9-month-old Tg2576
compared to WT mice (t (19) = 2.661, p < 0.05). (D) AKT was hyper-phosphorylated at
Ser473 in 9-month-old Tg2576 compared to WT mice (t (1) = 2.710, p < 0.05). (E)
Representative western blots of protein extracted from both 10- and 16-month-old 3xTg-AD
and WT mice. (F) No significant differences were found between 10-month-old WT and
3xTg-AD mice and between 16-month-old WT and 3xTg-AD mice for AKT. (G) No
significant differences were found between 10-month-old WT and 3xTg-AD mice for pAKT
at Thr308. At 16 months of age, 3xTg-AD mice show a significant elevation in pAKT at
Thr308 compared to WT mice (t (10) = 8.441, p < 0.05). (H) No significant differences for
pAKT at Ser473 between 10-month-old WT and 3xTg-AD mice. At 16 months of age,
3xTg-AD mice show a significantly elevated level of pAKT at Ser473 compared to WT mice
(t (10) = 7.989, p < 0.05). Quantitative analyses of the blots obtained by normalizing the
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quantity of a specific protein with its loading control. Error bars represent mean + SEM. *p
< 0.05, **p < 0.01, ***p < 0.001. n = 6/genotype/age.
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Figure 6. GSK-3p activity is dysregulated concomitantly with peripheral insulin resistance in
Tg2576 and 3xTg-AD mice

(A) Representative western blots of protein extracted from both 5- and 9-month-old Tg2576
and WT mice. Blots were probed with the indicated antibodies. (B) GSK-3p levels were
unaltered at 5-month-old and 9-month-old in Tg2576 mice compared to WT mice. (C) The
excitatory phosphorylation site of GSK-3p at Tyr216 was enhanced in 9-month-old Tg2576
mice compared to WT mice (t(109) = 5.390, p < 0.01). (D) Representative western blots of
protein extracted from both 10- and 16-month-old 3xTg-AD and WT mice. (E) No
significant differences between 10-month-old WT and 3xTg-AD mice and between 16-
month-old WT and 3xTg-AD mice for GSK-3p. (F) No significant differences for pGSK-3
at Tyr216 were detected between 10-month-old WT and 3xTg-AD mice. 16-month-old
3xTg-AD mice show significantly elevated levels of pGSK-3 at Tyr216 compared to WT
mice (t(10) = 5.125, p < 0.05). Quantitative analyses of the blots obtained by normalizing the
quantity of a specific protein with its loading control. Error bars represent mean + SEM.
*p<0.05, **p<0.01, ***p<0.001. n = 6/genotype/age.
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Figure 7. AMPK is dysregulated in 13-month-old Tg2576 and 10-month-old 3xTg-AD mice

(A) Representative western blots of protein extracted from both 9- and 13-month-old

Tg2576 and WT mice. Blots were probed with the indicated antibodies. (B) Total AMPK is

up regulated in 13-month-old, but not 9-month-old Tg2576 mice (t(10) =

4.654, p < 0.001).

(C) Phosphorylation activation of AMPK is decreased in 13-month-old, but not 9-month-old
Tg2576 mice (t (10) = 3.410, p < 0.01). (D) Representative western blots of protein extracted
from both 10- and 16-month-old 3xTg-AD and WT mice. (E) No significant differences in
AMPK between 10-month-old WT and 3xTg-AD mice and between 16-month-old WT and

3xTg-AD mice. (F) pAMPK at Thr172 was significantly elevated in 3xTg-AD mice
compared to WT mice at 10 months of age (t (10) =

6.425, p < 0.05). No significant

differences for pAMPK at Thr172 between16-month-old WT and 3xTg-AD mice.
Quantitative analyses of the blots obtained by normalizing the quantity of a specific protein
with its loading control. Error bars represent mean £ SEM. *p < 0.05, **p < 0.01, ***p <

0.001. (n = 6/genotype/age).
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