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Abstract

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized by the accumulation of extracellular amyloid-B peptides (AB) and intra-
neuronal neuro-fibribillary tangles in the brain. Increasing evidence builds a strong case for the role of soluble AB oligomers (ABOs) in the impairment of insulin
signaling in AD. Insulin signaling pathway begins upstream at the insulin receptor by phosphorylating IRS1 and propagating the signal downstream to the PI3K/
Akt which down-regulates GSK3p activity for tau phosphorylation and activates mTORC1 that mediates a wide range of cellular functions. Our study found
that human AD brains had high levels of Ap peptides with cerebral amyloid angiopathy (AD/CAA) and showed low activities of insulin signaling-responsive
transcription factors as compared to age-matched non-demented controls (ND). Our further studies with neuroblastoma 2a (N2a) cells stably transfected with a
human ABPP695 gene (N2a-ABPP), which secrete excessive AB, show that the basal levels of the expression and phosphorylation of several but not all critical
signaling proteins along insulin signaling pathway are dysregulated as compared to the parental N2a cells. N2a-ABPP cells were phenotypically insulin resistant
in response to insulin stimulation. Pre-treatment of N2a-ABPP cells with the AB-binding peptide (ABP), which binds and removes Ap oligomers, significantly
enhanced insulin signaling response in cells compared to controls. Taken together, our data suggest that human AD/CAA brains had dysregulation of insulin
signaling and that AB oligomers may be responsible for inducing the insulin-resistant phenotype in N2a-ABPP cells and the removal of AB oligomers by ABP
improved insulin signaling and relieved insulin resistant phenotype.
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|ntr0ducti0n subsequent development and progression of Alzheimer’s disease. It is thus
important to pursue further study to understand the role of ABOs in AD,
The characteristic pathological markers of Alzheimer’s disease (AD) are  particularly how soluble ABOs interfere with functional signaling pathways
extracellular senile plaques composed of B-amyloid peptides (AB) and in neural cell survival and death.
intraneuronal neurofibribillary tanglesin the brain [1-3]. While it is known
that extracellular accumulation of AB and the deposition of senile plaques
have major roles in the loss of synapses and neurons, much stronger
correlations have emerged between the levels of soluble AR oligomers
(ABOs), synaptic dysfunction and loss, and the actual severity of cognitive
impairment [1-6]. Studies show that AD brain displays dysregulation
of insulin signaling and insulin resistance which may contribute to brain
malfunction [6-10]. Recent work suggests that human herpesvirus and/
or other pathogens disrupt the molecular, genetic and clinical networks in
Alzheimer’s brain [11-13]. AB oligomers were shown to bind herpesvirus
surface glycoproteins and accelerate B-amyloid deposition leading to
entrapment of herpesviruses in a mouse AD model and human neural cell
culture model [14]. Over-production and impaired clearance of AR peptides
and oligomers in response to those stresses may play a critical role in the

Of great interest in the context of AD development and progression is that
ApBOs or/and AB peptides may act as antagonists to insulin at the neuronal
insulin receptor (INSR), thus reducing the insulin signalling response
[6,7,10]. What may precipitate from the binding of ABOs to the insulin
receptor is insulin resistance, which happens to be a consistently identified
pathology in AD. Insulin resistance may also serve as a link between AB
and other pathologies [15,16]. Evidence suggests that patients with type 2
diabetes have an increased risk of developing AD and that defective insulin
signaling and decreased responsiveness to insulin signaling are present
in the AD brain, even in cases where the patient has no prior indications
of type 2 diabetes [8-10,17,18]. It is known that insulin production is
triggered by glucose. This process may be altered in AD patients with type
2 diabetes or AD patients with insulin resistance. When insulin binds to the
insulin binding domain of the extracellular a subunit dimer of the insulin
receptor, disinhibiting the tyrosine-kinase activity of the  subunits, thus
leading to the phosphorylation of the intracellular insulin receptor substrate
1 (IRS1) that is docked to the INSR and initiating insulin signaling [19]
(Figure S1). Phosphorylated IRS1 directly stimulates phosphoinositide-3-
kinase (PI3K), which advances the signal downstream through a series of
conversions and activations, notably phosphorylating Akt, which mediates
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of understanding the role of insulin signaling in AD is further emphasized
by its central role in the mTOR (mammalian target of rapamycin) signaling
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pathway. Two protein complexes, mMTORC1 and mTORC2, both containing
mTOR, are the two main junctions in the mTOR signaling pathway (Figure
S1). The influence of Akt upon mTOR signaling and vice versa is clear and
vital; while Akt is phosphorylated by the mTORC2 complex, mTORC1 relies
on the phosphorylation and subsequent inactivation by Akt of the inhibitory
tuberous sclerosis proteins 1 and 2 (TSC1/TSC2) complex [25,26].

Based + on the high relevance of insulin signaling in AD pathology and the
scientific leads on the involvement of soluble ABOs in signaling dysregulation
in AD, we studied the insulin signaling responsive transcription factors in
human AD brains and further investigated the effects of ABO on the insulin
signaling pathway through how insulin signaling is affected in the context of
a neural cell model in which the only factor is the overexpression of stably-
transfected human ABPP695 gene, and therefore the presence of excess
extracellular AB. The role of A was further assessed by using the ability
of amyloid-B binding peptide (ABP) to relieve AB-induced dysregulation
of insulin signaling and insulin resistance. ABP has been shown to bind
AR1-42 oligomers (ABOs) in vitro and suppress AR1-42-induced cytotoxicity
in human neuroblastoma cells [27,28]. Most importantly, ABP binds A
deposits in AD transgenic mouse brain as well as in the brains from AD
patients in vitro, and when directly injected into live AD transgenic mice
brain [28]. Recent in vivo studies have shown that ABP can reduce brain AR
levels and increase cerebrospinal fluid AB42/AB40 ratio in animal AD models
[29]. In this study, we show that there was dysregulation of insulin signaling
or low responsive to insulin signaling in human AD brains as compared to
control ND brains and that N2a-ABPP cells also display insulin resistance
phenotype or dysregulation of insulin signaling as compared to parental
N2a cells. Removal of AB oligomers/peptides by ABP significantly alleviated
insulin resistance and improved insulin signaling in the N2a-ABPP cells.

Materials and Methods

Human brain tissue samples

The use of human brain tissues in this study was approved by the Research
Ethics Board of the National Research Council of Canada (NRC-REB).
The brain tissue samples of Alzheimer disease with Cerebral Amyloid
Angiopathy (AD/CAA) and age-matched non-demented controls (ND) were
obtained from the Brain and Body Donation Program at the Banner Sun
Health Research Institute (Sun City, Arizona, USA). The Consent form
for Participation in the Program was approved by the Banner Sun Health
Institutional Review Board (IRB). Brain samples (occipital lobes) of 13 AD/
CAA patients and 13 ND controls from both males and females were used
in this study. The patients were examined and diagnosed by neurologists,
and post-mortem brain samples were examined and diagnosed by
neuropathologists. The diagnosis of Cerebral Amyloid Angiopathy (CAA)
pathology was made according to the presence of AB deposition in
leptomeningeal or superficial cortical blood vessels as described [30].

ELISA assay

Amyloid B (AB) 1-40 and 1-42 ELISA kits (Signet Lab, Catalog Numbers:
S1G-38954 and SIG-38956; Deham, MA) were used to determine the levels
of AB1-40 and AB1-42 peptides in human 13 ND and 13 AD brain tissues
or in the supernatant media from cultured N2a-ABPP cells and parental N2a
cells according to manufacturer’s instructions. The cells were grown to 80-
90% confluence, supernatant medium was collected at different time points
and replaced with fresh medium. The collected media were frozen at -80°C
until use. The media were thawed on ice and spun at 10,000 rpm for 10 min
at 4°C to remove cell debris. Supernatant media were diluted 10 times with
1X dilution buffer and 100-uL from each sample was used. The ELISA was
carried out following manufacturer’s instructions. The levels of AB1-40 and
AB1-42 peptides in the samples were calculated according to the standard
curve prepared on the same ELISA plates.
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Tran signal TM protein/DNA array

Nuclear extracts were prepared from 6 ND and 6 AD/CAA brain tissue
samples, respectively. The arrays were performed to detect the activities of
the 52 transcription factors (TF) in the nuclear extracts of the brain tissues
following the manufacturer’s instructions (Panomics Inc., Fremont,CA) and
as described previously [30-34]. The levels of activated TFs on the two blots
were analyzed by using a densitometer with Kodak 1D 3.6 Version program.

Cell culture

Mouse neuroblastoma 2a (N2a) and N2a cells stably transfected with a
human gene encoding ABPP695 (N2a-ABPP) were kindly provided by Dr.
Huaxi Xu at the Sanford Burnham Prebys Medical Discovery Institute (CA.,
USA) and grown in DMEM with 5% FBS and 0.2% penicillin-streptomycin.
The cells were incubated in a 5% CO2 incubator at 37°C. The general
morphology of N2a and N2a-ABPP cells is shown in the staining of 8-tubulin;
N2a cells seem to be generally larger (Figure S2). After washing the cells
with 1x PBS to remove the medium, 1mL of 1x trypsin was added to lift the
cells from the plate surface, and then growth medium was added to the
trypsinized cells to neutralize the protease effect of trypsin. The N2a-ABPP
cells were cultured with the antibiotic geneticin at 200 pg/L to select for the
cells carrying the human ABPP gene.

Insulin time-course treatment

The two cell lines were cultured to 80% cell confluence in separate 100-mm
dishes. The growth medium was removed, and the cells were washed with
1x PBS twice before the treatment medium was added. Cells were treated
with solubilized human recombinant insulin (Sigma) in serum-free medium
at concentrations of 0.1 nM, 0.5 nM, 5 nM, and 100 nM for 0, 15 min, 30
min,1, 2, 4, and 8 hours.

Amyloid-Beta binding peptide (ABP) pre-treatment

The amyloid-B binding peptide (ABP) used in this study was a synthetic
product [27-29]. The two cell lines were cultured to 70% confluence in
separate 100-mm dishes. The growth medium was removed, and the cells
were washed with 1x PBS twice before the pre-treatment was started. Cells
were treated with 0.44 uM ABP, which is about 500x the concentration of
extracellular AB1-40 at ~1700 pg/mL [31] and AB1-42 at ~2400 pg/mL, in
serum-free medium for 24 and 48 hours; the medium was replaced with
fresh treatment medium at 24 hours in plates treated for 48 hours. After the
ABP treatment period, the ABP medium was removed, and the cells were
treated with 0.5 or 5 nM insulin in serum-free medium for 30 minutes, 1
hour, and 2 hours.

Protein isolation and western blotting

After treatment, the medium was removed from the plates and the cells were
washed 3 times with PBS, then the cells were gently scraped from the dish
in 1 ml of PBS with a rubber policeman and collected into new tubes on ice.
The cells were then centrifuged for 5 minutes at 4000 rpm. The supernatant
was discarded, and the pellet kept for protein isolation. The cells in tubes
were then lysed with whole cell extraction buffer (10% glycerol, 1% NP-40,
1 mM PMSF, 1 mM DTT, 50 mM Tris-HCI, 5 mM EDTA, 400 mM NaCl). The
cell lysates were rotated for 30 minutes at 4°C, then centrifuged at 14000
rpm for 10 minutes. The supernatant was transferred to new tubes, the pellet
discarded, and total protein levels were determined by Bradford assay.
One (1) pL of each sample was individually mixed into 1 mL of Bradford
dye, then all samples were vortexed at the same time at high speed for
5 seconds, then 200 L of each mixture was immediately loaded into the
wells of an Immulon 1B non-UV microplate. The absorbance analysis was
carried out with the Thermo Lab Systems Microplate Spectrophotometer
using Multiskan Spectrum software. The test wavelength was 595 nm, and
the plate was shaken for 10 seconds before the absorbance reading was
taken. Forty (40) mg of each protein sample was mixed with loading buffer
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(40% SDS, 25% glycerol, 5% B-mercaptoethanol, 5% bromophenol blue,
0.5 M Tris-HCI) onto an SDS-PAGE gel of 6% resolving gel and 4% stacking
gel, and run for 1.5 hours at 100 V. The proteins were transferred to PVDF
membrane overnight at 35V in a walk-in 4°C fridge. The membranes were
blocked at room temperature for 1 hour in blocking buffer [5% skim milk
powder in 1X PBS with 0.2% Tween 20 (PBS-T)]. Total Akt (CAT#2966S),
p-Akt (Ser473) (CAT#4060), total GSK3B (CAT#12456), p-GSK3p (Ser9)
(CAT#5558), total IRS1 (CAT#2382), p-IRS1 (Ser612) (CAT#2386), total
mTOR (CAT#2983), p-mTOR (Ser2448) (CAT#2971), and p-p70S6K
(Thr389) (CAT#9234) antibodies were purchased from New England Biolabs
(Whitby, ON, Canada). Phospho-tau (ser199/202) antibody (CAT#AB7694)
was purchased from EMD Millipore Corporation (Etobicoke, ON, Canada).
Anti-AB IgG (6E10) antibody was purchased from Signet Lab (CAT# SIG-
39320). The blots were incubated while rotating with the primary antibody at
1:1000 dilution overnight at 4°C, washed with 1X PBS-T, and then incubated
in the appropriate secondary antibody at 1:5000 dilution for 1 hour. After
washing with 1X PBS-T, the blot was treated with ECL Plus solution for 1
minute and then developed on autoradiography film. Densitometry analysis
was performed using Scion Image software. Treatment condition data
were presented relative to controls as fold-change of treated samples to
the control samples. For additional probing, the blots were stripped with
stripping buffer (0.71% B-mercaptoethanol, 20% SDS, and 12.4% 0.5 Tris-
HCl in distilled H20) at 50°C for 30 minutes, then blocked and incubated
with primary and secondary antibody as described above. In general, the
total protein was detected first, and its phosphorylated form of the protein
was detected next after stripping the blots.

Phase-contrast microscopy

N2a and N2a-ABPP cells were grown to 70% confluence in growth medium
on coverslips in 6-well tissue culture plates. The medium was aspirated,
and the cells were washed with 1xPBS 2 times for 5 minutes each. The
cells were then fixed with ice cold methanol, shaken gently for 10 minutes at
room temperature, then washed again in 1xPBS 2 times for 5 minutes each.
The coverslips were removed from the wells, excess PBS was dried off
and the coverslips were mounted onto microscopy slides with 20ul of 70%
glycerol. The edges of the coverslips were sealed with nail polish, then the
slides were visualized with Axio Imager M2 under phase-contrast settings,
with 40x oil objective.

Immunocytochemical staining

N2a and N2a-ABPP cells were plated as described above. After fixation
with ice cold methanol and washing with 1xPBS, the cells on the coverslips
were permeabilized by applying 1 ml of PBS/0.5% Triton x-100 to each well,
shaking gently for 15 minutes at room temperature. The permeabilizing
solution was aspirated. The primary anti-B-tubulin antibody was diluted in
PBS/0.1% Triton x-100, then for each coverslip a 60 pL drop was placed
onto the parafilm-covered lid of the 6-well plate. The coverslips were lifted
from the wells and then each overturned onto the drop containing the
primary antibody and incubated overnight in 4°C, or at room temperature
for 2 hours. After incubation, the cover slips were placed face-up back into
the wells, then washed with PBS/0.1% Triton x-100, 3 times for 5 minutes. A
goat anti-mouse secondary antibody conjugated with Alexa 568 (Invitrogen)
was diluted into PBS/0.1% Triton x-100, then again, the coverslips were
incubated face down in 60ul drops of the antibody solution for 1 hour at
room temperature in the dark. The coverslips were washed in PBS/0.1%
Triton x-100, then incubated in 500 yL Hoechst stain (0.5 pg/mL) for 1
minute while gently shaking to stain the nucleus. The coverslips were
immediately washed with 1x PBS twice for 5 minutes, then mounted onto
microscope slides with 20 uL of 70% glycerol. The edges of the coverslips
were sealed with nail polish. The cells were visualized with an Axio Imager
M2 microscope under fluorescence illumination settings with 63x oil
objective.
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Statistical Analysis

All the in vitro cell experiments were repeated at least 5 times. Statistical
analyses were performed in GraphPad Prism 9 using One-way ANOVA to
assess significance of differences where multiple comparisons are made,
followed by the Bonferroni post-hoc test. The two-tailed Student t-test was
also used to determine statistical significance between two groups. The
data were presented as Mean + SD. Statistical significance was defined
at p<0.05.

Results

Dysregulation of insulin signaling/low responsiveness to
insulin signaling in human AD/CAA brain

The characteristic of the human AD brain examined in this study is the
presence of large amounts of AB40 and AB42 in the brain and cerebral
vessels with CAA pathology (AD/CAA), which may contribute to the
dysregulation of insulin signaling in the AD brain. ELISA assays showed that
the levels of AB40 in the 13 non-demented age-matched controls (ND) and
13 AD/CAA brain samples were 6.83 £ 8.63 and 22976.79 + 1903.83 pg/mg
protein (Mean + SD), respectively (Figure 1A). The levels of AB42 in the ND
and AD/CAA brain samples were 60.50 + 1.87 and 210.79 + 27.42 pg/mg
protein, respectively (Figure 1B). Nuclear extracts were prepared from 6 ND
and 6 AD/CAA brain samples, and the TranSignal Protein/DNA Arrays were
used to detect the activities of insulin signaling-responsive transcription
factors (TF) in the ND and AD/CAA brain tissues. Previous studies have
demonstrated that insulin signaling can activate CREB (cAMP-responsive
element binding protein) and NFkB (nuclear factor kappa B) pathways
[35,36] and regulate insulin-responsive gene expression via SP1 (specificity
protein 1) transcription factor [37,38]. In addition, nuclear receptor signaling,
including thyroid hormone receptor (TR) and Peroxisome Proliferator-
Activated Receptors (PPAR), can potentiate insulin signaling, crosstalk
with insulin signaling or modulate insulin sensitivity [39-41]. Heat Shock
Transcription Factor (HSF) that binds to the Heat Shock Sequence Elements
(HSE) is also responsive to insulin/IGF-1-like signaling to regulate longevity
and stress response [42]. These transcription factors were not previously
investigated in human AD/CAA and ND brains although we reported JNK-
AP1 signaling was activated but the levels of CREB and NFkB were lower
in human AD brains as compared to ND brains [32]. The activities of the
transcription factors, CREB, NFkB, SP1, TR, HSF, and PPAR in the ND
and AD/CAA brain tissues were analyzed by TF arrays (Figures 1C and
1D). There are four dots for each of the transcription factors on the TF
array blots (the bottom two dots contained 10 times less hybridization probe
than the top two dots), and the four dots for each transcription factor were
quantified for the activity of the transcription factor (Figures 1C and 1D).
The activities of these 6 transcription factors were significantly decreased
in AD/CAA brain samples as compared to those in ND brain tissues (Figure
1E; two-tailed student t-test, **p<0.01; ****p<0.0001). This indicates that
AD/CAA brains had low responsive transcription factors to insulin signaling
as compared to ND brains. The presence of large amounts of AB40 and
ApR42 peptides in AD/CAA brain may interfere with insulin signaling and
are responsible for reduced activities of these transcription factors that are
involved or crosstalk with insulin signaling (Figure 1E).

N2a-ABPP cells produce beta-amyloid peptides and have
basal dysregulation of insulin signalling proteins

Mouse neuroblastoma 2a (N2a) cells and the N2a cells stably transfected
with a human gene encoding ABPP695 (N2a-ABPP) cells were then
used to study Ap-induced dysregulation of insulin signaling [31].
Immunocytochemical and phase contrast microscopy visualizations of
the N2a and N2a-ABPP cells show that the general morphology of the
two cell lines does not differ. Both cell lines were observed to have round
morphology with short extending neurofilaments (Figure S2). The size of
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both cell lines ranged from about 10 to 18 um. More N2a-ABPP cells appear ~ 90.63 pg/mL) (Figure 2B). It is known that AB1-42 forms oligomers. The
to have smaller diameter than parental N2a cells (Figure S2). ELISA kits used this study specifically detects either AR1-40 or AB1-42,
but not AB oligomers. It is likely that most of AB1-42 in the supernatant
ELISA was used to determine the levels of AB1-40 and AB1-42 peptides medium may form AB oligomers at 12h. This may be the reason that the
secreted from the N2a-ABPP cells into supernatant culture medium  |eye| of AB1-42 at 12 h was decreased as compared to that at 6 h in the cell
at different time points. The secretion of AB1-40 peptides from the cells  medium. Further analysis by Western blotting using anti-AB (6E10) antibody
gradually increased from 1h and reached a peak at 6 h (1647.75 + 33.51 detected AB monomers, oligomers and high molecular-weight aggregates
pg/mL) and maintained at high levels at 12 h and 24 h (Figure 2A). The i concentrated medium (data not shown). Secretion of AB1-40 and 1-42
secretion of AB1-42 peptides from N2a-ABPP cells also reached a peak  peptides from parental N2a cells was not detected (data not shown).
at 6h (2395.26 + 401.77 pg/mL) and then decreased at 12 h (701.09 £
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To evaluate the effect of AB on insulin signaling pathway, the basal levels
of insulin signaling proteins in N2a and N2a-ABPP cells were determined
by Western blotting. The cells were plated and grown to ~ 90% confluence
and then harvested as described above. This cell model is centered
around the effect of AB on signal regulation; indeed, the only difference
between the parental N2a cells and the transfected N2a-ABPP cells is the
overexpression of ABPP at the membrane of the transfected N2a-ABPP
cells; these transfected cells release AB extracellularly [31]. Western
blotting was performed to detect total IRS1, p-IRS1 (ser 612), total Akt,
p-Akt (ser 473), total GSK3p, p-GSK3B (ser 9), p-tau (ser 199/202), total

mTOR and p-mTOR (ser 2448) which were then normalized to B-tubulin
(Figure 3). The results show that there was a significant increase in the
level of IRS1 in N2a-ABPP cells as compared to N2a cells at baseline but
the level of p-IRS1 was significant lower in N2a-ABPP cells than that in N2a
cells at baseline (Figure 3). At baseline, N2a-ABPP cells also significantly
expressed higher levels of p-Akt and Akt as compared to those of N2a cells
(Figure 3). These results suggest that some of the insulin signaling proteins
were dysregulated in N2a-ABPP cells, in comparison with N2a cells, as a
result of ABPP overexpression and the production of AR peptides.
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Figure 3. Basal levels of insulin signaling proteins in N2a and N2a-ABPP cells: Mouse neuroblastoma 2a (N2a) cells, and N2a-ABPP cells stably transfected
with the gene encoding hABPP695, were plated in serum-free medium for 24 hours, then collected without any applied treatment to determine the cell lines’
basal protein levels. N2a-ABPP cells have significantly lower basal levels of p-IRS, while having significantly higher levels of total IRS1, total Akt, p-Akt, and
p-tau as compared to those in parental N2a cells. The data presented were normalized against B-tubulin (One-way ANOVA, F=7.751, p<0.0001; two-tailed

Student t-test, *p<0.05, **p<0.01, ***p<0.001; N = 5).
N2a-ABPP cells show insulin resistance phenotype

To assess how the N2a-ABPP cells may respond differently from parental
N2a cells to insulin, the two cell lines were treated with 0.1 nM, 0.5 nM, 5
nM, and 100 nM concentrations of insulin a range that encompasses both
physiological (0.1 nM to 5 nM) and supra-physiological (100 nM) levels
over a time course of 0, 15 min, 30 min, 1 h, 2 h, 4 h, and 8 h (Figure 4).
The aim was to compare any fluctuations in the levels of signaling proteins
on the insulin signaling pathway, and therefore any difference in insulin
response between the two cell lines. Treatment of N2a cells with insulin
significantly enhanced the phosphorylation of IRS1 at ser612 (Figures 4A
and 4B). The total level of IRS1 was significantly increased in N2a-ABPP
cells as compared to N2a cells (Figures 4A and 4C) at 30 min, 1 h and 2
h of 0.5 nM and 5 nM insulin treatments (Figures 4B and 4C). However,
the IRS1 phosphorylation was almost not detected in N2a-ABPP cells as
compared to N2a cells at 30 min, 1 h, and 2 h of 0.5 nM and 5 nM of
insulin treatment (Figures 4A and 4C). Together, these results show that
the effect of AB peptides on N2a cells is twofold: One, that AB induces an
insulin resistant state and there was almost no IRS1 phosphorylation in
N2a-APP cells when different concentrations of insulin were added, and
two, that the AB-mediated induction of insulin resistance may also trigger
the cell to overexpress IRS1 in an attempt to compensate for the lack of
phosphorylation response. Since IRS1 is located at the upper stream of
insulin signaling, dysregulation of IRS1 expression and phosphorylation
disturbs the transmission of insulin signaling downstream (Figure 4). Our
previous study observed that the level of IRS phosphorylation at ser612
was increased in N2a-ABPP cells at 24 h time point as compared to the
observation from the current study (15 min to 8 h). This may result from
different cell culture conditions and incubation time used in the previous
study. It is known that IRS1 and IRS2 are regulated through a complex
mechanism involving phosphorylation of over 50 serine/threonine sites in
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their tail regions [43,44]. The activation of insulin signaling at IRS1 may be
a combinatory effect of multiple site phosphorylation on IRS1 rather than a
single site phosphorylation.

Further down the insulin signaling pathway, mTOR (mammalian target of
rapamycin) phosphorylation also displayed a degree of insulin resistance
in N2a-ABPP cells, in that at the lower insulin treatment concentrations of
0.5 nM and 5 nM, the level of p-mTOR was significantly lower in N2a-ABPP
cells than in N2a cells (Figures 5A-5C). However, unlike IRS1, the response
was recovered with the application of higher concentrations of insulin, as
a significant increase of p-mTOR was observed with 5 nM and 100 nM of
insulin treatment over the entire 15 min to 8 h time course (Figures 5A and
5C) (One-way ANONA, *p<0.05).

Directly downstream of mTOR is p70S6 kinase, which is a direct indicator of
the level of mMTORC1 activity since its phosphorylation is dependent on the
activation of mTORC1. p70S6K is a dual pathway kinase by signaling cell
survival and growth through differential substrates, including mitochondrial
BAD and the ribosomal subunit S6, respectively [45]. The phosphorylation
of p70S6K at threonine 389 is a hallmark of activation by mTOR [46].
However, the phosphorylation of p70S6 kinase at threonine 389 in response
to insulin was diminished in N2a-ABPP cells as compared to N2a cells
treated with insulin, indicating decreased mTOR activity (Figure 5D) and
insulin resistance in N2a-ABPP cells.

It appears that the total levels of Akt expression and phosphorylation in
response to insulin treatment in N2a and N2a-ABRPP seemed to be similar
(Figure 6). However, distinct concentration and time-dependent patterns of
sensitivity to insulin of both cell lines were noticed in the phosphorylation
of Akt. With 5 nM and 100 nM of insulin treatment, the time-dependent
phosphorylation of Akt was apparent as a response curve of fold change,
in that both N2a and N2a-ABPP cells demonstrated significantly increased
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Akt phosphorylation at 15 minutes of treatment as compared to the control,
then subsequently higher fold increase of Akt phosphorylation at 30 minutes
of treatment as compared to 15 minutes (Figure 6A). With 0.5 nM and 5 nM
of insulin treatment, N2a cells’ phosphorylation response to insulin peaked
at 1 hour, at which p-Akt was significantly increased from the 30-minute
treatment. With 0.5 nM and 5 nM of insulin, N2a-ABPP cells peaked at 2
hours of treatment (Figure 6B), which was delayed for 1 hour. However,
with the highest insulin treatment concentration of 100 nM, both N2a and
N2a-ABPP cells seemed to peak at 1 hour of treatment; in N2a-ABPP cells,
p-Akt was significantly increased at 1 hour as compared to 30 minutes, but

a)

0.1 nM Insulin 0.5 nM Insulin

was significantly decreased at 2 hours as compared to the peak at 1 hour
(Figure 6C). Weak response of Akt phosphorylation to insulin treatment
(0.5 to 5 nM at 1 h treatment) in N2a-ABPP cells was also observed as
compared to N2a cells in our previous study [43]. These results suggest
that the response of Akt phosphorylation to insulin was delayed and the
magnitude of the response was minimized in N2a-ABPP cells as compared
to N2a cells. A previous study showed that serum-withdrawal resulted in Akt
phosphorylation in N2a cells [47], but this was not observed in our study.
The levels and phosphorylation of GSK3B in N2a-ABPP cells were not
changed as compared to those of N2a cells (data not shown).
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from 15 minutes to 8 hours (two-tailed t-test, *p<0.05). c) Quantification of p-mTOR in N2a and N2a-ABPP cells treated with 0.1 nM and 0.5 nM insulin for
30 min, 1 h and 2 h (two-tailed t-test, *p<0.05). N2a-ABPP cells had significantly less phosphorylation of mTOR as compared to N2a cells at 0.1 nM and 0.5
nM of insulin treatment, particularly at baseline, 30 min, 1 h, and 2 h of treatment. d) Phosphorylation of p70S6 kinase (p70S6K) in response to 0.5 nM and
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In summary, the altered levels of IRS and p-IRS, Akt and p-Akt, mTOR
and p-mTOR, and p70S6K observed in N2a-ABPP cells in response to
insulin treatment as compared to parental N2a cells indicate the presence
of altered insulin signaling or insulin resistance in N2a-ABPP cells.

Amyloid-beta binding peptide (ABP) pre-treatment of
N2a-ABPP cells enhanced insulin signalling response

Now that the effect of AR on insulin signaling dysregulation has been
established in N2a-ABPP cells, it is important also to determine whether
clearing AB in the extracellular environment of N2a-ABPP cells can relieve
insulin resistance or improve insulin signaling. To this end, N2a and N2a-
ABPP cells were treated with 0.5 nM and 5 nM insulin for 30 minutes, 1 hour,
and 2 hours. Before the insulin treatment, N2a-ABPP cells were pre-treated
with 0.44 uM AB-binding peptide (ABP) [27,28] at a concentration of ~ 500
times of extracellular AB. ABP is a 5 kDa synthetic peptide consisting of a
region of the 228 kDa human pericentrioloar material-1 (PCM-1) protein
[28]. No toxicity of ABP at 0.44 uM concentration was observed in the
cells [27,28]. ABP has been previously shown to selectively bind AR1-42
oligomers and reduce AR1-42-induced cytotoxicity in human neuroblastoma
cells [28]. Furthermore, ABP binds AR deposits in AD transgenic mouse
brain when directly injected into live animal AD models as well as in the
human AD brains in vitro [27-29]. ABP fusion protein with a BBB carrier
FC5 (KG207-M) can substantially reduce the brain AB levels and increase
the AB42/40 ratio in the CSF in a rat Alzheimer’s model [29]. N2a and N2a-
ABPP cell protein was extracted and probed via Western blot for p-IRS1 (ser
612), total IRS1, p-Akt (ser 473), total Akt, p-GSK3p (ser 9), total GSK3B,
p-tau (ser 199/202), and p-mTOR (ser 2448), total mTOR, p70S6 kinase,
and p-p70S6 kinase (thr 389). Results were normalized to B-tubulin, and
the combined treatment condition of ABP and insulin was presented relative
to corresponding treatment concentration of insulin only. Treatment of N2a
cells with ABP was not toxic to the cells and did not affect insulin signaling
(data not shown).

At the beginning of the insulin signaling pathway, there was an immediate
significant increase of p-IRS1 in N2a-ABPP cells treated with ABP followed
by 0.5 nM insulin for 30 minutes as compared to N2a-ABPP cells treated only
with insulin (Figure 7A). In N2a-ABPP cells, p-IRS1 was also significantly
increased in response with 5 nM insulin treatment for 1 hour when preceded
with 24 or 48 hours of ABP pre-treatment as compared to N2a-ABPP cells
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treated only with insulin (Figures 7A and 7C). With regards to total IRS1
levels, an increase in N2a-ABPP cells was also observed at 30 minutes of
0.5 nM insulin after 24 hours of ABP pre-treatment as compared to insulin
treatment only; the increase in IRS1 seemed to be sustained with 24 hour
pre-treatment and subsequent 0.5 nM or 5 nM insulin treatment, then also
after 48 hours of pre-treatment and following 2 hours of 0.5 nM or 5 nM
treatment (Figures 7A and 7B). These results suggest that ABP may be
binding up the extracellular AR that would otherwise competitively interact
with the insulin receptor, thus allowing for increased receptor binding of
insulin and increased phosphorylation activity upon the IRS1 protein
directly associated with the receptor. As for the increase in IRS1, it was
previously found that the upregulation of IRS1 in N2a-ABPP cells may occur
in compensation of the decreased phosphorylation of IRS1, yet if some
phosphorylation was being recovered with ABP treatment, it would also be
expected that IRS1 expression would decrease since the compensation was
not needed. However, ABP pre-treatment seemed to additionally increase
IRS1 response. The reason for this may be that the cells were still in a state
of trying to compensate for the lack of p-IRS1, in that expression of IRS1
may take longer to adjust accordingly to improved IRS1 phosphorylation.

As for p-Akt downstream of p-IRS, pre-treatment of N2a-ABPP cells with
ABP for 24 hours did significantly trigger stronger increased levels of p-Akt
in response to insulin than the cells treated only with 5 nM insulin for 30
minutes (Figures 7D and 7E). Similarly, with 48 h ABP pre-treatment, the
same significant increased at 30 minutes of 5nM insulin was seen. ABP
might be enhancing insulin signaling for the phosphorylation of Akt in these
conditions.

Further downstream in the insulin signaling pathway, phosphorylation of
mTOR at ser 2448 was also increased in trend with 24 hours of ABP pre-
treatment followed by 5 nM insulin as compared to N2a-ABPP cells only
treated with 5 nM insulin (Figures 8A and 8B). The phosphorylation of
p70S6 kinase is a direct indicator of the level of mTORC1 activity. Pre-
treatment with ABP significantly increased the phosphorylation of p70S6
kinase in N2a-ABPP cells in response to insulin as compared to non-ABP-
treated N2a-ABPP cells, specifically with 24 hours of ABP pre-treatment
followed by 0.5 nM or 5 nM insulin (Figures 8C and 8D). This is consistent
with the aforementioned trend of increase in p-mTOR and mTOR.

Analysis of the phosphorylation of GSK3 (at ser 9) and tau did not show



Yuka Sai, et al.

any significant trends in changing response to insulin in the cells. It is known
that there are about 79 phosphorylation sites of serine and threonine on tau

protein, therefore the phosphorylation sites of serine 199/202 targeted in
this experiment may not be the one affected in these treatments.
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Page 8 of 12



Yuka Sai, et al.

Discussion

Our analysis confirmed that the human AD/CAA brain tissues accumulated
large amounts of AB40 and AP42 peptides and revealed significantly
decreased activities of the transcription factors responsive to insulin
signaling as compared to age-matched non-demented control (ND) brain
tissues. Our observations of dysregulated insulin signaling are consistent
with what is reported in the literature [8-10,17]. It is known that the
transcription factors CREB, NFkB, PPAR, SP1, HSF and TR are responsive
or crosstalk to insulin signaling. This is the first report that the activities
of these transcription factors were significantly decreased or inhibited in
human AD/CAA brains. Our findings provide further evidence that insulin
signaling is dysregulated or inhibited in human AD brain possibly as a result
of accumulation of large amounts of AB peptides or oligomers. Studies
demonstrated that insulin signaling is important to brain function [48] and
that intranasal insulin administration improved cognitive performance
in early-stage AD patients [34,49-51], indicating that enhancing insulin
signaling may improve brain function in AD patients. It is thus necessary
to investigate the dysregulated insulin signaling and develop therapeutic
strategies to relieve insulin resistance and improve insulin signaling in AD.

Aiming to further characterize A-mediated dysregulation of insulin signaling,
a neural cell model was used in which the levels of insulin signaling proteins
and signaling response were compared between the parental N2a and the
N2a-ABPP lines. No previous study employed such a neural cell model that
produces AP peptides to study dysregulated insulin signaling in AD. After
analyses, we found that N2a-ABPP cells displayed altered basal levels
of insulin signaling proteins and also had dysfunctional insulin responses
at several points in the insulin signaling pathway when compared to the
parental N2a cells. The basal levels of IRS and pIRS in the absence of
insulin stimulation were significantly increased and decreased, respectively,
in N2a-ABPP cells while the basal levels of Akt and pAkt were significantly
increased in N2a-ABPP cells as compared to N2a cells. All of these suggest
that the presence of ABOs or AB itself affected the basal insulin signaling
in the cells. There was significantly reduced p-IRS1 signaling but increased
IRS1 expression in the absence of insulin or at all insulin treatment
concentrations in N2a-ABPP cells as compared to parental N2a cells.
Interestingly, we observed previously that acute treatment of SH-SY5Y cells
with exogenous AB42 peptide (5 pmol/L) enhanced the phosphorylation of
IRS as compared to SH-SY5Y cells treated with scrambled AB42 peptide at
the same concentration. We also observed that different culture conditions
may affect the phosphorylation of IRS in N2a-ABPP cells [43]. The above
observations imply that the persistent presence of Ap peptides/oligomers is
responsible for dysregulation of insulin signaling in N2a-ABPP cells.

In addition to decreased phosphorylation of IRS, the peak level of Akt
phosphorylation in N2a-ABPP cells after treatment with a physiological
concentration of insulin (5 nM) was delayed for one hour as compared to that
of N2a cells treated with the same concentration of insulin. In addition, the
phosphorylation of mTOR in N2a-ABPP cells exhibited a significant lack of
response to insulin at lower concentrations of insulin treatment. This would
support the hypothesis that the interaction between Akt and the mTOR
pathways is not a straightforward progression of response and effect. If the
Akt phosphorylation response to insulin was preserved in N2a-ABPP cells,
the downstream phosphorylation of mTOR should also then be preserved,
but current observations show that mTOR phosphorylation at the lower
treatment concentrations of insulin was not consistent with the conserved
Akt phosphorylation levels. The conclusion then follows that Akt-mediated
mTOR phosphorylation was subject to ABO-mediated insulin resistance that
required higher concentrations of insulin treatment to overcome. This further
demonstrates that the signaling response to insulin treatment in N2a-AgPP
cells was dysregulated as compared to N2a cells. This also establishes the
link of AB-mediated dysregulation of insulin signaling.

Several clinical studies have shown that intranasal administration of insulin
improved cognitive performance of AD patients. Alternatively, removal of AB
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peptides or oligomers may also improve insulin signaling. Investigation was
then conducted to test the strategy by clearing the extracellular ABOs or/and
AB peptides by pre-treating the N2a-ABPP cells with amyloid-beta binding
peptide (ABP) [27-29]. In binding extracellular AR with ABP, enhancement of
insulin response was observed along the signaling pathway, particularly with
p-IRS, p-Akt, p-mTOR and p-p70S6 kinase, all of which showed increases
in insulin response after ABP pre-treatment as compared to the N2a-AgPP
cells without ABP pre-treatment. Given that the ABP preferentially binds the
oligomeric forms of AB42, the effects of the ABP pre-treatment were likely a
result of lessening the load of ABOs that would otherwise interact with the
insulin receptors [27-29]. Removal of ABOs indeed promoted the recovery
of p-IRS1 phosphorylation. However, ABP pre-treatment seemed to further
increase IRS1 expression in response to insulin in N2a-ABPP cells, which
already expressed significantly more IRS in response to insulin than N2a
cells. It is possible that IRS1 expression was being further upregulated in
immediate response to the clearance of ABOs from the culture medium in an
attempt to adapt to the increased availability of insulin. Recent studies have
shown that ABP fused with a Blood-Brain Barrier (BBB) carrier FC5 (known
as KG207) was capable of reducing brain AB levels in a rat AD model post
intravenous injection and increased the cerebrospinal fluid (CSF) AB42/40
ratio [29]. Five-week treatment with KG207 rectified the CSF neurofilament
light chain concentrations assayed, resting-state functional connectivity
and hippocampal atrophy measured by magnetic resonance imaging [29].
The studies have further demonstrated that ABP is capable of binding and
removing AP or/and AB oligomers in animal studies.

A number of studies have shown that the regulation of insulin signaling and
IRS1 phosphorylation is very complex, particularly in Alzheimer’s insulin
resistance [9,52-58]. Some studies suggest that the phosphorylation at
some serine sites on IRS1 (such as mouse ser612 and human ser616) has
an inhibitory effect on insulin signaling [9,55]. In our current study, we have
observed that treatment of N2a cells with insulin significantly enhanced the
phosphorylation of IRS1 at ser612 and there was no phosphorylation of
IRS1 at ser612 in N2a-ABPP cells post insulin treatment. This is an objective
observation, indicating that insulin can enhance the phosphorylation
of IRS1 at ser612 in N2a cells. There are multiple phosphorylation sites
(serine/threonine) on IRS1 which can be phosphorylated following binding
of insulin to INSR or by other kinases (such as JNK, ERK). The activation
of insulin signaling at IRS1 may be a combinatory effect of multiple site
phosphorylation rather than a single site phosphorylation, possibly including
some unknown sites [59].

Downstream of IRS1, the observed increase of p-Akt, p-mTOR, and
p-p70S6K is consistent with the expected effect of increased phosphorylation
of IRS1, which is an indication of recovered insulin response in N2a-ABPP
cells by ABP treatment. These results are promising considerations for
targeting ABOs to relieve insulin resistance, since the results suggest that
signaling may be recovered throughout the insulin signaling pathway by
reducing the extracellular ABOs that would competitively bind to insulin
receptors. Of particular interest was the ABP-mediated stimulation of Akt
and mTOR phosphorylation, which were downregulated in the AD state. The
observation that GSK3f and p-GSK3p remains unchanged in N2a-ABPP
cells suggests that some protective mechanism maintained normal active
levels of GSK3B in the face of ABO pathology and treatments in this model.
The ABP pre-treatment with subsequent 0.5 or 5 nM insulin treatment
was able to recover mTOR signaling at certain degree. The timing of this
response recovery is important to consider in how mTOR signaling functions
in this context. Significant recovery of mTOR phosphorylation came after,
not before or at the same time, as the ABP-mediated enhancement in
Akt phosphorylation at 30 minutes of insulin treatment after the ABP pre-
treatment. This implies that Akt is located upstream of the mTOR pathway,
and that most likely the effect of the ABP pre-treatment was first exerted
upon the mTORC1 complex, which is downstream of Akt. The increase
in p70S6K phosphorylation was also an indication of increased mTORC1
activity. Whether the mTORC2 complex also further phosphorylated
additional Akt is unclear.
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These findings establish that, in N2a-ABPP cells, ABOs or AR peptides
disturbed insulin signaling and induced insulin resistance by interacting with
the insulin receptor. Furthermore, clearing ABOs or AR peptides relieved
insulin resistance and improved insulin signaling in the N2a-ABPP cells.
The presence of excess AB in the N2a-ABPP culture medium, by binding
to the insulin receptor and subsequently reducing IRS1 phosphorylation,
affected the PI3K/Akt signaling directly downstream, as well as the closely
associated mTOR signaling pathway. Clearance of AB or ABO by binding
agents such as ABP then reduced the interactions of AB or ABO with insulin
receptors, relieved insulin resistance and improved insulin signaling. If
insulin signaling can be rescued or stimulated where resistance is apparent,
the pathophysiology of AD that is mediated by insulin resistance in the brain
could be attenuated or even halted altogether. Clearing soluble ABOs or
AR peptides extracellularly in the brain may reduce insulin resistance and
brain malfunction if at early stage; Akt phosphorylation can be enhanced by
agents such as ABPs. Whether treatments like ABP can be developed as
preventative measures remains to be further investigated.

With each experiment, the complexity of the insulin signaling pathway
becomes more evident, with intersecting response pathways, feedback
or compensation mechanisms at work to preserve cell function. Excess
soluble ABO induced a state of insulin resistance observed as a
pronounced decrease in serine phosphorylation of IRS1 in the N2a-ABPP
cells at basal levels as well as a reduced response to insulin, and also
as dysregulation of basal levels and phosphorylation of Akt and mTOR.
Furthermore, the binding of ABO from the culture medium with ABP, which
prevented competitive binding of ABO or AR peptides on insulin receptors,
enhanced PI3K/Akt/mTOR signaling upon insulin treatment. The effects of
ABO or AB peptides may directly affect insulin signaling or may bypass the
upstream insulin signaling pathways to affect downstream signaling, which
is entirely plausible since Akt and mTOR are effectors involved in other
receptor-mediated pathways. The findings from the cell model provide the
supporting evidence that the presence of AB peptides or AB oligomers are
responsible for the dysregulation of insulin signaling or low responsiveness
of brain tissues/neural cells to insulin signaling in human AD brain. The fact
that ABP relieved insulin resistance and improved insulin signaling in the
N2a-ABPP cell model further validates the findings that ABO and/or A are
responsible for insulin resistance and the dysregulation of insulin signaling.
Our study also suggests that clearance of ABO and/or A by APB may be
further investigated as potential therapeutics to relieve insulin resistance
and improve insulin signaling in Alzheimer’s disease.

Limitations

It is important to note that we did not analyze the levels of IRS, pIRS, AKT,
pAKT, mTOR, pmTOR, p70S6K, and phosphorylated p70S6K in human
AD/CAA and ND brain samples due to limited amounts of human brain
tissue samples and also due to the fact that several published studies
demonstrated that there were defective insulin signalling and decreased
responsiveness to insulin signaling in human AD brain. N2a cell is a mouse
neuroblastoma line, and the N2a-ABPP cell is stably transfected with the
human gene encoding the Amyloid Precursor Protein (APP). There is
no relevant human neuronal cell line expressing APP and producing AB
peptides for our study. Thus, the interpretation and translation of the study
results into human should be cautious. In addition, due to limited scope of
our study, the animal models of Alzheimer’s disease were not used in this
investigation.

Conclusion

Our study shows that human AD/CAA brains had higher levels of AB40
and AB42 peptides and showed dysregulation of insulin signaling with low
activities of insulin signaling-responsive transcription factors as compared
to age-matched non-demented control brains. N2a-ABPP cells secrete
excessive AB40 and AB42 peptides into culture medium and show insulin
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resistance in response to insulin stimulation as compared to parental N2a
cells. ABP can bind to AB oligomers in the in vitro studies and bind to AB
deposits in human and mouse AD brains as described in previous studies.
Treatment of N2a-ABPP cells with ABP significantly improved insulin
signaling and relieved insulin resistant phenotype. Our study suggests that
AB oligomers/peptides may be responsible for inducing the insulin-resistant
phenotype in N2a-ABPP cells and that ABP may be further investigated
for its therapeutic potential to relieve AB-induced insulin resistance and
improve insulin signaling.
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