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Abstract

Impairment of biliverdin reductase-A (BVR-A) is an early event leading to brain insulin resistance in AD. Intranasal insulin (INI)
administration is under evaluation as a strategy to alleviate brain insulin resistance; however, the molecular mechanisms under-
lying INI beneficial effects are still unclear. We show that INI improves insulin signaling activation in the hippocampus and cortex
of adult and aged 3xTg-AD mice by ameliorating BVR-A activation. These changes were associated with a reduction of
nitrosative stress, Tau phosphorylation, and A3 oligomers in brain, along with improved cognitive functions. The role of BVR-
A was strengthened by showing that cells lacking BVR-A: (i) develop insulin resistance if treated with insulin and (ii) can be
recovered from insulin resistance only if treated with a BVR-A-mimetic peptide. These novel findings shed light on the mecha-
nisms underlying INI treatment effects and suggest BVR-A as potential therapeutic target to prevent brain insulin resistance in AD.
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Introduction

As populations age, the chronic diseases of older adults be-
come increasingly important, not least to health systems and
economies. Alzheimer disease (AD) has no proven preventa-
tive or behavioral intervention, and the currently approved
pharmacological treatments are only modestly effective. The
failure of insulin signaling, known as brain insulin resistance,
heavily impacts the core pathological processes of AD since
insulin regulates brain metabolism, cognitive functions, and
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life span [1, 2]. Examination of postmortem AD and amnestic
mild cognitive impairment brain uncovered key signs of brain
insulin resistance, i.e., reduced insulin receptor (IR) and in-
creased serine phosphorylation (inhibitory) of insulin receptor
substrate 1 (IRS1), particularly in the hippocampus, cortex,
and hypothalamus [1-3]. Higher levels of insulin resistance
markers are associated with poorer performance on cognitive
tests of episodic and working memory, independent of the
senile plaques and tangles load, thus suggesting a role for
insulin signaling in neuronal functions [2].
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Insulin signaling contains several regulatory points, which
represent critical nodes [4]. Among them, the protein biliver-
din reductase-A (BVR-A) has emerged due to its pleiotropic
functions. BVR-A—mainly known for its canonical activity
in the degradation pathway of heme—is also a unique serine/
threonine/tyrosine (Ser/Thr/Tyr) kinase directly involved in
the regulation of insulin signaling at different levels [5, 6].
Previous studies identified several molecular features of
BVR-A by showing that BVR-A is a direct target of the IR
kinase activity, similar to IRS1. IR phosphorylates BVR-A on
specific Tyr residues (Tyr198/228/291), resulting in activation
of BVR-A kinase activity [5]. In turn, once activated by IR,
BVR-A is able to phosphorylate IRS1 on Ser residues critical
for the insulin signaling activation [5]. In addition, following
insulin stimulation BVR-A is required for the activation and
nuclear translocation of the extracellular signal-regulated ki-
nases 1/2 (ERK1/2) [7] as well as for the correct activation of
the protein kinase B (PKB/Akt) [8] known to regulate mem-
ory processes in the brain [9].

We demonstrated a significant impairment of BVR-A in
human postmortem AD hippocampus [10, 11], and recent
studies from our group also showed that the dysfunction of
BVR-A is one of the earliest events characterizing the devel-
opment of brain insulin resistance in AD [12]. Indeed, in a
longitudinal study conducted with a triple-transgenic murine
model of AD (3xTg-AD), we identified three phases along the
progression of AD pathology characterized by (1) reduced
BVR-A protein levels associated with the hyper-activation
of IR at 3 months of age, (2) reduced BVR-A levels and
activation along with hyper-activation of both IR and IRS1
at 6 months of age, and (3) reduced BVR-A levels and acti-
vation associated with the activation of negative feedback
pathways, e.g., mTOR aimed to turn-off IRS1 hyper-activity
and thus leading to brain insulin resistance [12]. Furthermore,
in vitro experiments in neuronal cell lines highlighted that
insulin resistance phenomenon was characterized by a consis-
tent impairment of BVR-A [12], an observation that
strengthens the role of this protein as a regulator of the insulin
signaling cascade.

Among the strategies to ameliorate the activation of the
insulin signaling in the brain, intranasal insulin (INI) admin-
istration is under evaluation in an active large trial in the field
of AD. Intranasal administration represents an effective strat-
egy that allows drugs to bypass the blood brain barrier and
directly reach the brain, thereby avoiding side effects caused
by systemic administration [13]. Several small-scale clinical
trials showed that INI improved memory and attention in
healthy participants [14], as well as in patients with mild cog-
nitive impairment and AD [14—-16]. Preclinical studies in dif-
ferent mouse models of aging or AD confirmed the cognitive
improvement obtained by INI [17-21] and also showed the
path by which insulin reaches the brain [19, 20, 22-24].
However, it is still under debate the mechanism(s) by which

INI administration might improve learning and memory and
whether the INI treatment stimulates or not cerebral insulin
signaling leading to a recovery from brain insulin resistance
[25].

Therefore, the aim of the present study was to investigate
the role of BVR-A in the activation of the insulin signaling
cascade in the brain of both adult (6 months of age) and aged
(12 months of age) 3xTg-AD mice following INI administra-
tion. We found that INI administration was effective in (1)
preventing the early impairment of BVR-A in adult mice
and (2) recovering BVR-A activation in aged mice. Changes
of BVR-A were positively associated with the amelioration of
the insulin signaling cascade in the brain along with an im-
provement of AD neuropathology, cognitive, and non-
cognitive functions. We also set up an in vitro protocol
through which we were able to demonstrate that the lack of
BVR-A functions is detrimental for cells and drives them to-
ward insulin resistance. Furthermore, we demonstrated that
BVR-A is essential to allow insulin to recover cells from in-
sulin resistance.

These results confirmed that the impairment of BVR-A is
an early event along the development of brain insulin resis-
tance and that BVR-A could become a therapeutic target to
prevent/rescue the alterations of the insulin signaling cascade
in AD.

Methods
Animals

Four- and 10-month-old 3xTg-AD male mice (n=8-10 per
group/treatment) and their wild-type (WT) male littermates
(n=_8-10 per group/treatment) were used in this study. The
3xTg-AD mice harbor 3 mutant human genes (APPgye,
PS1y46vs and taupsg;r) and have been genetically engineered
by LaFerla and colleagues at the Department of Neurobiology
and Behaviour, University of California, Irvine [26-28].
Colonies of homozygous 3xTg-AD and WT mice were
established at the vivarium of Puglia and Basilicata
Experimental Zooprophylactic Institute (Foggia, Italy). The
3xTg-AD mice background strain is C57BL6/129Sv] hybrid
and genotypes were confirmed by PCR on tail biopsies [26].
The housing conditions were controlled (temperature 22 °C,
light from 07:00-19:00, humidity 50%—60%), and fresh food
and water were freely available. Animals received intranasal
insulin (Humulin®R, Ely-Lilly, Inadianapolis, IN, USA) ad-
ministration every other day (2 Ul total, 4 pL/nostril) or vehi-
cle (saline) during 2 months. All the experiments were per-
formed in strict compliance with the Italian National Laws
(DL 116/92) and the European Communities Council
Directives (86/609/EEC). All efforts were made to minimize
the number of animals used in the study and their suffering.
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Animals were sacrificed at the selected age and the hippocam-
pus and frontal cortex were extracted, flash-frozen, and stored
at —80 °C until total protein extraction and further analyses
were performed.

Behavioral Test

We used a serial behavioral testing procedure that has been
validated and compared with single testing procedures in our
laboratory, and by other investigators [29-32].

The novel object recognition (NOR) test and the Morris
water maze (MWM) test were used to explore the cognitive
behaviors, whereas the tail suspension test (TST) and the
Porsolt forced swim test (FST) for antidepressant/
depression-like coping behaviors. The experimental proce-
dures were administered to the animals in this sequence,
starting with those considered to be least stressful. The mini-
mum interval between two consecutives procedures was
2 days. All tests were performed between 8:00 a.m. and
3:00 p.m., in a dimly lit condition. On the day of testing, the
mice were acclimated for about 60 min in the behavioral room
before the procedures were initiated. The apparatus was
cleaned with 70% alcohol and water after each run. The be-
haviors were recorded with infrared lighting-sensitive CCD
cameras, stored, and analyzed as MPEG files. Experimental
subjects were weighed every day during the entire period of
the experiment.

Novel Object Recognition Test The object recognition task
is based on the spontaneous tendency of rodents to ex-
plore a novel object longer than a familiar one. Each
mouse was habituated to an empty Plexiglas arena (45 x
25 %20 cm) for 3 consecutive days. On training session
(T1) (day 4), mice were exposed for 5 min to two identi-
cal objects (A + A) placed at opposite ends of the arena;
30 min and 24 h later, the animals were subjected to a 5-
min testing session where they were exposed to one ob-
ject familiar (A) and to a novel object B (after 30 min)
and object C (after 24 h). Exploration was considered as
pointing the head toward an object at a distance of <
2.5 cm from the object, with its neck extended and vibris-
sae moving. Turning around, chewing, and sitting on the
objects were not considered exploratory behaviors. The
time of exploration was recorded, and an object recogni-
tion index (ORI) were calculated, such that ORI = (TN —
TF) / (TN + TF), where TN and TF represent times of
exploring the familiar and novel object, respectively [31,
32]. Mice that did not explore both objects during training
were discarded from further analysis. Objects used in this
task were carefully selected to prevent preference or pho-
bic behaviors. To avoid olfactory cues, the objects were
thoroughly cleaned with 70% ethanol and the sawdust
was stirred after each trial.

@ Springer

Morris Water Maze The test was conducted in a circular tank
of 1.2 m in diameter, locates in a room with several extra maze
cues as previously described [31]. Briefly, mice were trained
to swim to a 14-cm-diameter circular Plexiglas platform sub-
merged 1.5 cm beneath the surface of the water and invisible
to the mouse while swimming. The water temperature was
kept at 25 °C throughout the duration of the testing. The plat-
form was fixed in place, equidistant from the center of the tank
and its walls. Mice were subjected to four training trials per
day and were alternated among four random starting points for
5 consecutive days. Mice were allowed to find and escape
onto the submerged platform. If the mice failed to find the
platform within 60 s, they were manually guided to the plat-
form and were allowed to remain on it for 10 s. After this, each
mouse was placed into a holding cage under a warming lamp
for 25 s until the start of the next trial. Retention of the spatial
training (the probe trial) was assessed 1.5 and 24 h after the
last training session and consisted of a 60-s trial without the
platform. Mice were monitored by a camera mounted in the
ceiling directly above the pool, and all trials were stored on
videotape for subsequent analysis. The parameters measured
during the probe trial included (1) initial latency to cross the
platform location and (2) time spent in the target quadrant
(Scuderi et al., Transl Psychiatry 2018). Performance was
monitored using the EthoVision XT version 7 video tracking
software system (Noldus Information Technology Inc.,
Leesburg, VA).

Forced Swim Test The FST examines the dynamics of
transition from an active (swimming) to a passive
(immobility) mode of coping in an inescapable water-
filled pool. Enhancement of immobility normally ensues
after exposure, a phenomenon argued to reflect learned
behavioral despair [29-32] and prevented by antidepres-
sant treatment. The FST was performed as previously
described [29-32]. Briefly, mice were placed individual-
ly into Plexiglas cylindrical bins (20 cm diameter,
50 cm high) filled with water (25-27 °C water temper-
ature) to a depth of 20 cm. This depth did not allow the
tail and hindpaws to touch the floor of the bin. The
mice were allowed to swim for 6 min. After recording,
the mice were rescued using a plastic grid and caged
near a heat source (lamp). The behavioral tracking sys-
tem was calibrated so that a mouse was considered im-
mobile when making only those movements necessary
to keep its head above water. The total duration of
activity was determined during the last 4 min.

Tail Suspension Test This procedure, which is also used to
assess antidepressant-like activity, involved suspending the
mouse by the tail from a lever in a white box (30 x 30 x
30 cm). The test has duration of 6 min and is calculated by
the immobility time (sec) in the last 4 min of recording. These
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experimental conditions were similar to those previously de-
scribed [29-32]. Antidepressant treatment reduces the total
time the mouse remains immobile [30].

Samples Preparation

Total protein extracts were prepared in RIPA buffer (pH 7.4)
containing Tris-HCI (50 mM, pH 7.4), NaCl (150 mM), 1%
NP-40, 0.25% sodium deoxycholate, EDTA (1 mM), 0.1%
SDS, supplemented with proteases inhibitors
[phenylmethylsulfonyl fluoride (PMSF, 1 mM), sodium fluo-
ride (NaF, 1 mM), and sodium orthovanadate (NazVOy,,
1 mM)]. Before clarification, brain tissues were homogenized
by 20 passes with a Wheaton tissue homogenizer. Both brain
tissues homogenates and collected cells were clarified by cen-
trifugation for 1 h at 16,000xg, 4 °C. The supernatant was then
extracted to determine the total protein concentration by the
Bradford assay (Pierce, Rockford, IL).

Whole-Cell LTP in Organotypic Hippocampal Slices

Hippocampal organotypic slice cultures were prepared from
postnatal day 47 rats through a Mclllwain tissue chopper as
previously described in Spinelli et al. 2017. Slices (350 pwm)
were placed on semiporous membranes (Millipore) fed by
tissue medium (for 1 1: 788 ml 1xMEM (GIBCO, No.
11575-032,7.16 g HEPES, 0.49 g NaHCO;_4.8 g D-glucose,
50 ul 25% ascorbic acid, 50 pl (10 mg/ml) insulin, 200 ml
horse serum, 2 ml 1 M MgSQOy,, 1 ml 1 M CaCl,). Slices were
incubated at 35 °C in 5% CO, and after 5-7 days CA1 pyra-
midal neurons were transfected with ballistic gene transfer
(Gene-Gun, Bio-Rad, CA, USA). shRNAs were transfected
together with a plasmid enconding enhanced green fluorescent
protein (EGFP) to identify the transfected neurons. LTP ex-
periments were performed 2 days after transfection after stim-
ulating the Schaffer collateral fibers by means of a bipolar
tungsten electrode (FHC, Neural microTargeting Worldwide)
as previously described [33, 34]. Slices were incubated in
artificial cerebrospinal fluid (ACSF) containing (in mM):
119 NaCl, 2.5 KCl, 4 CaCl,, 4 MgCl,, 1 NaH,POy, 26
NaHCOs, 11 p-glucose, and 0.005 2-chloroadenosine, gassed
with 95% 0,/5% CO,. Whole-cell recording pipettes (3—
4 MQ) were filled with a solution containing (in mM) 135
CsMeSOs;, 8 NaCl, 10 HEPES, 0.25 EGTA, 2 Mg,ATP, 0.3
NayGTP, 0.1 spermine, 7 phosphocreatine, and 5 QX-314, pH
7.25-7.30 (osmolarity 300). Data were collected with a
MultiClamp 700B amplifier (Molecular Devices), digitized
at 10 kHz using the Digidata 1440A data acquisition system
(Molecular Devices) and analyzed using Clampfit software
(Molecular Devices). LTP was induced by pairing 200 stimuli
at 2 Hz with a holding potential of 0 mV. To avoid “wash-out”
of LTP, the induction protocol was applied within 5—7 min of
achieving whole-cell configuration. The magnitude of LTP

was calculated on basis of the averaged EPSC values during
the last 5 min of recordings (from min 25 to min 30). LTP
magnitude was expressed as the percentage change in the
mean EPSC peak amplitude normalized to baseline values
100% (i.e., mean values of recording before LTP induction).

Cell Culture and Treatments

The HEK cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), 2 mM L-glutamine, penicillin (20 units/ml), and strep-
tomycin (20 mg/ml), (GIBCO, Gaithersburg, MD, U.S.A.).
Cells were maintained at 37 °C in a saturated humidity atmo-
sphere containing 95% air and 5% CO,. Cells were seeded at
density of 40 x 10°/cm? in six-well culture dishes for the sub-
sequent treatments aimed to (i) induce the activation the insu-
lin signaling cascade, (ii) induce insulin resistance, and (iii)
recovery cells from insulin resistance. These experiments
have been performed based on a previous published protocol
further modified for the scope of this paper. In a first set of
experiments, HEK cells were treated with insulin
(humulin®R, Ely-Lilly, Inadianapolis, IN, USA) 100 nM for
different times (2—6—12—-24 h) to select the best time-to-
treatment to be used in the other experiments. Then, to mimic
insulin overexposure known to promote insulin resistance
[35], at the selected time, cells were treated with an additional
dose of insulin (100 nM) for other 2 h. Thereafter, medium
was discarded, cells were washed twice with PBS, and
rechallenged with DMEM with 10% FBS containing insulin
(100 nM—500 nM-1 uM) for additional 2 h to mimic the effect
of INI treatment aimed to recover insulin signaling cascade
activation. In parallel, to test the effects produced by the si-
lencing of BVR-A on insulin signaling activation, HEK cells
were seeded at density of 40 x 10%/cm? in six-well culture
dishes. After 24 h, medium has been replaced with DMEM
with 10% FBS, without antibiotics. Following, cells have
been transfected with 10 pmol of a small interfering RNA
(siRNA) for BVR-A (Ambion, Life Technologies,
LuBioScience GmbH, Lucerne, Switzerland, No. 4392420)
using Lipofectamine® RNAIMAX reagent (Invitrogen, Life
Technologies, LuBioScience GmbH, Lucerne, Switzerland,
No. 13778-030) according to the manufacturer’s protocol,
and then treated with insulin as described above. At the end
of each treatment, cells were washed twice with PBS, collect-
ed, and proteins were extracted as described below.

Peptide Treatments

HEK cells were plated as described above and then treated
with the myristoilated peptide (myr-KYCCSRK) (Biomatik,
Wilmington, Delaware, USA) at the dose of 10 and 20 uM [6,
36] in combination with insulin (100 or 500 nM) for 2 h.
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Slot Blot Analysis

To evaluate total (i) protein-bound 4-hydroxy-2-nonenals
(HNE) and (ii) 3-nitrotyrosine (3-NT) levels, brain samples
(5 ul), 12% SDS (5 ul), and 5 pl modified Laemmli buffer
containing 0.125 M Tris base, pH 6.8, 4% (v/v) SDS, and 20%
(v/v) glycerol were incubated for 20 min at room temperature
and then loaded onto nitrocellulose membrane as described
below.

Proteins (250 ng) were loaded in each well on a nitrocellu-
lose membrane under vacuum using a slot blot apparatus. The
membrane was blocked in blocking buffer (3% bovine serum
albumin) in PBS 0.01% (w/v) sodium azide and 0.2% (v/v)
Tween 20 for 1 h and incubated with an anti-2,4-
dinitrophenylhydrazone (DNP) adducts polyclonal antibody
(1:100, EMD Millipore, Billerica, MA, USA, No.
MAB2223) or HNE polyclonal antibody (1:2000, Novus
Biologicals, Abingdon, UK, No. NB100-63093) or an anti
3-NT polyclonal antibody (1:1000, Santa Cruz, Santa Cruz,
CA, USA, No. sc-32757) in PBS containing 0.01% (w/v) so-
dium azide and 0.2% (v/v) Tween 20 for 90 min. The mem-
brane was washed in PBS following primary antibody incu-
bation three times at intervals of 5 min each. The membrane
was incubated after washing with an anti-rabbit IgG alkaline
phosphatase secondary antibody (1:5000, Sigma-Aldrich, St.
Louis, MO, USA) for 1 h. The membrane was washed three
times in PBS for 5 min each and developed with Sigma fast
tablets (5-bromo-4-chloro-3-indolyl phosphate/nitroblue tet-
razolium substrate [BCIP/NBT substrate]). Blots were dried,
acquired with Chemi-Doc MP (Bio-Rad, Hercules, CA,
USA), and analyzed using Image Lab software (Bio-Rad,
Hercules, CA, USA). No non-specific binding of antibody to
the membrane was observed.

Western Blot

For western blots, 30 png of proteins were resolved on
Criterion TGX Stain-Free 4-15% 18-well gel (Bio-Rad
Laboratories, No. 5678084) in a Criterion large format elec-
trophoresis cell (Bio-Rad Laboratories, No. 1656001) in TGS
Running Buffer (Bio-Rad Laboratories, No. 1610772).
Immediately after electrophoresis, the gel was then placed
on a Chemi/UV/Stain-Free tray and then placed into a
ChemiDoc MP imaging System (Bio-Rad Laboratories, No.
17001402) and UV-activated based on the appropriate settings
with Image Lab Software (Bio-Rad Laboratories) to collect
total protein load image. Following electrophoresis and gel
imaging, the proteins were transferred via the TransBlot
Turbo semi-dry blotting apparatus (Bio-Rad Laboratories,
No. 1704150) onto nitrocellulose membranes (Bio-Rad,
Hercules, CA, USA, No. 162-0115) and membranes were
blocked with 3% bovine serum albumin in 0.5% Tween-20/
Tris-buffered saline (TTBS) and incubated overnight at 4 °C

@ Springer

with the following antibodies: anti-BVR-A (1:5000, abcam,
Cambridge, UK, No. ab90491), anti-BVR-A (1:1000, Sigma-
Aldrich, St Louis, MO, USA, No. B8437), anti-IR3 (1:1000,
Cell Signaling, Bioconcept, Allschwill, Switzerland, No.
3020), anti-phospho(Tyr1158/1162/1163)-IRf3 (1:1000,
Genetex, Irvine, CA, USA, No. GTX25681), anti-IRS1
(1:1000, Cell Signaling, Bioconcept, Allschwill,
Switzerland, No. 3407), anti-phospho(Ser307)-IRS1 (1:500,
Cell Signaling, Bioconcept, Allschwill, Switzerland, No.
2381), anti-phospho(Ser636)-IRS1 (1:500, Santa Cruz, Santa
Cruz, CA, USA, No. sc-33957), anti-Akt (1:1000, 1:1000,
Bio-Rad Laboratories, No. vma00253k), anti-
phospho(Ser473)-Akt (1:1000, Cell Signaling, Bioconcept,
Allschwill, Switzerland, No. 193H12), anti-ERK1/2 (1:1000,
Cell Signaling, Bioconcept, Allschwill, Switzerland, No.
9102), anti-phospho(Thr202/Tyr204)-ERK1/2 (1:1000, Cell
Signaling, Bioconcept, Allschwill, Switzerland, No. 9101),
anti-mTOR (1:1000, Bio-Rad Laboratories, No. vpa00174k),
anti-phospho(Ser2448)-mTOR (1:500, Cell Signaling,
Bioconcept, Allschwill, Switzerland, No. 5536), anti-
phospho-Tyrosine (1:2000, Cell Signaling, Bioconcept,
Allschwill, Switzerland, No. 9416), anti-IDE (1:1000, Santa
Cruz Biotechnology, No. sc-393887), purified anti-Ab 1-16
(1:1000, 6E10, Signet Laboratories-Covance, Emeryville,
CA, USA, No. SIG-39320), anti-Tau (1:1000, Santa Cruz,
Santa Cruz, CA, USA, No. sc-5587), anti-phospho(Ser202,
Thr205)-Tau (1:1000, AT8, Thermo Scientific, Waltham,
MA, USA, No. MN1020). After three washes with TTBS,
the membranes were incubated for 60 min at room tempera-
ture with anti-rabbit/mouse/goat IgG secondary antibody con-
jugated with horseradish peroxidase (1:5000; Sigma-Aldrich,
St. Louis, MO, USA). Membranes were developed with
Clarity ECL substrate (Bio-Rad Laboratories, No. 1705061)
and then acquired with Chemi-Doc MP (Bio-Rad, Hercules,
CA, USA) and analyzed using Image Lab software (Bio-Rad,
Hercules, CA, USA) that permits the normalization of a spe-
cific protein signal with the 3-actin signal in the same lane or
total proteins load.

Immunoprecipitation

The immunoprecipitation procedure was performed as previ-
ously described [37], with minor modifications. Briefly,
150 pg of proteins were dissolved in 500 puL of RIPA buffer
(10 mM Tris, pH 7.6; 140 mM NaCl; 0.5% NP-40) supple-
mented with proteases inhibitors and incubated with 1 pg anti-
BVR-A polyclonal antibody at 4 °C overnight.
Immunocomplexes were collected using protein A/G suspen-
sion for 2 h at 4 °C and washed five times with immunopre-
cipitation buffer. Immunoprecipitated BVR-A was recovered
by re-suspending the pellets in reducing sodium dodecyl sul-
fate buffers and electrophoresing them on 12% gels, followed
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by western blot analysis. Total BVR-A was used as a loading
control as previously described [7, 10, 11, 38].

Statistical Analyses

All data are presented as means = SEM of n independent sam-
ples per group. Behavioral and biochemical data were ana-
lyzed by two-way analyses of variance (ANOVA) with geno-
type (3xTg-AD vs WT) and treatment (insulin vs vehicle) as
between-subject factors. Tukey’s honestly significant differ-
ence (HSD) test or Bonferroni’s test were used for multiple
post hoc comparisons when required. Student # test was used
to evaluate differences observed in cellular experiments. p <
0.05 was considered significantly different from the reference
value. All statistical analysis was performed using GraphPad
Prism 5.0 software.

Results

Intranasal Insulin Administration Improves
Short-Term Learning and Memory
in 6- and 12-Month-Old 3xTg-AD Mice

We tested the effects of insulin treatment on both short- and
long-term memory in both 6- and 12-month-old 3xTg-AD
mice and age-matched WT littermates, performing
hippocampal- and cortical-dependent tasks as measured by
Morris water maze (MWM) and novel object recognition
(NOR) tests. Statistical details are reported in Supplementary
Table 1. After behavioral testing, mice were sacrificed and
brain collected for further biochemical analysis (Fig. 1a).
Spatial learning and memory were measured by MWM, in
which mice received four training trials/day for 5 consecutive
days to locate the hidden platform. Statistics demonstrated no
difference in spatial memory during 5 days of training
(acquisition) among all experimental groups at 6 and
12 months of age, indicating there is no difference in motiva-
tion or ability to perform the task (Fig. 1b). To determine the
effects of insulin on memory, the platform was removed from
the maze, and tests were conducted 1.5 or 24 h following the
last training trial to independently assess both short- and long-
term memory, respectively. Insulin significantly rescued the
short-term (1.5 h) spatial memory deficits present in both 6-
and 12-month-old 3xTg-AD mice, as indicated by a signifi-
cantly decreased latency to cross the platform location and
increased time spent in target quadrant of the 3xTg-AD mice
treated with insulin compared to vehicle-treated 3xTg-AD
(Fig. 1c, d). Moreover, insulin had no significant effects on
learning or memory retention in WT mice. When a probe
session was performed at 24 h (long-term memory) after the
last training session, at 6 months of age, insulin induced only a
trend toward a decrease (—32%) in the 3xTg-AD compared to

vehicle-treated 3xTg-AD mice (Fig. 1¢); conversely, the la-
tency to cross platform location was significantly decreased
(—=58%) at 12 months of age in insulin-treated 3xTg-AD mice
compared to age-matched vehicle-treated 3xTg-AD mice
(Fig. 1c). Regarding the time spent in the target quadrant at
24 h after the last training session, insulin induced only a trend
toward an increase in the 3xTg-AD compared to vehicle-
treated 3xTg-AD mice (+35% and + 52%, respectively, at 6
and 12 months of age) (Fig. 1d). Finally, multiple post hoc
comparisons showed that 3xTg-AD mice treated with insulin
performed similarly to the WT mice in all probe trials and at
both time points.

The NOR test exploits the natural tendency of mice to
explore objects perceived as novel. As previously described,
the retention session was performed at two different time
points (30 min or 24 h) after the exploration session in order
to assess both short- and long-term memory, respectively.
Two-way ANOVA for the object recognition index (ORI) at
a time-point of 30 min (short-term memory) either in 6- and
12-month-old mice revealed a significant main effect of geno-
type and treatment, while no significant genotype-by-
treatment interaction effect was found. Multiple post hoc com-
parisons showed a significant higher ORI in insulin-treated
3xTg-AD with respect to vehicle-treated 3xTg-AD mice, in-
dicating that insulin significantly improves the short-term rec-
ognition memory in the 3xTg-AD mice (Fig. 1e). When the
probe trial was performed 24 h after the exploration session
(long-term memory), we observed only a significant main
effect of genotype among the four groups (Fig. le).
Although insulin-treated 3xTg-AD mice performed better
than vehicle-treated 3xTg-AD mice, multiple post hoc com-
parisons did not reach any significant difference (+26% and
+21%, respectively, at 6 and 12 months of age). Finally, at
both time points, the post hoc analysis indicated that insulin
had no effect on the performance of WT mice.

Overall, these data indicate that insulin significantly both
prevents and rescues the impairment of the short-term memo-
ry in either 6- and 12-month-old 3xTg-AD mice, respectively,
with no significant effects on long-term memory. Moreover,
insulin apparently exerts no significant effects on learning or
memory in both adult and aged WT mice.

Intranasal Insulin Administration Ameliorates
the Depressive-Like Behavior in 3xTg-AD Mice

Depressive-like behaviors were measured by the tail sus-
pension test (TST) and forced swim test (FST). Statistical
details are reported in Supplementary Table 1. At 6 and
12 months of age, significant main effects of treatment,
genotype, and genotype-by-treatment interactions were ob-
served, except for the interaction in the older group of an-
imals. As previously demonstrated [30, 31], post hoc com-
parisons revealed that the immobility time in both tests was
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<« Fig. 1 Insulin rescues short-term memory deficits and ameliorates the
depressive-like phenotype in the 3xTg-AD mice. a Schematic represen-
tation of the experimental design. Evaluation of the cognitive (b—e) and
emotional phenotype (fand g) of 6- and 12-month-old 3xTg-AD and age-
matched non-Tg mice chronically treated with vehicle or insulin. Short-
and long-term memory of mice was evaluated by b—d Morris water maze
(MWM) and e novel object recognition (NOR) test (NORT). Moreover,
the emotional phenotype of mice was evaluated by f forced swimming
test (FST) and g tail suspension test (TST). Sample size is indicated in the
bars. Data are presented as means + SEM. Statistical analysis was per-
formed by two-way ANOVA followed by Tukey’s multiple comparison
test (*p < 0.05; **p < 0.01; **¥p <0.001)

higher in vehicle-treated 3xTg-AD than in vehicle-treated
WT mice (Fig. 1f, g). Moreover, insulin significantly de-
creased the immobility time in the 3xTg-AD mice for both
tests, either at 6 and 12 months of age (Fig. 1f, g).

Taken together, these results confirm that 3xTg-AD mice
show a depressive-like phenotype, which is reversed by insu-
lin treatment at 6 and 12 months of age. Moreover, insulin has
no significant effect on WT mice.

Intranasal Insulin Administration Prevents

the Impairment of BVR-A and the Early Dysfunction
of the Insulin Signaling Cascade in Adult 3xTg-AD
Mice at 6 Months of Age

According to our hypothesis, the impairment of BVR-A is
associated with the dysfunction of the insulin signaling

Fig. 2 Hippocampal LTP was a
inhibited in organotypic brain
slices in which BVR-A was si-
lenced. a Schematic representa-
tion of whole-cell recording from
CALI hippocampal pyramidal
neuron in organotypic hippocam-
pal slice (see methods for details).
b Time course of LTP at CA3—
CAL1 synapses in hippocampal
organotypic slices transfected with
BVR-A shRNA or scrambled
shRNA. Results are expressed as
percentages of baseline EPSC am-
plitude (=100%). Insets (top) show
representative EPSC at baseline 2

CA1 SE RE

cascade, which contributes to the cognitive impairment
observed in AD [2, 39]. However, no data exist about
the role of BVR-A in the hippocampal synaptic plasticity.
To investigate this aspect, we studied long-term potentia-
tion (LTP) at CA3—CA1l synapses in hippocampal
organotypic slices biolistically transfected with shRNA
for BVR-A together with a plasmid enconding enhanced
green fluorescent protein (EGFP) to identify the
transfected neurons (Fig. 2a). Silencing of BVR-A signif-
icantly reduced the LTP magnitude at CA3—CAT1 synapses
compared with LTP observed in neurons transfected with
a scrambled shRNA (shLuc=261+92.4% vs shBVR-A =
176.9 +66.8%, p=0.049; Fig. 2b).

These data demonstrate for the first time that BVR-A has a
role in the hippocampal synaptic plasticity and therefore, its
impairment in AD could be crucial to mediate cognitive and
learning dysfunctions.

To determine whether INI administration was effective in
preventing the impairment of BVR-A and the early alterations
of the insulin signaling cascade observed in 3xTg-AD mice at
6 months of age [12], here we evaluated changes of (i) BVR-A
protein levels and Tyr phosphorylation together with (ii) the
levels and activation of some main components of the insulin
signaling cascade in the hippocampus and cortex of 3xTg-AD
mice and their littermate WT controls, treated with vehicle or
insulin for 2 months (from 4 to 6 months of age). First, we
confirmed our previous results showing reduced BVR-A
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levels and activation in the hippocampus of 6-month-old
vehicle-treated 3xTg-AD mice compared to vehicle-treated
WT mice (Fig. 3a, c). INI treatment did not affect BVR-A
protein levels (Fig. 3a, ¢), while INI was effective in
preventing the observed impairment of BVR-A activation in
3xTg-AD mice (Fig. 3b, c). No significant changes were ob-
served between INI-treated and vehicle-treated WT mice
(Fig. 3a—c).

Consistent with our hypothesis, the activation of BVR-A,
induced by INI treatment, resulted in a significant
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Fig. 3 Intranasal insulin prevents the early impairment of BVR-A in the
hippocampus of 3xTg-AD mice at 6 months of age. a, b Immunoblot
analysis and ¢ densitometric evaluation of changes of BVR-A protein
levels and Tyr phosphorylation (pTyr) observed in the hippocampus of
3xTg-AD mice and WT littermate controls treated with vehicle or insulin
from 4 to 6 months of age. Densitometric values shown are given as
percentage of WT mice vehicle set as 100%. BVR-A protein levels were
normalized per total protein load. pTyr levels on BVR-A were normalized
by using total BVR-A as loading control following immunoprecipitation
[7,38]. Data are presented as means + SEM (n = 6 mice/group). Statistical
analysis was performed by two-way ANOVA followed by Bonferroni’s
multiple comparison test (*p < 0.05). Pairwise comparisons available in
Supplementary Table 2
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improvement of the insulin signaling cascade in the hippo-
campus of 3xTg-AD mice (Fig. 4). In particular, we found
that INI further stimulated IR activation (pIR™™15%/1161/1162/
IR) in adult 3xTg-AD mice compared to age-matched vehicle-
treated 3xTg-AD mice, leaving unchanged the IR protein
levels (Fig. 4b, c). Moreover, we evaluated the activation of
IRS1 by analyzing the levels of two of the best characterized
sites known to promote IRS1 inhibition and thus insulin resis-
tance even in AD brain: Ser307 and Ser636 [39, 40]. INI did
not induce changes of IRS1 levels, while INI prevented the
pathological hyper-activation of IRS1 in 3xTg-AD mice, as
demonstrated by the extent of IRS1 inhibition (mostly
pIRS15*/IRS1), which returns close to those observed for
WT mice (Fig. 4b, d). Rescue of the BVR-A/IRSI axis acti-
vation was reflected by the activation of the downstream tar-
gets. Here, we extended our previous findings [12] by show-
ing that ERK1/2 levels did not change across all the experi-
mental groups, while their activation was significantly in-
creased in the hippocampus of vehicle-treated 3xTg-AD mice
and it was partially reduced (~ 70%, p =0.07) following INI
administration (Fig. 5a, b). Further, we found that Akt protein
levels in the hippocampus of 3xTg-AD mice were significant-
ly increased compared to vehicle-treated WT mice, and were
not affected by INI treatment (Fig. 5a, c); conversely, Akt
activation was strongly stimulated following insulin adminis-
tration in 3xTg-AD mice compared to vehicle-treated group
(pAkt>™73/Akt, Fig. 5a, ¢). The improvement of Akt activa-
tion was associated with the amelioration of mTOR activation,
whose reduction was prevented in INI-treated 3xTg-AD mice
(p-mTOR3****¥/mTOR, Fig. 5a, d). Keeping in mind the role
of BVR-A in regulating insulin signaling at different levels [5,
8, 41], these observations further support our hypothesis that
the impairment of BVR-A is associated upstream with the
hyper-activation of the IR/IRS1 axis, while downstream with
an aberrant activation of MAPK and Akt/mTOR axes. Instead,
INI treatment prevents the alterations of BVR-A and amelio-
rates the entire activation of the insulin signaling in the hip-
pocampus of adult 3xTg-AD mice.

In WT mice, INI treatment led to a significant increase of
the IR activation (Fig. 4c)—indicating the stimulatory effect
of administered insulin—which was associated with a reduc-
tion of IRS1 Ser636 phosphorylation (~ 40%, p=0.06,
Fig. 4d), along with a significant increase of ERK1/2 activa-
tion (Fig. 5b). No changes of the Akt/mTOR pathway were
observed in the hippocampus of INI-treated WT mice with
respect to vehicle-treated WT mice (Fig. 5S¢, d). This is in
agreement with the well-known possibility that the two main
harms of the insulin signaling cascade, i.e., the MAPK and the
Akt pathways, are not stimulated simultaneously [42, 43].

When we looked at the frontal cortex, we found that BVR-
A protein levels were significantly reduced and were not as-
sociated with an impairment of BVR-A activation in adult
vehicle-treated 3xTg-AD mice with respect to WT mice
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(Supplementary Fig. 1C). Furthermore, no changes were ob-
served following INI administration. Regarding the insulin
signaling cascade, we observed an increased phosphorylation
of the IR (Supplementary Fig. 2B) along with a significant
increase of ERK1/2 activation (Supplementary Fig. 2D), pos-
sibly indicating an augmented basal activation of the MAPK
pathway. However, no significant changes were observed for
the other targets (e.g., Akt and mTOR). The observations
about reduced BVR-A levels and increased IR activation in
the frontal cortex of adult 3xTg-AD mice recall the very early

<« Fig. 4 Intranasal insulin prevents the hyper-activation of IRS1 in the

hippocampus of 3 x Tg-AD at 6 months of age. a Schematic
representation of the insulin signaling cascade. Blue arrows: activation;
red line: inhibition; Y: tyrosine residues; S: serine residues. b Immunoblot
analysis and ¢, d densitometric evaluation of IR and IRS1 protein levels
and phosphorylation measured in the hippocampus of 3xTg-AD mice
and in WT littermate controls treated with vehicle or insulin from 4 to
6 months of age. Densitometric values shown are given as percentage of
WT mice vehicle set as 100%. Protein levels were normalized per total
protein load. Proteins’ phosphorylation was normalized by taking into
account the respective protein levels and are expressed as the ratio
between the phosphorylated form and the total protein levels:
pIRMTHSS/I6VI63) TR TR (Ser307 or Se636) RS Data are presented
as means + SEM (n = 6 mice/group). Statistical analysis was performed
by two-way ANOVA followed by Bonferroni’s multiple comparison test
(*p<0.05, **p<0.01). Pairwise comparisons available in
Supplementary Table 2

changes we found in the hippocampus of 3xTg-AD mice at
3 months of age [12], thus suggesting that the alterations of the
insulin signaling cascade do not progress at the same time and
in the same way in different brain areas. INI administration did
not promote significant changes for BVR-A or the activation
of the insulin signaling in the frontal cortex of either adult
3xTg-AD or WT mice (Supplementary Fig. 2).

Taken together, these lines of evidence suggest that the
impairment of BVR-A occurs early along the progression of
AD pathology in 3xTg-AD mice and is associated with a
dysfunction of the insulin signaling cascade mainly in the
hippocampus, which can be significantly prevented by INI
administration.

Intranasal Insulin Administration Recovers BVR-A
Activation and Prevents the Onset of Brain Insulin
Resistance in Aged 3xTg-AD Mice at 12 Months of Age

To further characterize the molecular mechanisms underlying
the beneficial effects of INI, we evaluated whether insulin
treatment (from 10 to 12 months) was effective in recovering
the activation of BVR-A and thus preventing the onset of
brain insulin resistance in aged (12 months) 3xTg-AD mice
[12].

In agreement with what we observed with adult (6 months)
3xTg-AD mice, INI administration to aged 3xTg-AD mice
did not promote changes of brain BVR-A protein levels,
which remained reduced even after the treatment, whereas
INT significantly recovered the activation of BVR-A in the
hippocampus of aged 3xTg-AD mice (Fig. 6a, c).
Unexpectedly, INI treatment promoted a significant reduction
of BVR-A activation in the hippocampus of WT mice com-
pared to the vehicle-treated WT mice (Fig. 6a, c).

The evaluation of the insulin signaling cascade revealed
that INI administration did not promote an increase of IR
protein levels (Fig. 7a, b), while INI led to a consistent acti-
vation of the IR in the hippocampus of aged 3xTg-AD mice
compared to vehicle-treated 3xTg-AD mice (Fig. 7a, b). With
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Fig. 5 Intranasal insulin prevents the early impairment of the insulin
signaling cascade in the hippocampus of 3xTg-AD at 6 months of age.
(a) Immunoblot analysis and b—d densitometric evaluation of ERK1/2,
Akt, and mTOR protein levels and phosphorylation measured in the
hippocampus of 3xTg-AD mice and in WT littermate controls treated
with vehicle or insulin from 4 to 6 months of age. Densitometric values
shown are given as percentage of WT mice vehicle set as 100%. Protein
levels were normalized per total protein load. Proteins’ phosphorylation

regard to IRS1 activation, here we strengthened our previous
findings [12] by also showing a significant elevation of IRS1
Ser636 phosphorylation (Fig. 7a, c), which, together the ob-
served impairment of the IR, are indicative of a condition of
brain insulin resistance. INI significantly reduced the levels of
IRS1 Ser636 phosphorylation in 3xTg-AD mice, which were
reported close to those of vehicle-treated WT mice (Fig. 7a, ).
Downstream from IR, the amelioration of the BVR-A/IRS1
axis positively did impact on both ERK1/2 and Akt pathways
in the hippocampus of aged 3xTg-AD mice. Although we did
not find changes for ERK1/2 or Akt protein levels (Fig. 8a—c),
we found significant differences in terms of their activation.
Indeed, the insulin resistance phenomenon was associated
with no changes of ERK1/2 activation (Fig. 8a, b), but a con-
sistent impairment of Akt activation in the hippocampus of
vehicle-treated 3xTg-AD mice was found (Fig. 8a, c).
Strikingly, INI was effective in promoting the activation of
both ERK1/2 (Fig. 8a, b) and Akt (Fig. 8a, c) proteins, thus
indicating an improved insulin signaling activation.
Downstream from Akt, we did not observe changes for
mTOR protein levels and activation in aged 3xTg-AD mice
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was normalized by taking into account the respective protein levels and
are expressed as the ratio between the phosphorylated form and the total
protein levels: pERK1/2(Thm202/Tyr209/ERK 1/2, pAktSe243)/Akt,
pmTORS**®/MmTOR. Data are presented as means+ SEM (n=6
mice/group). Statistical analysis was performed by Two-way ANOVA
followed by Bonferroni’s multiple comparison test (*p <0.05, **p <
0.01). Pairwise comparisons available in Supplementary Table 2

following INI treatment (Fig. 8a, d). However, by considering
that IRS1 Ser636 is a direct target of mTOR when aberrantly
activated [40], it seems that INI administration ameliorates the
regulation of the Akt/mTOR axis finally resulting in a reduc-
tion of IRS1 Ser636 phosphorylation.

In WT mice, insulin administration promoted the activation
of the IR without significant changes of the downstream tar-
gets, except for Akt whose activation was significantly re-
duced (Fig. 8a, c). Other than Akt, we also noticed an aug-
mentation mTOR activation (~ 78%, p=0.08, Fig. 8a, d),
which, together with reduced BVR-A activation, could be
representative of an impairment of the insulin signaling cas-
cade. These results, therefore, possibly suggest that insulin, if
administered for long time to an adult brain that is not com-
promised, could favor/accelerate the impairment of insulin
signaling [as shown by [44—46]].

In the frontal cortex of aged 3xTg-AD mice we ob-
served changes that are in between those observed in the
hippocampus of adult and aged 3xTg-AD mice, further
supporting a different temporal progression of the alter-
ations of the insulin signaling between hippocampus and
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Fig. 6 Intranasal insulin recovers BVR-A activation in the hippocampus
of 3xTg-AD mice at 12 months of age. (a, b) Immunoblot analysis and ¢
densitometric evaluation of changes of BVR-A protein levels and Tyr
phosphorylation (pTyr) observed in the hippocampus of 3xTg-AD mice
and WT littermate controls treated with vehicle or insulin from 10 to
12 months of age. Densitometric values shown are given as percentage
of WT mice vehicle set as 100%. BVR-A protein levels were normalized
per total protein load. pTyr levels on BVR-A were normalized by using
total BVR-A as loading control following immunoprecipitation [7, 38].
Data are presented as means = SEM (n = 6 mice/group). Statistical anal-
ysis was performed by one-way ANOVA followed by Bonferroni’s mul-
tiple comparison test (*p < 0.05; **p < 0.01). Pairwise comparisons avail-
able in Supplementary Table 2

cortex even in aged mice. We found a significant reduction
of BVR-A levels and activation (Supplementary
Fig. 3A,C) in the frontal cortex of vehicle-treated 3xTg-
AD mice with respect to vehicle-treated WT mice. INI
treatment significantly improved only BVR-A activation
(Supplementary Fig. 3A,C). With regard to the insulin sig-
naling cascade, we observed a significant increase of IRS1
inhibition in vehicle-treated 3xTg-AD mice with respect to
WT mice (Supplementary Fig. 4A,C), without changes of
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Fig. 7 Intranasal insulin promotes IR activation and prevents the
inhibition of IRSI in the hippocampus of 3xTg-AD at 12 months of
age. a Immunoblot analysis and b, ¢ densitometric evaluation of IR and
IRS1 protein levels and phosphorylation measured in the hippocampus of
3xTg-AD mice and in WT littermate controls treated with vehicle or
insulin from 10 to 12 months of age. Densitometric values shown are
given as percentage of WT mice vehicle set as 100%. Protein levels
were normalized per total protein load. Proteins’ phosphorylation were
normalized by taking into account the respective protein levels and are
expressed as the ratio between the phosphorylated form and the total
protein levels; pIRM¥1S¥11621163)1p 1R g1 (Ser307 or Ser630)1RS 1 Data
are presented as means + SEM (n = 6 mice/group). Statistical analysis was
performed by two-way ANOVA followed by Bonferroni’s multiple com-
parison test (*p <0.05; **p <0.01). Pairwise comparisons available in
Supplementary Table 2

the other components. Interestingly, INI led to a significant
increase of IR activation (Supplementary Fig. 4A,B), and
Akt activation (Supplementary Fig. 4A,E) in the 3xTg-AD
mice along with a decreasing trend of IRS1 inhibition (re-
duced Ser307 phosphorylation, ~ 80%, p =0.1), which are
all suggestive of an amelioration of the insulin signaling
activation. No significant changes were observed for WT
mice, regardless the treatment.
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Fig. 8 Intranasal insulin promotes the activation of insulin cascade in the
hippocampus of 3xTg-AD at 12 months of age. a Immunoblot analysis
and b—d densitometric evaluation of ERK1/2, Akt, and mTOR protein
levels and phosphorylation measured in the hippocampus of 3xTg-AD
mice and in WT littermate controls treated with vehicle or insulin from 10
to 12 months of age. Densitometric values shown are given as percentage
of WT mice vehicle set as 100%. Protein levels were normalized per total
protein load. Proteins’ phosphorylation were normalized by taking into

Overall, these results suggest that INI administration im-
proves the activation of BVR-A and prevents the onset of
brain insulin resistance in the brain of aged 3xTg-AD mice.

BVR-A Is Required for the Correct Transduction
of the Insulin Signaling Cascade In vitro

To investigate whether BVR-A activation is essential to
mediate the beneficial effects of the INI administration in
3xTg-AD mice, we performed several in vitro experiments
aimed to demonstrate that insulin’s ability to recover cells
from insulin resistance requires BVR-A. First, we tested
whether insulin (100 nM) at different times (2—6—12—
24 h) promotes the activation of its downstream targets in
controls cells and in cells in which BVR-A had been si-
lenced (to mimic a condition in which BVR-A does not
work). We found that insulin leads to the activation of
ERK1/2 and Akt only in control cells (Supplementary
Fig. 5F and H, respectively). In siRNA-treated cells, insu-
lin failed to promote its downstream effects. Rather, insulin
treatment favors the inhibitory phosphorylation of IRS1
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account the respective protein levels and are expressed as the ratio
between the phosphorylated form and the total protein levels: pERK1/
2(Thi202/Tyr200)/pR1C1/2, pAktS?*/Akt, pmTORS*®/mTOR. Data
are presented as means+ SEM (n =6 mice/group). Statistical analysis
was performed by two-way ANOVA followed by Bonferroni’s multiple
comparison test (*p < 0.05; **p <0.01). Pairwise comparisons available
in Supplementary Table 2

along with suppression of ERK1/2 and Akt activation
(Supplementary Fig. 5F and H, respectively). These re-
sults, therefore, indicate that BVR-A is required to mediate
the correct transduction of the insulin signaling cascade,
which otherwise would be shifted toward a condition of
insulin resistance. Based on these data and due to the fact
that Akt was the main target modulated by the INI admin-
istration in 3xTg-AD mice, we selected 2 h as time for
treatment to use in the subsequent experiments. As shown
in Fig. 9a, we set up a protocol in which, first, we induced
insulin resistance and then we tried to recover insulin sig-
naling activation both in control and siRNA-treated cells,
by re-challenging these cells with increasing doses of in-
sulin (to mimic the effect of the INI administration). Our
data show that insulin mainly affects the activation of the
selected targets since we did not observe significant chang-
es of protein levels (Supplementary Fig. 6). Indeed, we
found that insulin (100 nM, for 2 h) promoted the activa-
tion of IR, Akt, and mTOR in control cells (Fig. 9c—g,
column 4), whereas a significant increase of IRS1 inhibi-
tion (Fig. 9d, column 5), a reduction of Akt activation
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(Fig. 9f, column 5), and a sustained activation of mTOR
(Fig. 9g, column 5) were observed when we induced insu-
lin resistance by overexposing these cells to additional in-
sulin (100 nM, for additional 2 h). Similar changes were
found in siRNA-treated cells where insulin treatment
(100 nM, 2 h) directly promoted insulin resistance

(Fig. 9c—g, column 9). At this point, both control and
siRNA-treated cells were rechallenged with fresh medium
containing increasing doses of insulin (100 nM—500 nM—
1 uM, for 2 h) to test whether insulin was able to recover
the activation of the insulin signaling cascade. We found
that insulin, at all the concentrations tested, further
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Fig. 9 BVR-A is required recovery insulin signaling activation in vitro.
(a) Scheme of the protocol used to induce the activation of the insulin
signaling as well as insulin resistance in HEK cells (for details see
“Methods” section). For each condition, numbers in plain circle
indicate the treatment while those in empty circle are relative the
collection time. b Immunoblot analysis and ¢—g densitometric
evaluation of BVR-A, IR, IRS1, ERK1/2, Akt, and mTOR activation
evaluated following different insulin treatments in control HEK cells or
in cells in which BVR-A was silenced through a specific siRNA.
Numbers in panel (b) and those indicated in each column of the
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densitometric analysis are matched and are indicative of the treatment
performed as also indicated in (a). Densitometric values shown are given
as percentage of control cells (column 1) set as 100%. Protein levels were
normalized per total protein load. Proteins’ phosphorylation were normal-
ized by taking into account the respective protein levels and are expressed
as the ratio between the phosphorylated form and the total protein levels:
IR(TYTIISS/I62/I163) 1R IR (5er636) [RQ | | pERK 1/2(Thr202/Tyr204)
ERK1/2, pAkt®e2*3/Akt, pmTORS***®/mTOR. Data are presented
as means = SEM (n =3 independent cultures/group). *p < 0.05 (Student
t test)
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increased the activation of IR both in control (Fig. 9c¢, col-
umns 6—8) and siRNA-treated cells (Fig. 9c, columns 10—
12). Notwithstanding this result, we observed a difference
in terms of activation of the downstream targets. In control
cells, among the tested doses, insulin at 500 nM was able
to partially recover the activation of Akt (Fig. 9f, column
7), thus possibly indicating an amelioration of the insulin
signaling cascade. Conversely, neither of the tested doses
was effective in promoting Akt activation in siRNA-treated
cells (Fig. 9f, columns 10-12). Increased Akt activation
was also associated with a reduction of mTOR activation
in control cells (Fig. 9g, column 7). Instead, a persistent
mTOR activation even further elevated at the highest dose
of insulin (I uM) was observed in cells in which BVR-A
was silenced (Fig. 9g, columns 10-12). Also in this case,
we did not observe significant changes of protein levels
(Supplementary Fig. 7).

To further confirm the pivotal role of BVR-A, we took
advantage of the use of the BVR-A mimetic peptide
299K YCCSRK, which has been previously demonstrated to
mimic the kinase activity of BVR-A toward the IR/IRS1 axis,
thus favoring the activation of the insulin signaling cascade [6,
47]. Strikingly, we found that insulin (100 nM, for 2 h) did not
induce insulin resistance if administered together with the
peptide (10 and 20 uM) in siRNA-treated cells (Fig. 10, col-
umns 5-7). The treatment with the peptide at both the tested
doses favors the activation of the insulin signaling cascade as
demonstrated by the significant reduction of IRS1 inhibition
(Fig. 10d, columns 6-—7), the increase of both ERK1/2
(Fig. 10e, columns 6—7) and Akt activation (Fig. 10f, columns
6-7) and the reduction of mTOR activation (Fig. 10g, col-
umns 6—7). Furthermore, the peptide allows recovery of
siRNA-treated cells from insulin resistance (Fig. 10, columns
8—10). Indeed, while insulin alone is not able to recover insu-
lin signaling activation, insulin does if administered together
with the peptide, which leads to a significant reduction of
IRS1 inhibition (Fig. 10d, columns 8-10) along with a signif-
icant activation of Akt (Fig. 10f, columns 8-10) and a reduc-
tion of mTOR activation (Fig. 10g, columns 8-10).

Overall, these findings demonstrate the central role that
BVR-A plays in the regulation of the insulin signaling cascade
and also strengthen the notion of the role played by BVR-A in
the molecular mechanisms underlying the beneficial effects of
the INI administration.

Amelioration of Insulin Signaling Activation

Is Associated with Reduced Oxidative Stress Levels
and AD Neuropathological Markers

in the Hippocampus and Cortex of INI-Treated
3xTg-AD Mice

We previously reported that the dysregulation of the insulin
signaling cascade in the hippocampus of 3xTg-AD mice was
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associated with increased oxidative/nitrosative stress levels as
well as a worsening of AD-like neuropathology [12]. To fur-
ther explore whether the improved functionality of the insulin
signaling cascade following INI administration might affect
the abovementioned pathological features of AD brain, we
evaluated changes of oxidative/nitrosative stress markers,
A3 oligomers and Tau levels, and phosphorylation in the hip-
pocampus and cortex of WT and 3xTg-AD mice both at 6 and
12 months of age.

We found that INI treatment significantly reduced 3-NT
levels in the hippocampus both in adult (Fig. 11a) and aged
(Fig. 11b) 3xTg-AD mice. In agreement with data about the
activation of the insulin signaling cascade following INI ad-
ministration, a reduction of 3-NT levels close to significance
was found in the cortex of adult 3xTg-AD mice (~ 75%, p =
0.06, Supplementary Fig. 8).

In parallel, western blot analysis revealed that INI treatment
did not significantly modify the expression of full-length APP
and A3 dodecamer (A3*56) either in the hippocampus or in
frontal cortex of 6-month-old insulin-treated 3xTg-AD mice
(Fig. 12a, b and Supplementary Fig. 8B-C, respectively).
Rather, we observed a significant reduction of A3 oligomers
in hippocampus (Fig. 12¢, d) but not in frontal cortex of 12-
month-old 3xTg-AD (Supplementary Fig. 8E-F). To better
understand the mechanisms responsible for the observed re-
duction of A} in the hippocampus of 3xTg-AD mice follow-
ing INI administration, we analyzed the expression levels of
the insulin-degrading enzyme (IDE), known to be involved in
the degradation of A3 [48]. Regardless of the age of the mice,
we observed no significant changes in the expression levels of
IDE either in the hippocampus or cortex of 3xTg-AD mice
after INI administration (Fig. 12a, b and Supplementary
Fig. 8E-F), thus suggesting that probably other degradative
or clearance mechanisms are responsible for the observed re-
duction of A3 oligomers.

Finally, we found that INI administration was able to ame-
liorate Tau pathology both in hippocampus and frontal cortex
of 3xTg-AD mice. In particular, we observed reduced phos-
phorylation levels of tau protein on Ser202/Thr205 residues in
the hippocampus of adult (Fig. 12a, b) and aged (Fig. 12c, d)
3xTg-AD mice, as well as in the frontal cortex of aged 3xTg-
AD mice (Supplementary Fig. 8E-F).

Discussion

With a long prodromal period of 10 to 20 years, AD and
related dementias are becoming a priority for many govern-
ments, considering that 1% of global gross domestic product
is spent on dementia care [49]. Brain insulin resistance greatly
contributes to this preclinical period during which only subtle
behavioral symptoms are evident [25], and no reliable bio-
markers indicative of any potential risks are available [50].
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Fig. 10 The BVR-A mimetic peptide >*°K'Y CCSRK recovers the correct
activation of the insulin signaling cascade in cells lacking BVR-A. a
Scheme of the protocol used to treat cells (for details see “Methods”
section). For each condition, numbers in plain circle indicate the treatment
while those in empty circle are relative the collection time. b Immunoblot
analysis and c—g densitometric evaluation of BVR-A, IR, IRS1, ERK1/2,
Akt, and mTOR activation evaluated in control cells or in cells silenced
for BVR-A and treated with insulin alone or in combination with the
20K YCCSRK peptide (P). Numbers in panel (b) and those indicated in
each column of the densitometric analysis are matched and are indicative

Therefore, the comprehension of the initiating molecular
events leading to brain insulin resistance is fundamental to
strengthen the setup of new prevention strategies aimed to
reduce both the risks and the dramatic outcomes of metabolic
dysfunctions in the brain.
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of the treatment performed as also indicated in (a). Densitometric values
shown are given as percentage of control cells (column 1) set as 100%.
Protein levels were normalized per total protein load. Proteins’ phosphor-
ylation were normalized by taking into account the respective protein
levels and are expressed as the ratio between the phosphorylated form
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mTOR. Data are presented as means + SEM (n =3 independent cul-
tures/group). *p <0.05 and **p < 0.01 (Student ¢ test)

We show for the first time that alterations of the insulin
signaling cascade do not occur simultaneously in different
brain areas. Our data are supportive for a different progression
between hippocampus and frontal cortex. Indeed, hippocam-
pus shows a marked alteration of the insulin signaling before
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Fig. 11 Improvement of insulin signaling cascade activation following
insulin administration is associated with reduced nitrosative stress levels
in the hippocampus of 3xTg-AD mice. Changes of oxidative (HNE) and
nitrosative (3-NT) stress levels evaluated in the hippocampus of 3xTg-AD
mice and WT littermate controls treated with vehicle or insulin from (a) 4
to 6 months and (b) from 10 to 12 months of age. Data shown are given as
percentage of WT mice vehicle set as 100%. Data are presented as means
+ SEM (n = 6 mice/group). Statistical analysis was performed by two-way
ANOVA followed by Bonferroni’s multiple comparison test (¥p <0.05;
*#p <(0.01). Pairwise comparisons available in Supplementary Table 2

the frontal cortex both in adult and aged 3xTg-AD mice. This
is in line with the temporal development of AD neuropathol-
ogy in the brain of 3xTg-AD mice [26, 51-53].

Then, to better characterize the molecular mechanisms un-
derlying the alterations of brain insulin signaling, we focused
on the protein BVR-A [41], whose impairment was demon-
strated to precede the canonical molecular alterations associ-
ated with the insulin resistance phenomenon, i.e., reduced IR
orincreased IRS1 inhibition [39, 42, 54, 55] in 3xTg-AD mice
[12]. Indeed, as previously reported by our and Butterfield’s
group, BVR-A is consistently impaired in human mild cogni-
tive impairment (MCI) and AD hippocampus [10, 11, 56]
known to be characterized by increased IRS1 inhibition and
mTOR hyper-activation [57]. Similarly, reduced BVR-A acti-
vation was found in plasma samples collected from AD MCI
and AD patients [58]. Furthermore, reduced BVR-A levels
and activation have been found in the hippocampus of
3xTg-AD mice before IRS1 inhibition and analogous changes
have been observed in WT mice with age [12]. In addition, a
dysfunction of BVR-A has been observed in the parietal
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cortex of beagles—who spontancously deposit human-type
amyloid 3 (AP) peptide [59, 60] and thus are a natural higher
mammalian model of aging than rodents—quite early during
the aging process along with a reduced activation of the insu-
lin signaling cascade [61]. Based on these lines of evidence,
we believe that the impairment of BVR-A is an event which
precedes the development of brain insulin resistance.

Hence, we hypothesized that INI administration, by
favoring the IR-mediated activation of BVR-A, would
prevent the alterations of the insulin signaling in the
brain. Indeed, despite the reported beneficial effects of
INI administration in humans [14—-16, 62, 63], the mo-
lecular mechanisms that underlie the effects of insulin
are still poorly understood. In particular, it is not clear
whether or not intranasal insulin overcomes insulin re-
sistance by promoting the activation of the insulin sig-
naling cascade [25, 64].

Here, we provided some answers to this point by demon-
strating that INI treatment promoted the activation of the IR
and its downstream targets in the brain of both adult and aged
3xTg-AD mice. Remarkably, improvement of insulin signal-
ing activation occurs along with an improvement of BVR-A
activation both in the hippocampus and cortex.

In agreement with our hypothesis, INI administration
prevented the early impairment of BVR-A activation in
3xTg-AD mice (Fig. 3). Indeed, an improved BVR-A activa-
tion seems to be useful to dampen IRS-1 hyper-activation (as
indexed by decreased Ser636 phosphorylation) (Fig. 4d), and
it is also associated with an improvement of Akt phosphory-
lation (Fig. S¢) [8], which also prevents the failure of mTOR
activation (Fig. 5d), in the hippocampus of 3xTg-AD mice at
6 months of age.

As previously reported, other than the brain insulin resis-
tance phenomenon, also this non-physiological hyper-activa-
tion phase could produce deleterious effects in terms of learn-
ing and memory functions [65-69]. Interestingly, by
preventing the early alterations of the insulin signaling cas-
cade in the 6-month-old 3xTg-AD mice, INI also significantly
ameliorated the short-term spatial learning in MWM, as well
as the short-term working memory in the NOR task (Fig. 1).
Differently, the long-term memory (spatial and working) was
not significantly affected by INI treatment, although we ob-
served a trend toward an improvement of cognitive dysfunc-
tions compared to vehicle-treated 3xTg-AD mice. Other au-
thors found that INI treatment was able to positively affect the
long-term memory in C57BL/6 mice [70]. The discrepancy
may be attributed to the differences in the experimental con-
texts and animals (transgenic vs non-transgenic mice, adult/
aged vs very young), and mostly due to the use of different
dosage of insulin and scheme of treatment (80 pg/every other
day for 2 months vs 900 pg/day for 7 days), which may have
affected the assessment of the cognitive phenotype in our ex-
periments versus those reported by other authors.
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Also of interest, to our knowledge, this is the first study
showing that INI treatment ameliorates depressive-like behav-
ior in the 6-month-old 3xTg-AD mice performing two differ-
ent tests (Fig. 1). It is prudent, in fact, to test parallel depres-
sive paradigms to strongly confirm phenotype. We therefore
decided to perform two subsequent tests that are indicators of
depressive behavior: forced swimming and tail suspension.
We previously demonstrated that 3xTg-AD mice show a
depressive-like phenotype [30, 31] that is completely reversed
by INI treatment.

Collectively, these observations agree with the well-known
role of insulin in modulating synaptic plasticity [that is, LTP
and long-term depression (LTD)] via Akt [42, 71].
Furthermore, insulin has a crucial role in the development
and maintenance of excitatory synapses [42, 72] and has been
shown to promote dendritic spine formation and excitatory
synapse development through activation of the Akt/mTOR
axis [42, 73]. In this picture, our results showing that silencing
of BVR-A is sufficient to promote a dysfunction of LTP in rat
brain slices (Fig. 2) represent an intriguing novelty, that, to-
gether with the observed impairment of the insulin signaling,
further supports a role for BVR-A in the molecular mecha-
nisms regulating cognitive functions (Fig. 1).
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The effectiveness of INI administration is evident also in
aged (12 months of age) 3xTg-AD mice used to test the hy-
pothesis that INI, by rescuing BVR-A impairment, prevents
the onset of brain insulin resistance. Indeed, at 12 months of
age these mice show a reduction of BVR-A activation along
with clearly signs of insulin resistance including (i) reduced IR
levels and activation (Fig. 7b), (ii) increased IRS1 Ser636
phosphorylation (Fig. 7c), and (iii) uncoupling of Akt/
mTOR signaling (Fig. 8c, d). Interestingly, we found that
INI treatment was able to recover the activation of BVR-A
(Fig. 6) and to prevent the increased IRS1 inhibition (Fig. 7c),
which results in a downstream improvement of both Akt
(Fig. 8¢) and ERK1/2 activation (Fig. 8b), finally leading to
a significant recovery in terms of cognitive functions (Fig. 1)
[1, 2, 42, 74]. In fact, at the behavioral level, 12-month-old
3xTg-AD mice confirm the phenotype of younger 3xTg-AD
mice. In particular, INI treatment significantly enhances short-
term spatial and working memory, as well as evokes
depressive-like behavior in 3xTg-AD mice (Fig. 1). As far
as the long-term memory, INI treatment significantly de-
creases (—58%) the latency to cross platform location in the
MWM and, although not significant, also ameliorates other
behavioral endpoints of spatial and working memory in the
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3xTg-AD mice compared to age-matched, vehicle-treated
3xTg-AD mice.

Surprisingly, we did not see a decrease of mTOR activa-
tion—which is among the kinases whose aberrant activity is
known to mediate IRS1 inhibition [40, 75] also in AD [3,
76-80]—in aged 3xTg-AD mice following insulin treatment.
However, we believe that the improvement of Akt activation
together with the observed decrease of IRS1 phosphorylation
on a site known to be target of mTOR kinase activity [Ser636
[40]] are indicative of an improved regulation of the Akt/
mTOR axis.

All these lines of evidence suggest that changes of BVR-A
are strongly associated with alterations of the insulin signaling
cascade in the brain. However, whether BVR-A is directly
involved in the beneficial effects of INI both in adult and aged
mice remained to be investigated. For that reason, we per-
formed several in vitro experiments by using cells in which
BVR-A was silenced to clarify the role of BVR-A in the
mechanisms associated with insulin resistance (Figs. 9 and
10). First, our results demonstrated that cells lacking BVR-A
and treated with insulin develop insulin resistance rather than
a physiological activation of the insulin signaling
(Supplementary Fig. 5 and Fig. 7). Indeed, an increase of
IRS1 Ser636 phosphorylation (Fig. 9d, column 5), a decrease
of Akt activation (Fig. 9f, column 5) along with a persistent
activation of mTOR (Fig. 9g, column 5) was observed.
Interestingly, these results agree with the molecular changes
observed in 3xTg-AD mice at 12 months of age (Figs. 7 and
8). At that age, we showed that BVR-A is required to recover
cells from insulin resistance (Fig. 9), since the above-cited
alterations were retrieved only in control cells but not in cells
lacking BVR-A, following the exposure to high dose insulin
(500 nM) (Fig. 9). These data, therefore, strongly support the
mechanism hypothesized for INI-treated mice. The essential
role for BVR-A is strengthened by the results collected in cells
lacking BVR-A and treated with a BVR-A mimetic peptide
(Fig. 10). Several sequence motifs within BVR-A structure
were identified as possible protein—protein interaction sites:
the cysteine-containing *’KKRILHC and **°KYCCSRK in
the C-terminal «-helix, and the two SH2-binding motifs
("®YMKM and ***YLSF) [36]. Among these peptides,
299K YCCSRK was found to stimulate IR-mediated
phosphorylation/activation of BVR-A finally leading to an
increase glucose uptake in HEK cells [6, 47]. However, these
observations were limited to the evaluation of basal glucose
uptake. Thus, we tested whether the *°’KYCCSRK peptide
could rescue cells from insulin resistance, and we demonstrat-
ed that in cells lacking BVR-A insulin promotes the activation
of'the insulin signaling cascade, and thus recoveries cells from
insulin resistance, only if administered together with the pep-
tide (Fig. 10). Indeed, decreased IRS1 inhibition, increased
ERK1/2 and Akt activation, and decreased mTOR hyper-
activity were observed (Fig. 10).
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The recovery of insulin signaling physiological activation
in 3xTg-AD mice had beneficial effects also on AP and Tau
pathology and is able to reduce the accumulation of oxidative
damage both in adult and aged 3xTg-AD mice (Fig. 11).
Accordingly, previous data demonstrated that insulin deficien-
cy leads to increased Tau phosphorylation, which was re-
versed by insulin administration directly in the brain
[81-84], and that higher brain insulin concentrations may re-
duce amyloid oligomerization and toxicity [85], increase syn-
aptogenesis [86], or modulate long-term potentiation and de-
pression in the hippocampus, thus improving learning and
memory [87].

Taken together, these findings propose that the dysfunc-
tion of BVR-A is an early event in the development of
brain insulin resistance and that by recovering BVR-A ac-
tivity, it is possible both to rescue early alterations of the
insulin signaling cascade and to prevent the onset of brain
insulin resistance. So far, most of the studies have been
aimed to understand the factors that mediate IRS1 inhibi-
tion or determine means to recovery IRS1 activation.
However, when IRS1 is significantly inhibited, it is already
late. Strikingly, our results represent a step forward for the
comprehension of the very early mechanisms responsible
for the alteration of the insulin signaling cascade, finally
resulting in brain insulin resistance. The comprehension of
the initiating molecular events is fundamental to develop
new prevention strategies and to improve therapeutic strat-
egies for the treatment of AD. Among the latter, is the
intranasal insulin administration, with the final goal to re-
duce the risks and impact of brain metabolic alterations in
an aging population. Our work contributed to this goal.
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