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a b s t r a c t

Clinical studies suggest a link between peripheral insulin resistance and cognitive dysfunction. Inter-
estingly, post-mortem analyses of Alzheimer disease (AD) subjects demonstrated insulin resistance in the
brain proposing a role for cognitive deficits observed in AD. However, the mechanisms responsible for
the onset of brain insulin resistance (BIR) need further elucidations. Biliverdin reductase-A (BVR-A)
emerged as a unique Ser/Thr/Tyr kinase directly involved in the insulin signaling and represents an up-
stream regulator of the insulin signaling cascade. Because we previously demonstrated the oxidative
stress (OS)-induced impairment of BVR-A in human AD brain, we hypothesize that BVR-A dysregulation
could be associated with the onset of BIR in AD. In the present work, we longitudinally analyze the age-
dependent changes of (i) BVR-A protein levels and activation, (ii) total oxidative stress markers levels (PC,
HNE, 3-NT) as well as (iii) IR/IRS1 levels and activation in the hippocampus of the triple transgenic model
of AD (3xTg-AD) mice. Furthermore, ad hoc experiments have been performed in SH-SY5Y neuro-
blastoma cells to clarify the molecular mechanism(s) underlying changes observed in mice. Our results
show that OS-induced impairment of BVR-A kinase activity is an early event, which starts prior the
accumulation of Aβ and tau pathology or the elevation of TNF-α, and that greatly contribute to the onset
of BIR along the progression of AD pathology in 3xTg-Ad mice. Based on these evidence we, therefore,
propose a new paradigm for which: OS-induced impairment of BVR-A is firstly responsible for a sus-
tained activation of IRS1, which then causes the stimulation of negative feedback mechanisms (i.e.
mTOR) aimed to turn-off IRS1 hyper-activity and thus BIR. Similar alterations characterize also the
normal aging process in mice, positing BVR-A impairment as a possible bridge in the transition from
normal aging to AD.

& 2015 Elsevier Inc. All rights reserved.
1. Introduction

During the last years a growing number of observations high-
lighted a close interconnection between Alzheimer disease (AD)
and common diseases of modern adulthood, including obesity and
type 2 diabetes mellitus (T2DM) [1,2]. Furthermore, epidemiolo-
gical studies showed that hallmarks of peripheral metabolic dis-
orders, such as glucose intolerance and/or impairment of insulin
secretion, are associated with a higher risk to develop dementia or
d),
AD [2–5], whereas patients with AD more frequently present with
an impaired glucose metabolism or T2DM [6,7].

This clinical evidence raised doubts about the correct func-
tioning of insulin signaling especially in light of the neurotrophic
actions mediated by insulin [8]. Indeed, the activation of insulin
signaling cascade does not induce a significant glucose uptake in
the brain as it does in peripheral tissues [9,10], but, rather, it
modulates other important functions through the activation of the
two main pathways downstream to the insulin receptor (IR):
(i) the phosphoinositide-3 kinase (PI3K) pathway, which is in-
volved in the maintenance of synaptic plasticity and memory
consolidation [11,12]; and (ii) the mitogen-activated protein ki-
nase (MAPK) cascade, which is responsible both for the induction
of several genes required for neuronal and synapse growth,
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maintenance and repair processes, as well as serving as a mod-
ulator of hippocampal synaptic plasticity that underlies learning
and memory [13].

Interestingly, human postmortem studies have convincingly
shown that a dysregulation of the insulin signaling with reduced
downstream neuronal survival and plasticity mechanisms are
consistent and fundamental abnormalities in AD [9,14,15]. In
particular, AD brain is characterized by a phenomenon known as
brain insulin resistance (BIR) – broadly defined as the inadequate
response to insulin by target cells [13] – due to reduced insulin
receptor (IR) activation and increased levels of inhibitory phos-
phorylation of the insulin receptor substrate-1 (IRS1) on specific
serine (Ser) residues [9,14,15].

Consistent with prior studies from the Butterfield group and
others [20–23], some of the common clinical signs and symptoms
of T2DM and AD could arise from an impairment of the activity of
biliverdin reductase-A (BVR-A). BVR-A, the main isoform of BVR
[24], is a pleiotropic enzyme primarily known for its canonical
activity (reductase activity) named for the reduction of heme-de-
rived biliverdin (BV) into the powerful antioxidant and anti-
nitrosative molecule bilirubin (BR) [25,26]. But BVR-A also has a
unique serine/threonine/tyrosine (Ser/Thr/Tyr) kinase directly in-
volved in insulin signaling [22,27]. Indeed, BVR-A is a direct target
of IR, which stimulates BVR-A kinase activity (thereafter indicated
as BVR-A activation) via Tyr phosphorylation [22]. Once activated,
BVR-A is able to phosphorylate IRS1 on Ser inhibitory domains,
thus representing an upstream regulator in the insulin signaling
cascade [22].

We have previously reported the oxidative stress-induced im-
pairment of BVR-A in the hippocampus of AD and amnestic mild
cognitive impairment (aMCI) subjects due to reduced Tyr phos-
phorylation and increased 3-nitrotyrosine (3-NT) modifications,
thus questioning about the real neuroprotective role of BVR-A
[20,21,28]. Based on these results and given the above background,
decreased BVR-A activation would have deleterious effects in-
cluding the inhibition of the insulin signaling pathway.

In the present work, we longitudinally analyze the age-de-
pendent changes of BVR-A protein levels and activation, as well as
IR/IRS1 levels and activation in the hippocampus of the triple
transgenic model of AD (3xTg-AD) mice, which develop both Aβ
and tau pathologies in an age-dependent manner [29]. The hip-
pocampus is one of the brain regions mostly affected by amyloid
beta (Aβ) and tau pathologies in the 3xTg-AD mice and whose
alterations have major functional impact in AD symptoms. Further,
we profile the molecular mechanisms responsible for the onset of
BIR, by focusing on the contribution of oxidative/nitrosative stress.
Our data suggest that BVR-A integrates both oxidative/nitrosative
stress- and insulin-mediated signaling, both mechanisms dysre-
gulated in AD brain.
2. Materials and methods

2.1. Animals

3, 6, 12 and 18 months-old 3xTg-AD male mice (n¼6 per group)
and their wild-type (WT) male littermates (n¼6 per group) were
used in this study. The 3xTg-AD mice harbour harbour 3 mutant
human genes (APPSwe, PS1M146V, and tauP301L) and have been ge-
netically engineered by LaFerla and colleagues at the Department
of Neurobiology and Behavior, University of California, Irvine [29].
Colonies of homozygous 3xTg-AD and WT mice were established
at the vivarium of Puglia and Basilicata Experimental Zooprophy-
lactic Institute (Foggia, Italy). The 3xTg-AD mice background strain
is C57BL6/129SvJ hybrid and genotypes were confirmed by PCR
on tail biopsies [29]. 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. All the experiments
were performed in strict compliance with the Italian National
Laws (DL 116/92), 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. Animals were sa-
crificed at the selected age and the hippocampus was extracted,
flash-frozen, and stored at �80 °C until total protein extraction
and further analyses were performed.

2.2. Immunohistochemistry

Briefly both 3xTg and WT mice at 3, 6, 12 and 18 months of age
(n¼3 per group, per genotype) were intra-cardioventricularly
perfused with saline followed by fixation solution (4% paraf-
ormaldehyde in PBS 0.1 M, pH 7.4) at a flow rate of 36 ml min�1

[30]. Brains were post-fixed in the fixation solution for 1 day and
then transferred in 0.02% sodium azide in PBS. Free-floating cor-
onal sections of 50 μm thickness were obtained using a vibratome
slicing system (microM, Walldorf, Germany) and stored at 4 °C in
0.02% sodium azide in PBS. The endogenous peroxidase activity
was quenched for 30 min in 0.3% H2O2. Sections were then pre-
treated in 90% formic acid and incubated overnight at 4 °C either
with the monoclonal 6E10 antibody (1:3000, Signet Laboratorie–
Covance, Emeryville, CA, USA, #sig-39320) for Aβ staining, or with
the human-specific anti-tau antibody, HT7 (1:2000, Thermo Sci-
entific Pierce Product, Rockford, IL, USA, #MN1000). After re-
moving the primary antibody in excess, sections were incubated
with the appropriate secondary antibody and developed with
diaminobenzidine substrate using the avidin-biotin horseradish
peroxidase system (Vector Laboratories, Inc, Burlingame, CA, USA,
#SK-4100; #PK-6100). All stained slices were viewed using a Nikon
80i Eclipse microscope equipped with a DS-U1 digital camera, and
NIS-elements BR software (Nikon, Tokyo, Japan). The intensity of
Aβ and tau immunostaining was measured semi-quantitatively as
regional optical density using the Scion Image software, as pre-
viously reported [30–32]. Per each animal, measurements were
obtained in at least 3 consecutive sections containing the region of
interest. The averaged optical densities of non-immunoreactive
regions of each section were used for background normalization.

2.3. Cell culture and treatments

The SH-SY5Y neuroblastoma 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 streptomycin (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% CO2. Cells were seeded at density
of 40�103/cm2 in 6 wells culture dishes. After 24 h medium has
been replaced with DMEM with 1% FBS and cells have been treated
with (i) insulin, (ii) H2O2 in separate sets of experiments as fol-
lowing described. To test the responsiveness of our cellular model
to insulin signaling the experiments have been performed as
previously described with minor modifications [33]. Briefly, SH-
SY5Y neuroblastoma cells were pre-treated with insulin (humu-
linsR, Ely-Lilly, Inadianapolis, IN, USA) 0.1 mM or vehicle (PBS) for
24 h. Insulin concentration has been selected based on previous
reports [22,33]. Then, medium was discarded, cells were washed
twice with PBS, and rechallenged with DMEM with 1% FBS con-
taining insulin (0.1–0.5–1–5 mM) or vehicle (PBS) for an additional
hour to mimic insulin over-exposure. To test the effects of oxida-
tive/nitrosative stress on the insulin signaling, cells have been
treated with peroxynitrite (ONOO� , 50–500 mM) or hydrogen
peroxide (H2O2, 1–50 mM) (Sigma-Aldrich, St Louis, MO, USA,
#16911) or vehicle (PBS) for 24 h. To test the effects produced by
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the silencing of BVR-A on the insulin signaling, SH-SY5Y neuro-
blastoma cells were seeded at density of 40�103/cm2 in 6 wells
culture dishes. After 24 h medium has been replaced with DMEM
with 1% FBS, without antibiotics. Following, cells have been treated
in parallel with insulin (0.1 mM), transfected with 25pmol of a
small-interfering RNA (siRNA) for BVR-A (Ambion, Life Technolo-
gies, LuBioScience GmbH, Lucerne, Switzerland, #4392420) using
Lipofectamines RNAiMAX reagent (Invitrogen, Life Technologies,
LuBioScience GmbH, Lucerne, Switzerland, #13778-030) according
to the manufacturer's protocol, or co-treated with insulin (0.1 mM)
and BVR-A siRNA for 24 h. At the end of each treatment, cells were
washed twice with PBS, collected and proteins were extracted as
described below.

2.4. Samples preparation

Total protein extracts were prepared in RIPA buffer (pH 7.4)
containing Tris-HCl (50 mM, pH 7.4), NaCl (150 mM), 1% NP-40,
0.25% sodium deoxycholate, EDTA (1 mM), 0.1% SDS, supple-
mented with proteases inhibitors [phenylmethylsulfonyl fluoride
(PMSF, 1 mM), sodium fluoride (NaF, 1 mM) and sodium orthova-
nadate (Na3VO4, 1 mM)]. Before clarification, hippocampal tissues
were homogenized by 20 passes with a Wheaton tissue homo-
genizer. Both hippocampal tissues homogenates and collected cells
were clarified by centrifugation for 1 h at 16,000� g, 4 °C. The
supernatant was then extracted to determine the total protein
concentration by the Bradford assay (Pierce, Rockford, IL).

2.5. Slot Blot analysis

For total Protein Carbonyls (PC) levels: hippocampal total pro-
tein extract samples (5 ml), 12% sodium dodecyl sulfate (SDS; 5 ml),
and 10 ml of 10 times diluted 2,4- dinitrophenylhydrazine (DNPH)
from 200 mM stock were incubated at room temperature
for 20 min, followed by neutralization with 7.5 ml neutralization
solution (2 M Tris in 30% glycerol) and then loaded onto
nitrocellulose membrane as described below.

For total (i) protein-bound 4-hydroxy-2-nonenals (HNE) and
(ii) 3-nitrotyrosine (3-NT) levels: hippocampal total protein ex-
tract samples (5 ml), 12% SDS (5 ml), and 5 ml 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 nitrocellulose
membrane under vacuum using a slot blot apparatus. The mem-
brane 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, #MAB2223) or HNE polyclonal antibody (1:2000, Novus
Biologicals, Abingdon, United Kingdom, #NB100-63093) or an anti
3-NT polyclonal antibody (1:1000, Santa Cruz, Santa Cruz, CA, USA,
#sc-32757) in PBS containing 0.01% (w/v) sodium azide and 0.2%
(v/v) Tween 20 for 90 min. The membrane was washed in PBS
following primary antibody incubation 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/nitro-
blue tetrazolium 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.
2.6. Western blot

For western blots, 30 mg of proteins were resolved on 12% and
7.5% SDS–PAGE using Criterion Gel TGX (Bio-Rad, Hercules, CA,
USA). Before imunoblot analysis the gel image analyzed for total
protein load was acquired to then normalize blot analysis. For
immunoblot analysis, gels were transferred onto nitrocellulose
membranes (Bio-Rad, Hercules, CA, USA) and membranes were
blocked with 3% bovine serum albumin in 0.5% Tween-20/Tris-
buffered saline (TTBS) and incubated overnight at 4 °C with the
following antibodies: anti-BVR-A (1:5000, abcam, Cambridge,
United Kingdom, #ab90491), anti-BVR-A (1:1000, Sigma-Aldrich,
St Louis, MO, USA, #B8437), anti-IRβ (1:1000, Cell Signaling, Bio-
concept, Allschwill, Switzerland, #3020), anti-phospho(Tyr1162/
1163)-IRβ (1:500, Santa Cruz, Santa Cruz, CA, USA, #sc-25103),
anti-IRS1 (1:1000, Cell Signaling, Bioconcept, Allschwill, Switzer-
land, #3407), anti-phospho(Ser307)-IRS1 (1:500, Cell Signalling,
Bioconcept, Allschwill, Switzerland, #2381), anti-phospho
(Tyr632)-IRS1 (1:500, Santa Cruz, Santa Cruz, CA, USA, #sc-17196),
anti-mTOR (1:1000, Cell Signaling, Bioconcept, Allschwill, Swit-
zerland, #2983), anti-phospho(Ser2448)-mTOR (1:500, Cell Sig-
naling, Bioconcept, Allschwill, Switzerland, #5536), anti-HO1
(1:1000, Enzo Life Sciences, Farmingdale, NY, USA, #ADI-SPA-895),
anti-TNF-α (1:1000, EMD Millipore, Billerica, MA, USA, #AB1837P),
anti-phospho-Tyrosine (1:2000, Cell Signaling, Bioconcept,
Allschwill, Switzerland, #9416), anti-3NT (1:500, Santa Cruz, Santa
Cruz, CA, USA, #sc-32757). After 3 washes with TTBS the mem-
branes were incubated for 60 min at room temperature with anti-
rabbit/mouse/goat IgG secondary antibody conjugated with
horseradish peroxidase (1:5000; Sigma-Aldrich, St Louis, MO,
USA). Membranes were developed with the Super Signal West Pico
chemiluminescent substrate (Thermo Scientific, Waltham, MA,
USA), 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 specific protein signal
with the β-actin signal in the same lane or total proteins load.

2.7. Immunoprecipitation

The immunoprecipitation procedure was performed as pre-
viously described [34], with minor modifications. Briefly, 150 mg of
proteins were dissolved in 500 mL of RIPA buffer (10 mM Tris, pH
7.6; 140 mM NaCl; 0.5% NP-40) supplemented with proteases in-
hibitors and incubated with 1 mg anti-BVR-A polyclonal antibody
at 4 °C overnight. Immunocomplexes were collected using protein
A/G suspension for 2 h at 4 °C and washed 5 times with im-
munoprecipitation buffer. Immunoprecipitated BVR-A was re-
covered by re-suspending the pellets in reducing sodium dodecyl
sulfate buffers and electrophoresing them on 12% gels, followed by
western blot analysis. Total BVR-A was used as a loading control as
previously described [20,21,35,36].

2.8. BVR-A reductase activity

We determined BVR-A activity in hippocampal tissues ex-
tracted from both 3xTg-AD and WT mice using a BVR assay kit
(Sigma-Aldrich, St Louis, MO, USA #CS1100) as per manufacturer’s
instructions with minor modification. Briefly, 150 mg of proteins
were prepared for the assay and loaded in the 96 well plates. BVR
positive control solution (2.5, 5, 10, 15 20 mL) was included in the
assay for generation of a standard curve. Fifty microliters assay
buffer and 150 mL working solution (containing NAPDH, substrate
solution and assay buffer) were added to each standard and
sample on the plate. The plate was placed on the UV–vis plate
reader at 37 °C and read every minute for 10 min. The reading at
5 min had a linear reaction rate, and was chosen for BVR activity



Fig. 1. Increased oxidative and nitrosative stress levels progresses with AD pathology in the hippocampus of 3xTg-AD mice. (A) Protein carbonyls (PC) levels (green squares),
protein-bound 4-hydroxy-2-nonenal (HNE) levels (blue triangles) and 3-nitrotyrosine (3-NT) levels (red dots) evaluated in the hippocampus of 3xTg-AD mice at 3 (n¼6), 6
(n¼6), 12 (n¼6) and 18 (n¼6) months of age. Densitometric values shown are given as percentage of the age-matched WT mice (n¼6/group), set as 100%. Means7SEM of
three replicates of each individual sample per group. *po0.05 and **po0.01 versus WT (Student's t-test). (B) Representative microphotographs (10� magnification, scale
bar 100 μm) and results obtained from the semi-quantitative analyses of Aβ and tau immunostaining from WT (n¼3, white bars) and 3xTg-AD (n¼3, black bars) mice. The
red square within the brain diagram illustrates the site where the representative microphotographs were taken. The data are mean7SEM **po0.01 and ***po0.001 versus
age-matched WT mice (Unpaired Student's t-test, n¼3).
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calculations. Values are expressed as Unit (U)/mL [Unit definition
as per manufacturer’s instruction: 1 unit of BVR will transform
1 nanomole of biliverdin to bilirubin in an NADPH dependent re-
action at pH 8.5 at 37 °C].
Fig. 2. Early impairment of BVR-A is observed during the progression of AD patholog
(ii) 3-nitrotyrosine (3-NT) modifications (green squares), (iii) Tyr phosphorylation (pTyr)
of 3xTg-AD mice at (A) 3 (n¼6), (B) 6 (n¼6), (C) 12 (n¼6) and (D) 18 (n¼6) months of ag
densitometric analyses of western blot protein bands. BVR-A protein levels were norm
normalized by using total BVR-A as loading control [35,36]. Densitometric values shown
reductase activity expressed as percent of WT mice (n¼6/group) and evaluated as describ
2.9. Statistical analyses

All data are presented as means7SEM of n independent
samples per group. Student’s t test or a nonparametric one-way
ANOVA with post hoc Turkey’s t –tests were applied for statistical
analysis. po0.05 was considered significantly different from the
reference value.
y in the hippocampus of 3xTg-AD mice. BVR-A (i) protein levels (red triangles),
(blue dots) and (iv) reductase activity (right columns) evaluated in the hippocampus
e. Left panels: western blot analyses. Representative bands are shown.Middle panels:
alized per total protein load. 3-NT modifications and pTyr levels on BVR-A were
are given as percentage of WT mice (n¼6/group) set as 100%. Right panels: BVR-A
ed in Materials and Methods. Means7SEM, *po0.05 vsWT mice (Student's t-test).
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3. Results

3.1. Oxidative stress correlates with AD pathology in 3xTg-AD mice

Based on our previous results about oxidative/nitrosative
stress-induced BVR-A impairment in human AD and aMCI brain
[20,21,37] and considering the regulatory role exerted by BVR-A on
IRS1 [22] we hypothesized that increased levels of oxidative stress
in our AD model target BVR-A affecting its function and resulting
in the impairment of the insulin signaling as observed in AD pa-
tients. In order to decipher the contribution of increased oxidative
and/or nitrosative stress levels to the potential alterations of BVR-
A function, we initially characterized for the first time the age-
associated modifications of the oxidative/nitrosative stress mar-
kers in the 3xTg-AD mice. We therefore evaluated changes of total
protein carbonyls (PC), total 4-hydroxy-2-nonenal adducts (HNE)
and total 3-nitrotyrosine (3-NT) levels in the hippocampus of
3xTg-AD mice with respect to the appropriate WT littermate
controls at 3, 6, 12 and 18 months of age. Interestingly, we found a
significant elevation of 3-NT levels at 6 months of age, which
further rises at 12 months and remains still elevated at 18 months
(Fig. 1A). In addition, a significant elevation of both PC and HNE
adducts is evident both at 12 and 18 months of age (Fig. 1A).
Furthermore, age-associated significant changes also are evident
in the hippocampus of 3xTg-AD mice (see Supplementary Fig. 1)

These changes correlate with the neuropathological AD al-
terations occurring in the same time-frame in the hippocampus of
3xTg-AD mice (Fig. 1B). Three-month-old 3xTg-AD mice have no
detectable neuropathological alterations in the brain, as previously
demonstrated [38]. As the 3xTg-AD mice age, they gradually ac-
cumulate Aβ and tau pathology in their brains. Specifically,
6-month old 3xTg-AD mice showed a significant increase in Aβ
immunostaining compared to age-matched WT mice, while no
difference was found in tau immunoreactivity at this age in the
hippocampus. At 12 months of age 3xTg-AD mice showed Aβ
deposits and human tau-reactive neurons in the hippocampus.
Finally, we found dense Aβ deposit and extensive human tau im-
munoreactivity in the 18-month old 3xTg-AD mice. None of these
immunoreactive structures were detected in the WT brains
(Fig. 1B).

3.2. The impairment of BVR-A occurs early in the 3xTg-AD mice

To unravel the contribution of increased oxidative/nitrosative
stress levels to the hypothesized impairment of BVR-A in our AD
model, we first analyzed changes of BVR-A protein levels, activa-
tion (pTyr-BVR-A) and oxidative stress-induced post-translational
modifications (3-NT-BVR-A).

A significant reduction of BVR-A protein levels occurs from 3 to
12 months in the hippocampus of 3xTg-AD mice with respect to
WT mice, whereas a significant increase was observed at 18
months (Fig. 2). With regard to BVR-A activation, we observed a
significant increase at 3 months, followed by a drastic reduction at
6 months of age. Both at 12 and 18 months of age, we still ob-
served a reduction of pTyr-BVR-A in the 3xTg-AD mice compared
to WT group, although did not reach the statistical significance
(�25% and �20%, respectively at 12 and 18 months of age, Fig. 2).
At these time-points (corresponding to the advanced stages of AD
pathology in the hippocampus), the altered BVR-A activation was
paired to a significant increase of 3-NT modifications on the BVR-A
in the 3xTg-AD mice compared to WT group. In particular, the
3-NT modifications on the BVR-A peaked at 12 months, reaching
150% in the 3xTg-AD mice compared to the relative control group.
Furthermore, we investigated whether BVR-A reductase activity
was also impaired as reported in human AD brain [21]. Indeed, the
reductase activity was significantly reduced only at 12 months
coincidently with the maximal increase of 3-NT-BVR-A at this time
point, which is probably responsible of a general impairment of
the protein (Fig. 2). All together, while the results obtained at 12
and 18 months of age recapitulate our previous observations in
human AD brains [20,21], data collected at 3 and 6 months of age
provide novel lines of evidence about the early dysregulation of
BVR-A either in terms of protein levels or activity, which worsen
with the progression of AD pathology in these mice. The reduction
of BVR-A activation paralleled increased total oxidative/nitrosative
stress levels from 6 to 18 months, thus suggesting a link between
these events during the progression of AD pathology.

3.3. BVR-A impairment leads to BIR in the 3xTg-AD mice

As noted above BVR-A was impaired early in 3xTg-AD mice
hippocampus associated with increased oxidative/nitrosative
stress levels. Accordingly, we evaluated changes with regard to IR
and IRS1 protein levels/activation in the hippocampus of 3xTg-AD
mice at 3, 6, 12 and 18 months of age. These analyses shed light on
the IR and IRS1 age-associated alterations and aim to investigate
the mechanisms through which the BVR-A dysregulation might
impact insulin signaling in AD. The evaluation of IR protein levels
and activation [pIR(Tyr1662/1163)] as well as IRS1 protein levels and
both activation [pIRS1(Tyr632)] and inactivation [pIRS1(Ser307)]
markers in the hippocampus of 3xTg-AD mice highlighted two
distinct phases (3-6 and 12-18 months). The first interesting result
appears to be the significant reduction of IR protein levels
(Fig. 3A), observed in hippocampus from 3-months old 3xTg-AD
mice, which is associated with a consistent elevation of IR acti-
vation (Fig. 3A) without significant changes of IRS1 protein levels
or activation (Fig. 3A). At 6 months of age, both IR and IRS1 protein
levels are reduced, while they appear to be consistently activated
(Fig. 3B). At 12 months of age, we observed a completely opposite
scenario characterized by a reduction of IR protein levels and ac-
tivation (Fig. 3C) together with a consistent increase of IRS1 in-
activation (Fig. 3C), supporting the onset of a state of BIR. Finally,
at 18 months of age, 3xTg-AD mice are characterized by a persis-
tent state of BIR as demonstrated by the elevated levels of IRS1
Ser307 phosphorylation (Fig. 3D). These results are particularly
intriguing because they allow us to identify different phases along
the progression of AD pathology, which finally led to insulin re-
sistance in the hippocampus of 3xTg-AD mice. Noteworthy, the
consistent increase of IRS1 activation is associated with the strong
reduction of BVR-A activation at 6 months of age, whereas the
persistent impairment of BVR-A at 12 months is associated with a
clear inactivation of IRS1. These evidences are in agreement with
our hypothesis suggesting that the lack of control exerted by BVR-
A on IRS1 is firstly associated with IRS1 hyperactivation, which in
turn leads to BIR probably through feedback mechanisms aimed to
turn-off IRS1 hyperactivity.

3.4. BVR-A impairment precedes TNF-α elevation in the 3xTg-AD
mice

Because TNF-α is known to inhibit BVR-A promoter activity
[39] and TNF-α is also considered one of the most conceivable
mediators of BIR in AD [18] we wondered whether reduced BVR-A
protein levels could result from increased TNF-α in the hippo-
campus of 3xTg-AD mice. We found a significant reduction of TNF-
α levels from 3 to 12 months of age followed by a consistent in-
crease at 18 months in the hippocampus of 3xTg-AD mice with
respect to WT (Fig. 4). These results agrees with previous data
showing reduced microglia activation at 6 months [40] and in-
creased TNF-α mRNA levels at 16 months of age [41] and possibly
indicate that reduction BVR-A protein levels are independent
from TNF-α and occurs even before TNF-α elevation during the



Fig. 3. Hyper-activation of the insulin signaling precedes BIR in the hippocampus
of 3xTg-AD mice. IR protein levels (blue diamonds), IR activation [pIR(Tyr1162/1163),
green triangles], IRS1 protein levels (red triangles), IRS1 inactivation [pIRS1(Ser307),
brown squares] and IRS1 activation [pIRS1(Tyr632), black dots] evaluated in the
hippocampus of 3xTg-AD mice at (A) 3 (n¼6), (B) 6 (n¼6), (C) 12 (n¼6) and (D) 18
(n¼6) months of age. Left panels: western blot analyses. Representative bands are
shown. Right panels: densitometric analyses of western blot protein bands. Protein
levels were normalized per total protein load. IR- and IRS1-associated phosphor-
ylations 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: pIR(Tyr1162/1163)/IR, pIRS1(Ser307)/IRS1 and pIRS1(Tyr632)/IRS1. Densitometric
values shown are given as percentage of WT mice (n¼6/group) set as 100%.
Means7SEM, *po0.05, **po0.01 and ***po0.001 vs WT mice (Student's t-test).
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 4. Age-associated changes of TNF-α protein levels in the hippocampus of 3xTg-
AD. TNF-α protein levels (blue dots) in the hippocampus of 3xTg-AD mice at 3
(n¼6), 6 (n¼6) and 12 (n¼6) and 18 (n¼6) months of age. Left panels: western blot
analyses. Representative bands are shown. Right panels: densitometric analyses of
western blot protein bands. TNF-α protein levels were normalized per total protein
load. Densitometric values shown are given as percentage of WT mice (n¼6/group)
set as 100%. Means7SEM, *po0.05 vs WT mice (Student's t-test). (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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progression of AD pathology in 3xTg-AD mice.

3.5. BVR-A impairment and BIR in normal aging

In order to identify whether BIR occurring during normal aging
was associated with a dysregulation of BVR-A, we then analyzed
changes of IR/IRS1 protein levels and activation in light of the
changes occurring with regard to BVR-A in the hippocampus of
WT mice aged from 3 to 18 months. We found a reduction of BVR-
A protein levels both at 12 and 18 months (Fig. 5A). A reduction of
BVR-A activation was also observed although this value did not
reach statistical significance (Fig. 5A). Furthermore, 18-month old
WT mice exhibit a significant increase of 3-NT-BVR-A (Fig. 5A)
together with a significant decrease of BVR-A reductase activity
(see Supplementary Fig. 2A), thus supporting a general age-asso-
ciated impairment of the protein. Increased BVR-A nitration in the
hippocampus of the aged mice parallels the increase of the oxi-
dative/nitrosative stress levels at the same age (see Supplementary
Fig. 2B). With regard to TNF-α levels, the hippocampus of WT mice
was characterized by a significant increase at 12 months followed
by a consistent reduction at 18 months (see Supplementary
Fig. 2C). The analysis of IR protein levels did not reveal any sig-
nificant change (Fig. 5B), whereas with regard to IR activation we
found a consistent increase from 3 to 12 months, followed by a fall
at 18 months (Fig. 5B). A decrease of IRS1 protein levels together
with a consistent IRS1 inactivation with age has been found
(Fig. 5B). Indeed, while at 6 months of age increased IR activation



E. Barone et al. / Free Radical Biology and Medicine 91 (2016) 127–142134
is not associated with IRS1 hyperactivation probably because BVR-
A is still functioning; at 12 and 18 months of age, reduced BVR-A
protein levels and activation are associated with the inactivation of
IRS1, and thus BIR. These results recall what we have observed in
3xTg-AD mice and suggest that the impairment of BVR-A could
represent a bridge in the transition from normal aging to AD.

3.6. BVR-A impairment is associated with BIR in SH-SY5Y neuro-
blastoma cells

Changes observed in the hippocampus during both AD and
normal aging strongly suggest that BVR-A exerts an up-stream
control on IRS1 aimed to regulate the fate of insulin signaling. In
order to demonstrate that the inactivation of BVR-A is effectively a
central event in the onset of BIR we first reproduced a condition of
BIR in vitro to evaluate changes with regard to IR/IRS1 and BVR-A.
For an easier comprehension of the results obtained in SH-SY5Y
neuroblastoma cells, we will refer to BIR also thereafter. In a pre-
liminary set of experiments, we investigated whether insulin
0.1 mM administered for 24 h was able to activate the insulin sig-
naling and whether the administration of additional increasing
doses of insulin (0.1–5 mM for 1 h) aimed to mimic insulin over-
exposure would promote BIR in our cellular model. As expected,
insulin pre-treatment (0.1 mM for 24 h) promotes a significant in-
crease of both IR and IRS1 activation (Fig. 6A and see Supple-
mentary Fig. 3). By re-challenging pre-treated cells with increasing
doses of insulin (0.1–5 mM), we observed two opposite effects:
increased IRS1 inactivation with insulin 0.1 mM and 0.5 mM (Fig. 6A
and see Supplementary Fig. 3) and increased IRS1 activation with
insulin 5 mM (Fig. 6A and see Supplementary Fig. 3). Interestingly,
none of these conditions were characterized by changes of BVR-A
protein levels (see Supplementary Fig. 3). However, based on our
hypothesis, the evaluation of BVR-A activation, rather than its
expression levels, would provide more information about the
molecular mechanisms underlying insulin-mediated effects. We
therefore selected 3 points representative of 3 different conditions,
i.e., normal insulin signaling (Ins 0.1 mM for 24 h), BIR (Ins 0.1 mM
for 24 hþ Ins 0.1 mM for 1 h) and the over-induced insulin signal-
ing (Ins 0.1 mM for 24 hþ Ins 5 mM for 1 h) to characterize BVR-A
activation in these different situations. As shown in Fig. 6A, normal
insulin signaling is associated with a significant increase of pTyr-
BVR-A as expected, whereas BIR is characterized by a reduction of
BVR-A activation (Fig. 6A). Surprisingly, Ins 5 mM for 1 h, which
Fig. 5. BVR-A impairment parallels BIR during normal aging in the hippocampus of
WT mice. (A) BVR-A (i) protein levels (red triangles), (ii) 3-nitrotyrosine (3-NT)
modifications (green squares) and (iii) Tyr phosphorylation (pTyr) (blue dots)
evaluated in the hippocampus of WT mice at 3 (n¼6), 6 (n¼6), 12 (n¼6) and18
(n¼6) months of age. Upper panels: western blot analyses. Representative bands
are shown. Lower panels: densitometric analyses of western blot protein bands.
BVR-A protein levels were normalized per total protein load. 3-NT modifications
and pTyr levels on BVR-A were normalized by using total BVR-A as loading control
[35,36]. (B) IR protein levels (blue diamonds), IR activation [pIR(Tyr1162/1163), green
triangles], IRS1 protein levels (red triangles), IRS1 inactivation [pIRS1(Ser307), brown
squares] and IRS1 activation [pIRS1(Tyr632), black dots] evaluated in the hippo-
campus of WT mice at 3 (n¼6), 6 (n¼6), 12 (n¼6) and 18 (n¼6) months of age.
Upper panels: western blot analyses. Representative bands are shown. Lower panels:
densitometric analyses of western blot protein bands. Protein levels were nor-
malized per total protein load. IR- and IRS1-associated phosphorylations 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:
pIR(Tyr1162/1163)/IR, pIRS1(Ser307)/IRS1 and pIRS1(Tyr632)/IRS1. Densitometric values
shown are given as percentage of 3 months-old mice set as 100%. Means7SEM,
*po0.05, **po0.01 and ***po0.001 vs 3 months; †po0.05 and †††po0.001 vs
6 months; ‡po0.05 vs 12 months (ANOVA with post hoc Turkey t-test). (For in-
terpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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overcame BIR in vitro, was associated with a remarkable increase
of BVR-A Tyr phosphorylation (Fig. 6A). Finally, we found that BIR
also parallels a significant reduction of the BVR-A reductase ac-
tivity (Fig. 6D). All together these observations suggest that BIR is
associated with a decreased BVR-A activation, and that this phe-
nomenon could be overwhelmed by higher doses of insulin,
which, instead, promote an increase of BVR-A activation and IRS1
Tyr phosphorylation.

3.7. Increased oxidative and nitrosative stress levels promote BVR-A
impairment and BIR in SH-SY5Y neuroblastoma cells

Since the elevation of the oxidative and nitrosative stress levels
is associated with both reduced BVR-A Tyr phosphorylation and
BIR during AD and normal aging in mice, we evaluated the effects
produced by a nitrosative agent (ONOO� , 50–500 mM for 24 h) or a
pro-oxidant agent (H2O2, 0–50 mM for 24 h), on SH-SY5Y neuro-
blastoma cells with the aim to unravel whether oxidative/ni-
trosative stress could be a cause of the observed BVR-A impair-
ment and BIR. Indeed, ONOO� treatment was associated with a
significant elevation of IR protein levels at all the doses tested,
whereas a decrease of IR activation at 250 and 500 mM was ob-
served (see Supplementary Fig. 4). Furthermore, ONOO� pro-
moted a significant increase of IRS1 inhibition both at 250 and
500 mM (Fig. 6B). In addition to that, ONOO- at the same doses led
to a reduction of BVR-A protein levels (see Supplementary Fig. 4)
and activation (Fig. 6B).

Treatment with H2O2 did not produce changes of IR protein
levels, while it led to increased IR activation at both 10 mM and
50 mM (see Supplementary Fig. 5). In addition, a decrease of IRS1
protein levels and an enhanced IRS1 inhibition at the same doses
is observable (see Supplementary Fig. 5). Furthermore, 50 mM
H2O2 promoted significantly increased BVR-A protein levels (see
Supplementary Fig. 5). Because 50 mM H2O2 did recapitulate our
previous observation in human AD brain and results from 3xTg-AD
mice, in which elevated oxidative stress levels co-exist with in-
creased BVR-A protein levels and BIR, we then analyzed BVR-A
activation in this condition. Interestingly, 50 mM H2O2 for 24 h led
to a consistent decrease of BVR-A Tyr phosphorylation (Fig. 6B).

In accordance with findings in human and mice, we found that
both ONOO� and H2O2 at the highest doses promote a significant
reduction of BVR-A reductase activity (Fig. 6D).

These evidence clearly suggests that increased oxidative and
nitrosative stress levels finally promote a reduction of BVR-A ac-
tivation and BIR. Intriguingly, increased nitrosative stress levels
could be among the mechanisms responsible for the observed
reduction of BVR-A protein levels and activation in the early
phases of AD pathology in 3xTg-AD mice and probably also in WT
mice with age.

3.8. Lack of BVR-A promotes BIR in SH-SY5Y neuroblastoma cells

Given that (i) BIR is associated with a reduced BVR-A activation
and that (ii) both increased oxidative and nitrosative stress levels
promote a decrease of BVR-A activation, we evaluated the effects
produced on IR and IRS1 by BVR-A knockdown in SH-SY5Y neu-
roblastoma cells.

Interestingly, the silencing of BVR-A (siRNA) was associated
with reduced IR protein levels and increased IR activation (Fig. 7).
Despite of that, a clear inactivation of IRS1 was observed (Fig. 7).
To note, the effects produced by insulin in cells in which BVR-A
was silenced consistently differ from those produced under nor-
mal conditions. Indeed, we observed a dramatic increase of IRS1
inhibition following insulin, which is even higher compared to
siRNA alone (Fig. 7). These results indicate that reduced BVR-A
activation, here mimicked by knocking-down the protein, leads to
BIR, and that the effect normally produced by insulin would be
shifted toward a condition of BIR when BVR-A does not function
properly.

3.9. BVR-A impairment causes BIR through mTOR

Based on our hypothesis that reduced BVR-A activation would
favor IRS1 hyper-activation, which is then turned-off through
specific feed-back mechanisms, we then focused our attention on
the mammalian target of rapamycin (mTOR). Indeed, once per-
sistently stimulated, mTOR is able to phosphorylate IRS1 on Ser
residues critical for BIR, including Ser307 [19,42] and previous
studies from both our groups [43,44] and others [45–48] reported
about the hyper-activation of mTOR in AD.

Therefore, we first evaluated mTOR protein levels and activa-
tion (measured by the levels of Ser2448 phosphorylation), in SH-
SY5Y neuroblastoma cells treated with insulin, to investigate
whether also in our cellular model the BIR was associated with
mTOR hyper-activation. We found that insulin treatment does not
promote significant changes with regard to mTOR protein levels or
activation (see Supplementary Fig. 6A). Interestingly, by re-chal-
lenging pre-treated cells with increasing doses of insulin (0.1–
5 mM for 1 h), we observed a significant further increase of mTOR
with insulin 0.1 mM and 0.5 mM and a subsequent decrease at the
doses of 1 mM and 5 mM (see Supplementary Fig. 6A). These
changes parallel either BIR or IRS1 activation and are consistent
with changes of BVR-A activation in the same cells (Fig. 6A and see
Supplementary Fig. 3).

Furthermore, to better clarify the impact of increased oxidative/
nitrosative stress levels and BVR-A reduction on mTOR activation,
we evaluated the effects produced by ONOO� , H2O2 or BVR-A si-
lencing in SH-SY5Y neuroblastoma cells. Interestingly, although
ONOO� and H2O2 treatments dose-dependently increased mTOR
protein levels (see Supplementary Figs. 6B and C) they produced
different outcomes on mTOR activation. Indeed, in accordance
with previous findings [49], ONOO� promoted a decrease of mTOR
phosphorylation (see Supplementary Fig. 6B), whereas a con-
sistent elevation of p-mTORSer2448 with 50 mM H2O2 was observed
(see Supplementary Fig. 6C). Surprisingly, in a subsequent set of
experiments, the knock-down of BVR-A was associated with a
strong activation of mTOR (see Supplementary Fig. 7), while was
further elevated in cells treated with both BVR-A siRNA and 0.1 mM
insulin for 24 h (see Supplementary Fig. 7). To note, H2O2-induced
elevation of p-mTORSer2448 is concomitant with the inactivation of
BVR-A (Fig. 5C) and the increased IRS1 Ser307 phosphorylation
levels in the same samples (Fig. 6C).

To check whether also in our mice BIR was associated with
mTOR hyper-activation we then analyzed changes occurring both
as effect of AD pathology and normal aging. We found that 3xTg-
AD mice are characterized by a significant elevation of
p-mTOR(Ser2448) at 12 months (Fig. 8A), which is consistent with
increased pIRS1(Ser307) levels observed at this age (Fig. 3C). Fur-
thermore, changes associated with normal aging processes high-
light that following a reduction of mTOR activity from 3 to 12
months a significant increase at 18 months of age occurs with
respect to both 6 and 12 months (Fig. 8B). Although the extent of
mTOR phosphorylation at 18 months is still lower than those ob-
served at 3 months of age, we think that in consideration of the
reduction observed at both 6 and 12 months of age, the raise found
at 18 months could be responsible at least in part of IRS1 in-
activation. Indeed, in terms of percentage, this increase occurs at a
similar extent of those observed in 3xTg-AD mice or SH-SY5Y
neuroblastoma cells characterized by BIR.

Taken together, these findings denote that increased mTOR
activation parallels either BVR-A impairment or insulin resistance
in mice and cells, thus strengthening our hypothesis that
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dysregulation of BVR-A would lead to IRS1 hyperactivation, which
is then turned-off by feed-back mechanism(s) including mTOR.
Once again, the effects produced by nitrosative stress could be
prominent in the early phase of the pathology or the aging pro-
cess, whereas a major effect of oxidative stress is evident later.
4. Discussion

The onset of BIR in AD is a matter still under debate because the
complexity of the mechanisms underlying this phenomenon
[50,51,52]. Interestingly, causes of peripheral insulin resistance in
obesity or T2DM such as the activation of adaptive feedback/feed-
forward mechanisms responsible for the inhibition of IRS1 have
been also found in AD. One of the most conceivable pathway
suggests that Aβ oligomers, from one side, promote the down-
regulation of plasma membrane IR [16] whereas, from the other
side, lead to the activation of neuronal tumor necrosis factor-alpha
(TNF-α) receptor and the aberrant activation of stress-regulated
kinases [i.e. Jun N-terminal kinase (JNK), I kappa B kinase (IKK),
and protein kinase R (PKR)] [17,18,53] and endoplasmic reticulum
(ER) stress (PKR-mediated phosphorylation of eIF2α-P) [18], which
leads to IRS1 inactivation. The above-mentioned proteins are all
down-stream effectors shared by a number of signaling pathways
(i.e. lipid metabolism and inflammation) and thus not exclusively
related to the insulin signaling, although IRS1 is among their
substrates [19].

Given that, BIR appears to be an event secondary to the acti-
vation of these kinases due to other mechanisms including the
elevation of the oxidative/nitrosative stress levels [54], in-
flammatory processes and ER stress [17,18]. However, none of the
identified mechanisms has been characterized so far in terms of
age-associated changes finally culminating with the onset of the
BIR in AD.

The novelty of our work is to provide for the first time evidence
(i) about a dysfunction of insulin signaling produced by the im-
pairment of a member of the signaling itself, i.e., BVR-A, and (ii) on
how the identified mechanism develops with AD pathology and
normal aging in mice.

BVR-A is a unique protein characterized by the ability to carry
out two kinds of activities: the “reductase” activity and the “Ser/
Thr/Tyr kinase” activity through which BVR-A regulates cell sig-
naling and gene expressions (reviewed in [24]). These two activ-
ities are differently modulated since the phosphorylation of spe-
cific Tyr residues (Tyr198/228/291) promoted by IR is required for the
activation of its kinase activity [22], whereas the auto-phosphor-
ylation of specific Ser/Thr residues regulates the reductase activity
[35]. Interestingly, Ser/Thr auto-phosphorylation is independent
from Tyr phosphorylation [22]. Instead, Tyr phosphorylation is
critical for BVR-A mediated IRS1 phosphorylation [22].

The involvement of BVR-A in the insulin signaling is indeed
Fig. 6. BVR-A impairment is associated with BIR in SH-SY5Y neuroblastoma cells. (A) Insu
A activation (pTyr-BVR-A, blue dots) in SH-SY5Y neuroblastoma cells thus mirroring the p
(0.1 or 5 mM) for an additional hour to mimic insulin over-exposure, showed dose-depen
brown squares) and BVR-A inactivation, whereas insulin 5 mM treatment by-passed BIR
Ctr; †po0.05, ††po0.01 and †††po0.001 vs Ins 0.1 mM (ANOVA with post hoc Tukey t-
pIRS1(Ser307), brown squares) and BVR-A inactivation (reduced pTyr-BVR-A, blue dots) in
and **po0.01 vs Ctr (ANOVA ANOVA with post hoc Tukey t-test). (C) H2O2 50 mM for 2
(reduced pTyr-BVR-A, blue dots) in SH-SY5Y neuroblastoma cells. Increased pIRS1(Tyr63

(Student's t-test). (D) BVR-A reductase activity relative to A, B and C evaluated as descr
cultures/group). Means7SEM, *po0.05 and **po0.01 vs Ctr mice; †po0.05, vs Ins 0.
Student’s t-test for H2O2 related experiment). For A, B and C: Upper panels: western blot
western blot protein bands. Protein levels were normalized per total protein load. IR- a
respective protein levels and are expressed as the ratio between the phosphoryla
pIRS1(Tyr632)/IRS1. pTyr levels on BVR-A were normalized by using total BVR-A as loading
(Ctr) set as 100%. Means7SEM (n¼3 independent cultures/group). (For interpretation
version of this article.)
fascinating for two main reasons: BVR-A, as IRS1, is a direct target
of IR kinase activity and once IR-phosphorylated is able to phos-
phorylate IRS1 on Ser residues [human(h)/mouse(m)
hSer307/mSer302, hSer312/mSer307 and hSer616/mSer612] critical for
insulin signaling [22]; and (ii) BVR-A contains specific motifs in its
sequence through which they possibly modulates IR kinase ac-
tivity both negatively and positively [27].

Recent studies from the Butterfield group demonstrated in-
creased BVR-A protein levels in the hippocampus of both AD and
aMCI subjects [21], possibly due to elevated oxidative/nitrosative
stress levels [55]. The first surprising evidence of this work is the
unexpected reduced BVR-A protein levels found in the hippo-
campus of 3xTg-AD mice aged from 3 to 12 months of age, with
respect to WT controls (Fig. 2A–C). Besides, increased BVR-A pro-
tein levels have been found only at 18 months of age, in the pre-
sence of robust AD pathology (see Fig. 1B) [56]. Interestingly, re-
duction of BVR-A protein levels, already evident at 3 months,
seems to be a specific event, which occurs independently of TNF-α
elevation (Fig. 4) and prior Aß and Tau accumulation (Fig. 1B).

To further understand if the reduction of BVR-A protein levels
was a peculiarity of this protein, we also evaluated the expression
of its partner HO-1, normally increased following the elevation of
the oxidative/nitrosative stress levels [57] and co-expressed with
BVR-A in brain regions that express these enzymes under normal
conditions [58]. Surprisingly, HO-1 protein levels do not change
from 3 to 12 months while they are significantly increased at 18
months in the hippocampus of 3xTg-AD mice (see Supplementary
Fig. 8), thus strengthening the idea that reduction of BVR-A protein
levels could be peculiar of earlier stages of AD contributing to its
onset and development.

Furthermore, data about BVR-A activation state allowed us to
identify three different phases along the progression of AD pa-
thology in 3xTg-AD mice: a first phase at 3 months of age char-
acterized by an increased BVR-A Tyr phosphorylation, a second
phase at 6 months of age during which we observed a drastic
decrease of BVR-A activation, and a third phase (12–18 months)
characterized by a consistent increase of BVR-A nitration. These
results, while reinforced human data [18 months of age, increased
protein levels and 3-NT modifications], on the other side clearly
highlight an early impairment of BVR-A activation starting at
6 months of age (Fig. 2). Noticeable, reduced BVR-A activation is
first due to reduced Tyr residues phosphorylation (Fig. 2B), rather
than increased 3-NT modifications, which becomes consistent at
12 months (Fig. 2C). One conceivable explanation is that increased
total 3-NT levels observed at 6 months (Fig. 1A) affect redox-
sensitive signaling pathways, such as phosphorylation cascades
[59] and data obtained on cells treated with ONOO� reinforced
this hypothesis. Indeed, both phosphorylation and nitration reac-
tions share the same target residues, i.e., Tyr residues, and are
mutually exclusive events [60]. BVR-A reductase activity appear to
be significantly reduced only at 12 months of age when increased
lin 0.1 mM for 24 h induced both IRS1 activation (pIRS1(Tyr632), black dots) and BVR-
hysiological insulin signaling. Instead, pre-treated cells further treated with insulin
dent effects. Indeed, insulin 0.1 mM was associated with BIR (increased pIRS1(Ser307),
and was associated with increased activation of both IRS1 and BVR-A. *po0.05, vs
test). (B) ONOO- (50-500 mM) for 24 h dose-dependenlty promoted BIR (increased
SH-SY5Y neuroblastoma cells. Decreased pIRS1(Tyr632) was also observed. *po0.05
4 h promoted BIR (increased pIRS1(Ser307), brown squares) and BVR-A inactivation
2) was also observed, but IRS1 inactivation overcomes this effect. *po0.05, vs Ctr
ibed in Materials and Methods and expressed as percent of Ctr (n¼3 independent
1 mM (ANOVA with post hoc Tukey t-test for Ins and ONOO- related experiments;
analyses. Representative bands are shown. Lower panels: densitometric analyses of
nd IRS1-associated phosphorylations were normalized by taking into account the
ted form and the total protein levels: pIR(Tyr1162/1163)/IR, pIRS1(Ser307)/IRS1 and
control [35,36].Densitometric values shown are given as percentage of control cells
of the references to color in this figure legend, the reader is referred to the web



Fig. 7. Lack of BVR-A promotes BIR in SH-SY5Y neuroblastoma cells. Silencing BVR-
A with a specific siRNA for 24 h was associated with IR activation (increased
pIR(Tyr1162/1163)/IR ratio, green triangles) but promoted BIR (increased pIRS1(Ser307),
brown squares) in SH-SY5Y neuroblastoma cells. Insulin 0.1 mM was not able to
promote the activation of the insulin signaling, but, rather, worsened BIR in cells
lacking BVR-A. Increased pIRS1(Tyr632) was also observed, but IRS1 inactivation
overcomes this effect. *po0.05, **po0.01 and ***po0.001 vs Ctr; †po0.05,
††po0.01 and †††po0.001 vs Ins 0.1 mM (ANOVA with post hoc Tukey t-test).
Upper panels: western blot analyses. Representative bands are shown. Lower panels:
densitometric analyses of western blot protein bands. Protein levels were nor-
malized per total protein load. IR- and IRS1-associated phosphorylations 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:
pIR(Tyr1162/1163)/IR, pIRS1(Ser307)/IRS1 and pIRS1(Tyr632)/IRS1. Densitometric values
shown are given as percentage of control cells (Ctr) set as 100%. Means7SEM (n¼3
independent cultures/group). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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levels of 3-NT modifications are clearly evident (Fig. 2), thus sug-
gesting that increased oxidative/nitrosative stress levels promote
the impairment of both BVR-A activities with the progression of
AD pathology.

Given that picture, results about IR and IRS1 activation are in-
triguing and contribute to shed light on the molecular mechan-
isms underlying BIR in AD. According to our hypothesis, the hip-
pocampus of 3xTg-AD mice is first characterized by an increased IR
and IRS1 activation from 3 to 6 months followed by reduction of IR
activation together with a consistent IRS1 inactivation starting at
12 months of age (Fig. 3), these latter events coherent with human
data [9]. These two phases agree with changes of BVR-A activation
state. Indeed, while at 3 months of age it is conceivable that IR
hyper-activation could be blunted by increased BVR-A activation,
which would avoid IRS1 hyper-activation (Figs. 2A and 3A), at
6 months of age reduced BVR-A activation is associated with IRS1
hyper-activation (Figs. 2B and 3B). At 12 and 18 months of age, the
persistent inactivation of BVR-A is associated with a marked in-
crease of IRS1 inactivation, and thus BIR (Figs. 2C–D and 3C–D).
We propose that the period included between 6 and 12 months of
age is critical and represents the time frame for the switch from
activated insulin signaling to BIR in the hippocampus of 3xTg-AD
mice. Interestingly, previous studies reported about a hyper-me-
tabolic state in the brain of 7-month-old 3xTg-AD mice in contrast
to the hypo-metabolic state observed at 13 months [61]. Similarly,
increased glucose uptake in young mice, followed by decreased
uptake and reduced glucose transporter (GLUT)-4 levels (the only
GLUT being insulin sensitive in the brain) in old 3xTg-AD mice
have been reported [63,64]. Although brain glucose uptake is
mainly insulin-independent [65], insulin signaling alterations
might alter depolarization-induced glucose uptake via other
pathways as observed also in AD subjects [9,66]. Furthermore,
impairment of cognitive functions in 3xTg-AD mice deteriorate
dramatically in 3xTg-AD mice from 6 to 12 months of age [56].
Considering that insulin signaling positively modulate synaptic
plasticity and long-term potentiation (LTP) [67,68], our data on the
impairment of the insulin signaling mainly occurring in the same
time-frame, support a role of defective insulin signaling in the
decline of cognitive functions [56]. All these changes parallel
peripheral signs of insulin resistance including a progressive
(1) plasma glucose intolerance, (2) increase of plasma insulin le-
vels, (3) reduction of fasting insulin and (4) hyperglycemia from
6 to 14 months [62]. Indeed, while raising peripheral insulin levels
acutely elevates brain and cerebrospinal fluid insulin levels, pro-
longed peripheral hyper-insulinemia down-regulates insulin re-
ceptors and thus insulin sensitivity into the brain [54,69,70].

Another striking finding of the current research, is the ob-
servation that BIR occurs in the hippocampus of WT mice with
normal aging and is associated with reduced BVR-A protein levels
and increased BVR-A 3-NT modifications (Fig. 5A–B). However, it is
evident that a reduction of BVR-A protein levels at 12 months of
age precedes the appearance of the BIR at 18 months (Fig. 5A–B).
In that picture, data about TNF-α levels only partially explain the
observed changes. Indeed, whether increased TNF-α levels could
contribute to BVR-A reduction at 12 months (see Supplementary
Fig. 2C and Fig. 5A) [39], reduced TNF-α levels at 18 months would
not explain neither the persistent reduction of BVR-A protein le-
vels nor the huge increase of IRS1 phosphorylation (see Supple-
mentary Fig. 2C and Fig. 5A–B). However, what emerges from our
data is that, also during normal aging, BIR parallels increased
oxidative/nitrosative stress levels (see Supplementary Fig. 2B) and
BVR-A impairment (Fig. 5A–B). These results strengthen the role of
BVR-A in the onset of BIR and we propose the impairment of BVR-
A as a bridge connecting aging and AD.

From a molecular point of view our cell-based experiments
clearly highlight that BIR is associated with a reduction of BVR-A
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activation and that oxidative and nitrosative stress promotes BIR
and BVR-A inactivation. These results extend previous findings
showing that reducing BVR-A activation improves glucose uptake
in HEK293A cells [22]. Considering that the regulation of glucose
uptake and energy metabolism in the central nervous system
differs from peripheral tissues and that insulin mainly exerts
neurotrophic functions [8,65,71], we demonstrated that silencing
BVR-A in neurons promotes IRS1 inactivation and negatively im-
pacts the effects produced by insulin itself (Fig. 7).

We hypothesize that persistent inactivation of BVR-A could
promote BIR by feedback mechanisms causing IRS1 inhibitory
phosphorylation. Among putative kinases, a pivotal role is played
by mTOR. Intriguingly, recent data suggest the hyperactivation of
mTOR is involved in the neurodegenerative process, including AD
and Down Syndrome [43–48,72]. In agreement with these find-
ings, we showed the aberrant activation of mTOR either following
insulin over-exposure or H2O2 treatment. Instead, ONOO� treat-
ment was associated with a reduction of mTOR activation, which
could explain the results obtained in young mice undergoing AD
neuropathology or aging characterized by increased total 3-NT
levels (Figs 2A and Supplementary 2B).

Noteworthy, the silencing of BVR-A is associated with mTOR
hyper-activation (see Supplementary Fig. 7). However, whether
the observed increased mTOR activation is a direct effect of BVR-A
or is the results of the sustained activation of the insulin signaling
has to be clarified. The fact that BVR-A also could regulate mTOR as
it does with other kinases [24] appear very fascinating in light of a
previous report showing that high doses of biliverdin (the sub-
strate of BVR-A) promote the activation of the mTOR pathway [73].
Since biliverdin is not a kinase itself and it is known to inhibit BVR-
A expression [39], in light of our findings the effect of biliverdin on
mTOR could be mediated by a down-regulation of BVR-A. The idea
that following the reduction of BVR-A activation, the hyper-acti-
vation of mTOR could be one of the mechanisms responsible of
IRS1 inactivation is confirmed by data obtained in mice both
during AD-like pathology and normal aging. Indeed, mTOR hy-
peractivation occurs at 12 months of age in 3xTg-AD mice (Fig. 8A),
exactly when we observed significant IRS1 inhibition (Fig. 3C), as
well as in WT mice, but at 18 months of age (Figs. 8B and 5B).

Taken together, these observations extend the novelty of our
work by elucidating mechanisms contributing to BIR in AD. Fur-
thermore, considering previous findings proposing the elevation
of TNF-α as mediator of BIR in AD [18], and based on our results in
3xTg-AD mice showing increased levels of TNF-α only at 18
months of age, we may hypothesize that the impairment of BVR-A,
coupled with the hyper-activation of mTOR, are early events
contributing to BIR.

Finally, another interesting result of our study is the observa-
tion that high doses of insulin (5 mM), administered to SH-SY5Y
neuroblastoma cells previously stimulated with insulin 0.1 mM, are
able to overcomes BIR (Fig. 6A). This effect is associated with the
increased activation of BVR-A (Fig. 6A) and the reduction of
p-mTOR to control levels (see Supplementary Fig. 6A). Intriguingly,
it is likely that the effectiveness of therapeutic strategies propos-
ing intranasal insulin administration to slow/improve AD pathol-
ogy [74] could involve BVR-A. Such studies are in progress in our
groups.
Fig. 8. Hyper-activation of mTOR parallels BIR both during AD and normal aging.
(A) mTOR protein levels (blue dots) and activation [p-mTOR(Ser2448), blue squares]
evaluated in the hippocampus of 3xTg-AD mice at 3 (n¼6), 6 (n¼6), 12 (n¼6), and
18 (n¼6) months of age. Left panels: western blot analyses. Representative bands
are shown. Right panels: densitometric analyses of western blot protein bands.
Protein levels were normalized per total protein load. mTOR phosphorylation was
normalized per total mTOR protein levels and is expressed as
p-mTOR(Ser2448)/mTOR ratio. Densitometric values shown are given as percentage
of WT mice (n¼6/group) set as 100%. Means7SEM, *po0.05, vs WT mice (Stu-
dent's t-test). (B) mTOR protein levels (blue dots) and activation [p-mTOR(Ser2448),
blue squares] evaluated in the hippocampus of WT mice as effect of normal aging at
3 (n¼6), 6 (n¼6), 12 (n¼6), and 18 (n¼6) months of age. Upper panels: western
blot analyses. Representative bands are shown. Lower panels: densitometric ana-
lyses of western blot protein bands. Protein levels were normalized per total pro-
tein load. mTOR phosphorylationwas normalized per total mTOR protein levels and
is expressed as p-mTOR(Ser2448)/mTOR ratio. Densitometric values shown are given
as percentage of 3 months-old mice set as 100%. Means7SEM, *po0.05 and
**po0.01 vs 3 months; †po0.05 vs 6 months; ‡po0.05 vs 12 months (ANOVAwith
post hoc Tukey t-test). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)



Fig. 9. Temporal profile of the events promoting BIR in the hippocampus 3xTg-AD
mice. (A) Proposed mechanism leading to BIR in AD. At 3 months of age the insulin
binding to IR promotes IR phosphorylation on Tyr residues, which leads to a con-
sistent activation of BVR-A. This latter, in turn, probably blunts IRS1 hyper-activa-
tion thus allowing a still normal activation of the insulin signaling. At 6 months of
age while IR appears to be still activated, BVR-A does not probably because in-
creased 3-NT levels. Lacking BVR-A activity promotes IRS1 hyper-activation, which
sustains the activation of the insulin signaling for a time perhaps longer than
normal. Between 6 and 12 months of age, the further rise of the oxidative/ni-
trosative stress levels (PC, HNE and 3-NT) result in the oxidative stress-induced
impairment of BVR-A, which contributes to maintain IRS1 hyperactive. IRS1 hyper-
activation leads to the aberrant activation of mTOR, which through a feedback
mechanism turn-off IRS1 thus leading to BIR. Finally, 18 months of age are char-
acterized by the persistence of the same modifications observed at 12 months,
which contribute to the maintenance of an BIR profile. Arrows, promotion; dotted
lines, inhibition; Y, phosphor-Tyr residues; S, phospho-Ser residues; Y-NO2, 3-NT
modifications. (B) Temporal profile of the modifications occurring with regard to
(i) IR, (ii) IRS1, (iii) BVR-A and (iv) mTOR activation diagrammed together with
changes of oxidative/nitrosative stress markers.
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5. Conclusion

In conclusion, we propose a new paradigm in which
(i) increased oxidative/nitrosative stress levels would promote
BVR-A impairment, (ii) BVR-A impairment would lead to IRS1
hyper-activation, because of the lack of the regulatory activity of
BVR-A, (iii) IRS1 hyper-activation would sustain insulin signaling
for a time longer than normal, thus activating feedback mechan-
isms, i.e., mTOR, turning-off IRS1-associated downstream effects
(Fig. 9). All these events underlie the existence of at least two
different phases along the progression of AD pathology, which
require to be addressed in humans to develop early potential
therapeutic interventions.
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