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1. INTRODUCTION

1.1. Alzheimer’s Disease

Alzheimer’s disease (AD) was identified more than 100 years ago by
Alois Alzheimer, who described for the first time the degenerative lesions of
the eponymous disease by examining at autopsy the brain of one of his 51-

year-old demented patients, Auguste D. [1].

integrity between control subjects (left) and subjects with Alzheimer’s disease (right).

AD is the most common type of dementia and can be defined as a slowly
progressive neurodegenerative disease characterized by neurotic plaques and
neurofibrillary tangles as a result of amyloid-beta peptide’s (AP)
accumulation, positive features, in the most affected area of the brain [1].
According to the amyloid hypothesis of AD, the overproduction of AP is a
consequence of the disruption of homeostatic processes that regulate the
proteolytic cleavage of the amyloid precursor protein (APP) [2]. The B
amyloid peptide is cleaved from APP by the action of proteases named a, 3
(BACEL), and y-secretase. Interestingly, APP can be cleaved by either o or f3-

secretase and the fragments formed by them are named C-terminal 83 and 99,



respectively. The C99 fragment, in turn, is cut by the y-secretase enzyme that
promotes both the formation of an intracellular C-terminal peptide residue
(AICD) and the release of the N-terminal fragment, represented by the AP
peptides (AP1-40 and AP1-42). Elevation in levels of AP42 leads to
aggregation of amyloid that causes neuronal toxicity. AP42 favours the

formation of aggregated fibrillary amyloid protein over normal APP

degradation [3].
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FIGURE 1. Schematic representation of processing of the APP protein.

Neurofibrillary tangles (NFTs) are fibrillary intracytoplasmic structures in
neurons formed by a protein called Tau. The primary function of the Tau
protein is to stabilize axonal microtubules. In AD, due to aggregation of
extracellular AP, there is hyperphosphorylation of Tau, which then causes the
formation of Tau aggregates. Tau aggregates form twisted paired helical
filaments known as NFTs. They occur first in the hippocampus and then may

be seen throughout the cerebral cortex [4].
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The neuropathological changes of AD brain include, also, negative
features that are characterized by large atrophy due to a neural, neuropil, and
synaptic loss. Besides, other factors can cause neurodegeneration such as
neuroinflammation, oxidative stress, and injury of cholinergic neurons [5, 6].
Each of these lesions is present in a characteristic pattern in AD, which
provides some clues about the relationship between the lesions and disease
progression and symptoms [7] Typically, the symptoms of the disease begin
with mild memory difficulties and evolve towards cognitive impairment,
dysfunctions in complex daily activities, and several other aspects of
cognition [8].

From genetic basis, AD can be inherited as an autosomal dominant
disorder with nearly complete penetrance [9] The autosomal dominant form
of the disease is linked to mutations in 3 genes: AAP gene on chromosome
21, Presenilinl (PSEN1) on chromosome 14, and Presenilin 2 (PSEN2) on
chromosome 1 [9]. APP mutations may lead to increased generation and
aggregation of Ap-peptides. PSENI and PSEN2 mutations lead to
aggregation of AP by interfering with the processing of y-secretase.
Mutations in these 3 genes account for about 5 % to 10 % of all the cases and
about the majority of early-onset AD [9].

Another gene involve in AD is Apolipoprotein E (APOE), encodes a
polymorphic glycoprotein expressed in liver, brain, macrophages, and
monocytes. APOE participates in transport of cholesterol and other lipids and
is involved in neuronal growth, repair response to tissue injury, nerve
regeneration, immunoregulation, and activation of lipolytic enzymes. The
APOE gene contains three major allelic variants at a single gene locus (g2,

€3, and €4), encoding for different isoforms (ApoE2, ApoE3, and ApoE4)
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[10]. The APOE &4 allele increases risk in familial and sporadic early-onset
and late-onset AD, but it is not sufficient to cause disease [11] [12].
AD has been considered a multifactorial disease associated with several

risk factors such as increasing age, genetic factors, vascular diseases, obesity

Totak
6.7 Million
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75-84 years:
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FIGURE 2. (A) Number and ages of people 65 or older with Alzheimer's dementia, 2023.
Percentages do not total 100 due to rounding; (B). Projected increases between 2018 and 2040
in Alzheimer's dementia prevalence by state.

and diabetes [13]. The vast majority of people who develop Alzheimer’s
dementia are age 65 or older [13]. Age is the greatest of these risk factors.
Indeed, the percentage of people with Alzheimer’s dementia increases
dramatically with age. 26,7% of people age 65 to 74, 37,9% of people age 75
to 84, and 35,4% of people age 85 or older have Alzheimer’s dementia [14].

The most recent data indicate that, by 2050, the prevalence of dementia will
double in Europe and triple worldwide [15]. The group of older adults who
will be at risk for Alzheimer’s in the coming years will be socially, culturally
and economically different from previous groups of older U.S. adults [14].
For example, between 2018 and 2040, projections for older adults show

increases in the American Indian population of 75%, in the Black population
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of 88%, in the Asian population of 113% and in the Hispanic population of
175% [16].

The National Institute on Aging—Alzheimer’s Association (NIA-AA)
revised the clinical criteria for the diagnosis of mild cognitive impairment
(MCI) and the different stages of dementia due to AD [17, 18]: (1) Pre-
clinical or the pre-symptomatic stage, which is characterized by mild
memory loss and early pathological changes in cortex and hippocampus, with
no functional impairment in the daily activities and absence of clinical signs
and symptoms of AD [2, 19] The mild or early stage of AD, where several
symptoms start to appear in patients, such as a trouble in the daily life of the
patient with a loss of concentration and memory, disorientation of place and
time, a change in the mood, and a development of depression [20, 21]. (3)
Moderate AD stage, in which the disease spreads to cerebral cortex areas that
results in an increased memory loss with trouble recognizing family and
friends, a loss of impulse control, and difficulty in reading, writing, and
speaking [20]. (4) Severe AD or late-stage, which involves the spread of the
disease to the entire cortex area with a severe accumulation of neurotic
plaques and neurofibrillary tangles, resulting in a progressive functional and
cognitive impairment where the patients cannot recognize their family at all
and may become bedridden with difficulties in swallowing and urination, and

eventually leading to the patient’s death due to these complications [2, 22].

Prachinical AD ) l‘dild Cognitive r Dementia Due to AD Dementia Due to AD
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I ]
Mo symptoms but Very mild symptoms Symptems interfare Symproms interfere Symptoms interfare
possible biolegical that may not interfere with some everyday with many everyday with most everyday

changes in the brain with everyday activities actiities activities activities

FIGURE 3. Alzheimer's disease continuum. Although these arrows are of equal size, the
components of the AD continuum are not equal in duration.FIGURE 4. Comparison of brain
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1.2. Risk factors and metabolic disorders-related to AD

The accumulation of the neuropathological hallmarks start around the
early stage of AD, and there are a number of risk factors that lead to

cognitive decline. The main factors are [23]:

o Age;
e (Genes;
e Gender;

e Family history;

e Brain abnormalities;

e Physical inactivity;

e Smoking;

e Excessive alcohol consumption;
e Air pollution;

e Head injury;

e Infrequent social contact;
e Less education;

e Depression;

e Hypertension;

e Insulin resistance;

e  Obesity;

e Diabetes.

Among several risk factors, insulin resistance and the onset of metabolic
diseases like obesity, diabetes, they represent strong risk factors for
development of AD. The mechanisms underlying these relationships are

complex and not totally understood, but they often involve vascular factors,
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inflammation, oxidative stress, and the impact of these metabolic disorders

on the brain's structure and function.

Several studies, including those from our research group [24, 25], have
shed light on the complex connections between these conditions and
cognitive decline, particularly AD, which is the most common cause of
dementia. Infect, glucose is a critical nutrient for the brain, and it is the
primary source of energy for brain cells. The brain's high energy demands are
due to its continuous and essential functions, including thinking, processing
information, and regulating various body functions. Research has shown that
in AD, there is a reduction in glucose utilization in various brain regions such
as hippocampus. This phenomenon is often named to as brain

hypometabolism.

1.3. Brain Insulin Resistance: a major risk factor for AD
1.3.1. Role of Insulin in peripheral tissues and Central Nervous

System (CNS)

Insulin is an endocrine peptide hormone with 51 amino acids and
composed of an a (21 amino acids) and a B (30 amino acids) chain linked
together as a dimer by disulfide bridges [26] along with a third intrachain
disulfide bridge in the a chain (Fig. 5) [27, 28]. Insulin secreted principally
by pancreatic B-cells and is well known for its role in glucose homeostasis,
cell growth, and metabolism. Insulin secretion is tightly regulated to maintain
blood glucose levels within a narrow physiological range. Insufficient
secretion of insulin contributes to the chronic hyperglycemia characteristic of

diabetes [27].

15



Insulin production is regulated both at the transcriptional and translation

level and one of the

main nutrients involved in the regulation of gene

expression that encodes insulin is glucose [29].
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FIGURE 5. Biosynthesis of insulin

From a molecular point of view, humans have a single insulin gene, INS

located on chromosome 11, the transcription of which is controlled largely by

upstream enhancer elements that bind key transcription factors [30]. Insulin

is translated initially as a preproinsulin, which is then processed to proinsulin

in the rough endoplasmic reticulum (RER) upon cleavage of its signal

sequence by a signal peptidase (Fig. 5). In the RER, proinsulin is folded and

stabilized in its 3D proinsulin configuration, linking the semi helical A

domain and helical B

domain via the formation of three disulfide bonds.

After transit to the Golgi apparatus, the properly folded proinsulin is sorted

into still-immature secretory granules where it is processed via the
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prohormone convertases PC1/3 and PC2, which cleave the C-peptide.
Subsequently, carboxypeptidase E removes C-terminal basic amino acids
from the resulting peptide chains, yielding mature insulin consisting of A-

and B-peptide chains linked by disulfide bonds (Fig. 5) [31].

In normal physiology, the actions of insulin on peripheral tissues are
different. The major tissues targeted by insulin’s effects on metabolism
include: muscle, where insulin promotes glucose uptake and protein
synthesis; adipose tissue, where insulin promotes glucose and fatty acid
uptake and inhibits lipolysis; the liver, where insulin promotes glucose
utilization, suppresses glucose production, and promotes triglyceride
synthesis (Fig. 6) [32]. In addition, insulin promotes the conversion of
glucose into glycogen, modulating the storage of excess metabolic energy

[33].
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FIGURE 6. Insulin actions in the brain and peripheral tissues

Insulin also has a multifaceted role in the central nervous system (CNS).
Initially, the brain was considered insulin insensitive because glucose uptake
in this organ is unaffected by insulin [34, 35]. However, growing evidence
suggested that insulin can increase glucose uptake in the spinal cord tissues
and some brain regions [36, 37]. Insulin readily crosses the blood—brain
barrier (BBB) via a receptor-mediated transport process, and the rate of

transport can be modulated by several conditions, such as obesity and

inflammation [38].

In addition to glucose metabolism and the energy balance in the brain,

insulin is reported to control other vital physiological functions, such as

neuronal plasticity, memory processing, and cognition [39, 40].
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Recently, the role of insulin in brain ageing has received increasing
attention, along with the possibility that dysregulation of its functions may

contribute to neurodegenerative disease in late life [41].

1.3.2. The molecular mechanisms of brain Insulin Resistance

(bIR)

The activation of the insulin signal is triggered by the binding of insulin to

its insulin receptor (IR, belonging to a family of tyrosine kinase receptors) on
the plasma  membrane of target cells, leading to the
recruitment/phosphorylation of downstream proteins, that primarily including
insulin receptor substrate (IRS), phosphatidylinositol 3-kinase (PI3K, a lipid
kinase), and AKT (also known as PKB or protein kinase B) isoforms, that are
largely conserved among insulin target tissues and that initiate the insulin
response [32, 42]. IR is expressed at the cellular surface, in o232
configuration. The o subunit contains the ligand binding sites, usually located
at a cysteine-rich domain on the extracellular region (Fig. 7) [43, 44].
The B subunits of IR include a large cytoplasmic region with tyrosine kinase
activity (Fig. 7). The IR has a modular structure encoded by a gene (located
on chromosome 19) with 22 exons and 21 introns [45]. The short exon 11
that encodes a 12-amino acid sequence is alternatively spliced, resulting in
two receptor isoforms (A and B) that differ slightly in affinity for insulin [46,
47].
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The B isoform binds insulin-like growth factors I and II (IGF-I and IGF-II)
with at least 100 times lower affinity than insulin, while the A isoform has
significantly higher affinity than the B isoform for IGF-I and especially IGF-

II [48] and may play a role in tumorigenesis.

In the presence of insulin, IR phosphorylates IRS proteins that are linked
to the activation of two main signalling pathways: the PI3K-AKT/ PKB
pathway, which is responsible for most of the metabolic actions of insulin,
and the Ras—mitogen-activated protein kinase (MAPK) pathway, which
regulates expression of some genes and cooperates with the PI3K pathway to
control cell growth and differentiation (Fig. 8) [49]. Once insulin is bound to
the extracellular a-subunit of IR, it induces the dimerization of the
intracellular B- subunit. The a-subunit also promotes autophosphorylation of

tyrosine residues (Tyr'!'®8, Try''®2, and Tyr!!%®) on the B-subunit by activation
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of intrinsic tyrosine kinases (Fig. 8) [50]. The auto-phosphorylated 3-subunit
then phosphorylates tyrosine residues on IRS. There are six IRS isoforms
(IRS1-6), IRS1 and IRS2 are thought to mediate most of the metabolic
effects of IR activation. IRS proteins have NH2-terminal pleckstrin
homology (PH) and phosphotyrosine-binding domains (PTB) that target
them to activated IR, and their long COOH-terminal tails are replete with
tyrosine and serine/threonine phosphorylation sites [51]. After binding of the
IRS PTB domain to IR pTyr”? IR phosphorylates multiple IRS tyrosine
residues, which in turn recruit downstream signalling effectors to propagate
and amplify the insulin response [52]. Once IRS1 is activated it promotes the
activation of PI3K. PI3K consists of a pl10 catalytic subunit and a p85
regulatory subunit, which catalyses the generation of the lipid product
phosphatidylinositol (3,4,5)-triphosphate (PIP3) (Fig. 8). This results in
phosphoinositide dependent kinase 1 (PDPK1) mediated activation of the
kinase AKT (Fig. 8) [53].

AKT mediates a variety of cellular processes by phosphorylating proteins
involved in: (1) inhibition of the forkhead transcription factor (FOXO) family
which inhibits nuclear translocation and transcriptional activity of promoters
that encode pro-apoptotic signalling molecules; (ii) inhibition of glycogen
synthase kinase 3f (GSK-3B) and promotes glycogen synthesis; (iii)
activation of mechanistic target of Rapamycin (mTOR), a protein complex
regulating somatic growth and protein synthesis (Fig. 8). In this way, insulin
stimulates the translocation of GLUT 4 from the intracellular space to the
plasma membrane, increasing glycolytic metabolism (Fig. 8) [54].
Stimulation of this pathway preserves mitochondrial membrane integrity [55]
and inhibits the production of free radicals that damage mitochondrial DNA

and pro-apoptosis mechanisms [56].
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As mentioned above, the second main insulin signalling pathway is
insulin—-IR-IRS—Raf/Ras/MAPK. This pathway is activated by the growth
factor receptor-bound protein-2 (Grb-2) binding to Tyr-phosphorylated Src
homology collagen (Shc) or IRS via its Src homology 2 (SH2) domain. The
MAPK signalling pathway includes extracellular signal regulated kinases 1
and 2 (ERK1 and ERK2), p38 and c-Jun-N-terminal kinases (JNKs). This
pathway controls various transcription factors and elements such as CREB,
and the protooncogenes [57]. It also regulates the transcription, translation
and post-translational modification of wvarious proteins. This signal is
involved in the expression of genes associated with glucose metabolism,
GLUT 3 biosynthesis and induction of mitosis in cells [58] (Fig. 8).

In contrast to tyrosine phosphorylation, IR and IRS proteins also undergo
serine phosphorylation that is generally associated with reduced insulin
action [58] (Fig. 8). The inhibitory sites are clustered near the PTB domain
These sites are also located in the C-terminal tail of IRS1 where they
negatively regulate the interaction between IRS1 and PI3K. Insulin can
promote IRS1 Ser (Ser’”’, Ser’!?, Ser%*®) phosphorylation through a pathway
involving PI3K/AKT/mTORC1/S6K1. This phosphorylation is also
stimulated by free fatty acids via activation of JNK1 or mTORC1 [59]. JNK
activation induces IRS1 phosphorylation at S3°7 and desensitizes insulin
action in liver and other tissues, providing a mechanism for insulin resistance

[60].
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FIGURE 8. Schematic representation of insulin signalling pathway

Insulin resistance is defined as a failure of target tissues to mount a normal
response to insulin [61]. Insulin resistance is a shared hallmark feature of
obesity, type 2 diabetes (T2D), and neuropathological processes underlying

cognitive aging and dementia.

Detection of insulin in the brain reveals that the brain is a target organ for
insulin. Indeed, insulin plays several functions in the CNS ranging from
regulation of protein synthesis and cytoskeletal protein expression, to neurite
outgrowth, migration, and differentiation, and synapse formation [62]. All
these functions participate in cognitive processes, including attention,

executive functioning, learning, and memory [62]. Insulin also has the ability
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to provide neuroprotection, acting mainly against apoptosis, amyloid-f (Ap)
toxicity, oxidative stress and ischemia [63]. Several studies suggested that
disturbances in brain insulin action are not only observed in obesity and T2D,
but also in brain aging and dementia. It has therefore been proposed that
decreases in the sensitivity of central nervous pathways to insulin, i.e., brain
insulin resistance (bIR), constitute a potential link between metabolic and

cognitive dysfunctions [64, 65].

1.3.3. Brain Insulin resistance and development of Alzheimer’s

disease neuropathology

Brain insulin resistance (bIR) can be defined as the failure of brain cells to
respond to insulin. Lack of response to insulin may be due to various causes,
including downregulation of insulin receptors, the inability of IR to bind
insulin or an impairment of the insulin cascade [66]. Insulin signalling is well
characterized at the peripheral level and the same pathways are preserved in
the CNS [67]. From the molecular point of view, bIR is characterized by:

» Reduction of IR levels due to increased receptor internalisation and/or
reduced gene expression [68];

* Reduction of insulin binding to its receptor due to receptor
desensitization, which, following a conformational change, has a lower
affinity for insulin binding [69];

* Increased inhibition of IRS mediated by phosphorylation of specific
serine residues (Ser 312, Ser616 ¢ Ser636) [70];

* Reduction of PI3K [71] and PDK-1 [72] levels .

At the cellular level, this dysfunction might appear as an impairment of
neuroplasticity and neurotransmitter release in neurons, or an alteration in
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insulin response such as decreased expression of neuronal glucose uptake
(GLUT4) and inflammatory responses. Indeed, metabolic stress and
neuroinflammation are key hallmarks in AD pathology [73, 74]. Moreover,
insulin regulates the metabolism of APP, which in turn modulates the balance
between the anabolism and catabolism of AP. Low levels of insulin, or the
lack of its action, may increase NFT formation and result in oxidative
damage to cells. In addition, low insulin levels result in elevated AP levels
and form amyloid plaques in the brain [75].

Also, the Tau protein may play a role in the dysregulation of insulin

signalling and pathogenic alterations in the brain [76]. Indeed, it has been
identified as the main component of neurofibrillary tangles in the brain of
patients with AD [61]. The activity of Tau protein is modulated by
phosphorylation, and the molecule itself contains more than 85 potential
phosphorylated or phosphorylable serine, threonine and tyrosine sites [77]. In
addition, both the expression of the Tau gene and the phosphorylation of Tau
protein itself are regulated by insulin and IGF stimulation [78].
Furthermore, impaired insulin or IGF-1 signalling may enhance Tau
phosphorylation by inhibition of PI3-K/AKT and increased GSK3-activation
[78]; inhibition of insulin/IGF-1 signalling which negatively regulates GSK3-
B. Interestingly, GSK3-f can also be activated by oxidative stress, which is a
consequence of insulin resistance.

Several studies have shown the importance of oxidative stress (OS) in the
pathogenesis of neurodegenerative diseases, diabetes and other disorders
[79]. With regard to the insulin signalling, the interplay between oxidants like
hydrogen peroxide (H202) and antioxidants such as butylated hydroxy
anisole (BHA) or N-acetyl-cysteine (NAC) can influence this pathway [80].

There is a redox priming step in the IR activation process. This step involves
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the regulation of the redox (oxidation-reduction), and it appears to play a role
in modulating IR autophosphorylation and activation.

A subsequent study found that the role of H202 is not restricted to the redox
priming of IR, but also includes inhibition of protein tyrosine phosphatase
PTP1B, which inactivates the IR by dephosphorylating A-loop
phosphotyrosine [81]. This suggesting that the H202 signal is a critical
requirement for the activation of the IR in neurons [82].

In addition to the mechanisms outlined above, age-associated increased
OS levels along with reduced glutathione (GSH) levels were reported in both
human [83] and animals, insulin resistance and T2DM mice showed
increased OS markers and reduced GSH levels in the brain [84, 85] [86], thus
suggesting a close link among OS, development of brain insulin resistance,
and cognitive dysfunction. As individuals age, reactive oxygen species
(ROS) are integrated, to some extent, in the aging brain, disrupting redox-
related communication and leading to cellular alterations, such as senescence
and cell death, due to the inability to maintain redox homeostasis [80].

Oxidative stress is defined as an imbalance in the levels of oxidant (ROS)/
reactive nitrogen species (RNS)) and antioxidant defence systems [87] . This
increase in the ROS/RNS may further lead to the damage of biomolecules
leading to loss of function and consequently to cell death, one of major
characteristic observed in AD brain [87].

Proteins can be oxidized by direct ROS attack, by secondary oxidation
products such as reactive aldehydes (malondialdehyde and 4-hydroxynonenal
[HNE]), formed as final by-products of lipid peroxidation that bind to
proteins via Michael addition, or by glycoxidation reactions [88, 89] [90].
Protein carbonyls (PC) levels are one of the most abundant indices of protein

oxidation that may result in the loss of function of the affected protein [91,
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92]. Furthermore, the reaction of -O2 — with the free radical nitric oxide
(‘NO) produces peroxynitrite, a powerful pro-oxidant molecule. Proteins can
undergo nitration in the presence of peroxynitrite and CO2 by modification
of tyrosine residues to produce 3-nitrotyrosine (3-NT) [93]. Protein nitration,
as well as carbonylation, inactivate proteins or enzymes by altering their
protein structure. ROS are unavoidable byproducts during electron transport
of aerobic respiration in the mitochondria [94].

Mitochondria are the central coordinators of energy metabolism and are
sources and targets of ROS, their impairment may represent a downstream
event of T2DM and/or AD-associated abnormal brain insulin and glucose
metabolism [95, 96]. Indeed, an increase OS leads to the inhibition of cellular
energy production and to the reduction of both insulin secretion and
sensitivity [97, 98]. In turn, defective insulin signalling makes neurons
energy-deficient and more vulnerable to oxidizing insults, which could
promote structural and functional alterations of mitochondria [99, 100].
Basing on these assumptions, defects mitochondria machinery include:
reduced Complex I, III, IV and ATPase levels [101]. In conclusion, the
accumulation of OS markers alterations of insulin signalling and
mitochondrial machinery contribute to the impairment of brain energy
metabolism, ultimately resulting in neuronal damage.

From prior studies, another molecular mechanism responsible for the
onset of bIR is the impairment of the biliverdin reductase-A (BVR-A)

activity.
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1.4. Biliverdin reductase-A: a pleiotropic protein regulating insulin
signalling

1.4.1. BVR-A: structure and function

In 1965, Singleton JW described for the first time the biliverdin reductase
(BVR) protein from guinea pig liver [102]. Later, Maines MD and colleagues
purified and characterized BVR from rat liver [103], and in 1993 they
described human BVR [104]. BVR has two isoforms with a different
molecular weight: A and B. BVR-B is prevalent during fetal development,
whereas BVR-A is ubiquitously expressed in adult tissues [105, 106].

From a structural point of view, BVR-A is a monomeric protein that
consists of two major regions, the catalytic and the regulatory/DNA
interaction domains [107]. The N terminus, the catalytic domain (Rossmann
fold), contains a binding motif for nicotinamide adenine dinucleotide
phosphate [NADP(H)] and nicotinamide adenine dinucleotide [NAD(H)]
cofactors, which are used at different pH optima: 6.7 and 8.7, respectively
[107]. The C-terminal domain of BVR-A consists of a large, six-stranded b-
sheet that hosts the bulk of key signalling sequences: the leucine zipper
(bZip) motif, adenine dinucleotide-binding motif, serine/threonine kinase

domain, SH2 domains, and Zn/metal-binding motif [108, 109].

FIGURE 9. Chemical form of biliverdin and bilirubin
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From a functional point of view, BVR-A was traditionally known as the
reductase that catalyses the last step in the heme-degradation pathway,
driving, in a powerful redox cycle, the conversion of biliverdin, a product of
heme oxygenase (HO) activity, to bilirubin, the major physiological
antioxidant [110, 111] (Fig. 9). Intriguingly, BVR-A also participates in cell
signalling through several distinct tracks, and the range and diversity of its
functions is unmatched by any enzyme characterized to date [106, 112] [113,
114].

In particular, BVR-A has been demonstrated to be also endowed with a
dual-specificity serine/threonine/tyrosine (Ser/Thr/Tyr) kinase activity [115,
116], directly involved in the regulation of the complex insulin signalling
pathway at different levels, influencing many metabolic processes, such as
glucose uptake, regulation of lipid and protein metabolism, cell proliferation,
differentiation, and death [117] [118, 119] (Fig. 9). Last but not least, being a
bZip DNA binding protein, BVR-A can also act as a transcription factor for
activator protein 1 (AP-1) and cyclic adenosine monophosphate (cAMP)-
regulated genes, modulating, among others, activating transcription factor-2
(ATF-2) and HO-1 expression, key components of the inflammatory and

stress-responsive system [120, 121].

1.4.2. BVR-A and Insulin Signalling pathway

As mentioned previously, the activation of insulin signalling promotes
multiple effects. Among them Biliverdin reductase-A (BVR-A) has an
important role in the modulation of this pathway [122]. The coupling
between IR and IRS1 is crucial for the induction of the intracellular cascade.

Like IRS-1, BVR-A is a direct target of IR [117], which phosphorylates both

29



BVR-A and IRS-1 on specific Tyr residues, thus resulting in their activation
[117] (Fig. 10). IRS-1 mediates the activation of the PI3K/protein kinase B
(Akt), which favours the translocation of GLUT4 to the plasma membrane to
mediate glucose uptake [107].

In parallel, as part of a regulatory loop, BVR-A works by phosphorylating
IRS-1 on Ser residues, i.e., Ser307 acting as inhibitory site, to avoid an
excessive activation of IRS-1 in response to insulin [117]. In that way, BVR-
A may be considered an upstream regulator of the whole insulin pathway
[107]. Furthermore, downstream from IRS-1, BVR-A functions as scaffold
protein, favouring: (i) PDKI-mediated activation of Akt [103]; (ii) the
PDK1-mediated activation of the atypical protein kinase C-{ (aPKC{)
[38,53], known to regulate GLUT-4 translocation, and (iii) the Akt-mediated
inhibition of GSK-3 [123] (Fig. 10). Finally, BVR-A encompasses specific
motifs in its sequence by which it modulates IR kinase activity either
positively or negatively [118], and consequently regulates the degradation of
the peroxisome proliferator activated receptor alpha (PPAR
) (Fig. 10). The MAPK signalling is also influenced by BVR-A [104]. In
particular, BVR-A is a nuclear transporter of the MAPK kinase (MEK)-
activated ERK1/2. Hence, it takes part in the activation of the ETS
Transcription Factor (Elkl), the transcription factor for oxidative-stress-
responsive genes, i.e., HO-1 and inducible nitric oxide synthase (iNOS) [124,

125].
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Considering the multidimensional input of BVR-A in the different insulin
signalling pathways and the breadth of cell functions that can be potentially
influenced, it is not surprising that in recent years researchers have focused
on studying the role of this protein in the mechanisms of insulin resistance
that underlie cognitive and metabolic deterioration in metabolic and

neurodegenerative disorders [107].
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FIGURE 10. Known sites of BVR-A interaction in the insulin signalling pathway

1.5 Gender-associated differences in the onset of bIR and AD

In the last few years, addressing gender and sex differences has emerged
as a priority topic in several medical areas and research [126]. Sex has a
significant impact on the pathogenesis of metabolic disorders, such as T2DM.

Research has shown that females tend to have higher insulin sensitivity than
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males, this means that their cells are more responsive to insulin [127]. The
higher insulin sensitivity in females can act as a protective factor against the
development of insulin resistance. Therefore, both clinical and experimental
studies suggest that sexual hormones, due to gender-dependent differences,
may affect the IS pathway and as consequence bIR occurs, that as mentioned
above, bIR is a condition that characterized the early stage of AD pathology.
More specifically, endogenous oestrogens stimulate insulin synthesis and
secretion and exert protective effects on islets from females, preserving beta
cell function and preventing apoptosis induced by metabolic injuries, such as
oxidative stress and lipotoxicity [128].

A sex difference in the prevalence of AD has been noted, while sex
differences in the cerebral pathology and relevant molecular mechanisms are
not well clarified [129]. Women have a higher propensity of developing AD
compared to men [130, 131], a higher risk of mild cognitive impairment
[132]. In support of these findings, greater age-related, non-
neurodegenerative impairments of spatial learning and memory have been
observed in female rats [133] and mice [134, 135] when compared to age-
matched males. Furthermore, females demonstrate age-related changes in
metabolic processes in the brain earlier than males [136].

Epidemiological studies show an increased risk of AD with the age-related
loss of sex steroid hormones. In women, estrogens are produced from
cholesterol primarily in the ovaries and placenta, although small but
significant amounts can be produced by non-reproductive organs, such as the
liver, heart, skin, and brain [137]. Estrogens are known to have protective
effect on the brain, and loss of estrogens during menopause could, in part,
lead to the deficits seen in brain metabolism in AD [138]. Testosterone levels

tend to decline gradually in men as they age, while the decline in estrogen
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levels in postmenopausal women is more sharp. This difference in hormone
decline may indeed contribute to the higher prevalence of AD in women
compared to men.

The brain regional effect of estrogens have also been confirmed by recent
studies which further highlighted the potent effects of estrogens on neuronal
morphology and plasticity in hippocampus [139, 140] [141, 142] [143].
Another important neuroprotective role of estrogens in AD is supported by
the observation that estrogens can reduce AP levels, or prevent them from
rising, in the presence of pathological triggers [144].

Although sex differences have been reported in AD patients, there is still a
lack of systematic pathological evidence from assessing AP plaques,
phosphorylated Tau, and neuroinflammation in the same AD animals [129].
Few studies on rodent models show females have a higher AP burden as well
as greater neuronal and synaptic degeneration than males; and the levels of
pro-inflammatory cytokines such as IL-1p and TNF-a in the brain of female

mice are all higher than those in males [145].

Historically, many preclinical studies, including those involving animal
models, favoured the use of male animals. This practice was based on the
assumption that females, due to hormonal fluctuations, might introduce
variability into experiments, but today focusing on sex differences and
divergences in gene expression is essential for advancing our understanding

of biology, sex differences in health and disease.
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2. AIM OF THE WORK

This research project aims to investigate the role of BVR-A dysfunction
as a key molecular event contributing to bIR development, and its relevance
to AD neuropathology. To achieve this goal, we will: (i) determine the
sequence of the molecular events underlying bIR development; and (ii)

decipher the role of BVR-A in these processes.

Phosphorylation of IRS1 in the brain, which can negatively impact on IS
activation, occurs through several mechanisms that are similar to those
observed in systemic insulin resistance. This finding may have implications
for understanding the role of insulin resistance in neurological conditions and
diseases. The IS pathway contains several regulatory points, which represent
critical nodes [49]. We focused most of our research on BVR-A especially in
AD, and recent pioneering studies of our group proposed BVR-A as a
physiological regulator needed (i) to maintain the correct activation of IRS1
in response to IR and (ii) to favour the correct transduction of the IS
downstream from IRS1. We suggest a potential relationship between the loss
of BVR-A activity, early changes in the IS pathway and the development of
IR. This hypothesis would likely require further investigation and
experimentation to confirm and to understand the underlying mechanisms.
Furthermore, we previously reported that reduced BVR-A activation: (i)
occurs in AD and MCI brain [146, 147]; (i1) is an early event leading to IRS1
hyper-activation and favouring GSK3fB-mediated Tau phosphorylation in
3xTg-AD mice brain [24, 148]; and (iii) impairs of long-term potentiation
(LTP) in cortical neurons [148]. Finally, reduced BVR-A activity was
observed in peripheral blood mononuclear cells collected from obese subjects
at risk to develop systemic IR [25], thus suggesting this could be a

mechanism conserved in different cell types.
34



In light of the above-cited lines of evidence, the purpose of this work is to
understand what happens in a condition that is prior to the onset of IR. In
particular, we were interested in evaluating: (i) how BVR-A levels change
over time, as well as following the administration of a diet enriched in fats,
and (i1)) how what we observe then is subsequently reflected in a mouse

model deficient for BVR-A.
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3. MATERIALS AND METHODS

3.1. Animals and housing

The study was conducted on two mouse colonies: (i) C57Bl1/6j is one of
the most widely used and well-established inbred strains of laboratory mice
in scientific research. C57B1/6] mice are used in a developmental biology,
diabetes and obesity, genetics, immunology, neurobiology, and sensorineural
research; and (ii) BVR-A-deficient C57B1/6j mice (BVR-A""). These mice
were already characterized [3] and are available at the Jackson laboratory
(USA). Compared with C57B1/6j mice, BVR-A"" mice appear normal in body
weight and organ-to-body weight ratio without major alterations of liver or
kidney functions [3]. C57Bl/6j mice were chosen because they develop
systemic and brain IR (but not diabetes) without a pronounced development
of obesity and adiposity. Parental generations were purchased from Jackson
Laboratories (Bar Harbour, ME, USA). Mice were housed in clear Plexiglas
cages (20 x 22 x 20 cm) under standard laboratory conditions with a
temperature of 22 + 2 °C and 70% humidity, a 12-h light/dark cycle.

All the experiments were performed in strict compliance with the Italian
National Laws (DL 116/92), the European Communities Council Directives
(86/609/EEC). Experimental protocol was approved by Italian Ministry of
Health authorization n°® 522/2020-PR. All efforts were made to minimize the

number of animals used in the study and their suffering.

3.2. Dietary Treatments

A high-fat diet (HFD) is known to foster metabolic dysregulation and
insulin resistance in the brain and such effects have been associated with the

reduction of cognitive performances. Studies on mice fed with a HFD, which
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mimicked a hypercaloric Western-style diet [149], thus leading to obesity and
T2DM, demonstrated impaired performance in learning and memory tasks,
alterations of synaptic integrity, altered CAl-related long-term depression
(LTD) and LTP, and the development of AD pathological hallmarks [150,
151].

Nutritional requirements are listed below (Table 1).

TABLE 1. Diet composition

Ingredient (g/Kg) Standard Diet (SD) High Fat Diet (HFD)
Acid Casein 741 200 265.00
L-Cysteine 2.8 4
Maltodextrine-0032 33.2 160
Sucrose 300 90
Cellulose (Arbocel) 50 65.5
Soybean oil 24 30
Lard 19 220
Vitamin mix AIN-93-VX-PF2439 10 13
Mineral mix AIN-93G-MX-PF2348 45 48
Choline bitartrate 1.9 3
Calcium Phosphate disabic 13 34
Total Energy
Kcal/g 35 6
Protein, % 18.5 23
Carbohydrate, % 60 38
Fat, % 3 34
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3.3. Experimental setup

At 4 weeks of age, male and female C57BIl/6j mice, were split into four
groups (n=10 mice/group). Groups were labelled according to their respective
diets (standard chow or control diet (SD) and HFD) (Table 1), genotype and
sex (male and female separately): SD**, HFD"* SD”, HFD”~ (Table 2).
Mice were housed five per cage with free access to water and controlled food
intake. All diets were purchased from Mucedola srl, Italy. Two of the
randomly selected cages were fed with SD, while to induce bIR the other
two of the four groups were switched to HFD. The experiment was
performed for different time points (1 and 8 weeks) (Figure 11). At each of
the above time points mice will undergo a series of tests (listed below) aimed
to evaluate morphological and metabolic parameters prior to sacrifice. At the
end of diet, mice were sacrificed by decapitation; blood, brain and peripheral

tissues were collected and then stored at -80°C until further analysis.
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FIGURE 11. Mouse samples and experimental flow
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3.4 Morphometric analyses

Individual weights and heights were taken on all mice at the beginning
and at the end of diet. Body mass index (BMI) was calculated as the ratio
between body weight and square surface area (g/m?). Body surface area was

derived from the DuBois equation:

body surface (m?)= 0,007184 x weight (Kg®%¥*) x height (cm®%"%) [152].

3.5 Behavioural tests

Novel object recognition (NOR). The NOR task is used to evaluate
cognition, particularly recognition memory, in rodent models of CNS
disorders. All experimental male and female groups (SD**, HFD**, SD™",
HFD™ at 1 and 8 weeks) were involved in the test procedures. This test is
based on the tendency of rodents to have an innate preference for novelty, a
mouse that remembers the familiar object will spend more time exploring the
novel object. The NOR is an efficient and flexible method for studying
learning and memory in mice, such as consolidation or recall. The task
procedure consists of three phases: habituation, familiarization, and test
phase. In the habituation phase at 1st day, each animal is allowed 10 min to
freely exploring the open-field arena (50 cm deep % 30 cm widths x 30 cm
height) in the absence of objects. During the familiarization phase on the 2nd
day, a single animal is placed in the open-field arena containing two identical
objects (two balls), for 5 min. To prevent coercion to explore the objects,
rodents are released against the centre of the opposite wall with its back to
the objects. The experimental context is not drastically different during the
familiarization and the test phase. In the test phase after 24 h, the animal is

returned to the open-field arena with two objects, one is the familiar object
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and the other is novel (ball + plastic brick) [153, 154]. The discrimination
index and preference index percentage are recorded. Discrimination index
(DI), allows discrimination between the novel (TN) and familiar (TF) objects
[DI = (TN— TF)/(TN + TF)]. The preference index (PI) is a ratio of the
amount of time spent exploring any one of the two objects in training phase
(A, B) or the novel one in test phase (C) over the total time spent exploring
both objects, i.e., A, B or C/(A, B + C) x 100 (%) in the test phase.
Therefore, a preference index above 50% indicates novel object preference,
below 50% familiar object preference, and 50% no preference [154].

Y-maze test. The Y-maze test was carried out as described previously
[155, 156]. Spatial memory and exploratory activity were measured using a
Y-maze apparatus, where each arm is 40 cm long, 8 cm high, 15 cm wide at
the bottom, and 10 cm wide at the top. The arms (A, B and C) are all placed
at 120 degrees to each other and converge in an equilateral triangular central
area that is 4 cm at its longest axis. Each mouse is placed individually into
the apparatus and allowed to move freely through the maze during an 5-min
session. The task procedure consists of two phases: (i) training session or
session one, spatial reference memory can be tested by placing the test mouse
into the Y-maze with one arm of the maze closed off during training; after a
time interval (Inter-trial interval, ITI) that lasts 30-min, during which the
mouse is removed from the maze, starts the (ii) testing session, the mouse is
placed back into the maze with the blockage removed [157]. Alternation or
Spontaneous alternation is defined as successive entries into the three arms,
on overlapping triplet sets, and it is associated with the capacity of spatial
short-term memory. The percent alternation is calculated as the ratio of actual
to possible alternations (defined as the total number of arm entries minus 2)

multiplied by 100.
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3.6 Intraperitoneal Glucose tolerance test (IPGTT)

Animals were fasted for 6 hours and a glucose tolerance test (GTT) was
performed using glucose (1,5g/kg bodyweight), which was administered by
intraperitoneal injection. A blood sample was drawn from the tail veins of
conscious mice for measurements of serum glucose using a glucometer and
strips (CONTOUR®NEXT, Asciensia Diabetes Care Holdings AG, Basel,
Switzerland). Glucose readings were taken at baseline (time = 0 min) and at

30, 60, 90 and 120 min after injection.

3.7 Intranasal Insulin treatment (INI)
For each group, it was included a sub-group of mice to test brain insulin
sensitivity. Mice were intranasally treated with rapid insulin (Humalog
2U/mL 10pL/nostril, KwikPen, Eli Lilly Nederland B.V., A10AB04) [148,
158] (n=3/group/sex) or vehicle (n=3/group/sex) and then sacrificed after 30
min for biochemical analyses.
For both SD and HFD groups we had: vehicle (n=3/group/sex) and insulin-

treated mice (n=3/group/sex) to use for the western blot (WB).

3.8 Tissues and Plasma preparation

Total protein were extracted from prefrontal-cortex, hippocampus and
liver of C57B1/6j and BVR-A"" mice. Samples were prepared in Tissue
Protein Extraction Reagent (T-PER (1:200), 78510, Thermo Fisher Scientific,
Waltham, MA, USA) and supplemented with phosphatase and protease
inhibitor cocktail (1:100, Sigma-Aldrich, St. Louis, MO, USA). Then,
samples were homogenized by 45 strokes of a Wheaton tissue homogenizer,
sonicated, and centrifuged at 14,000 rpm for 30 min at 4 °C to remove debris.

The supernatant was collected, and the total protein concentration was
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determined by the BCA method according to manufacturer’s instructions
(Thermo Fisher Scientific, Waltham, MA, USA).

Blood samples were obtained from C57B1/6j and BVR-A"" mice at the
end of diet treatment. All blood draws and processing followed established
protocols using standard procedures. Blood was collected in
ethylenediaminetetraacetic acid (EDTA) polypropylene tubes, and was
centrifuged at 3000xg for 15 minutes at 4°C. Afterward, plasma was isolated
and centrifuged again at 3000xg for 15 minutes at 4°C to eliminate clots and

aggregates. Plasma samples were stored at —80°C until analysis.

3.9 Western blot

Western blot was performed on prefrontal-cortex and hippocampus
samples, 15 pg of proteins were resolved via SDS-PAGE using Criterion™
TGX Stain-Free™precast gel (Bio-Rad Laboratories, Hercules, CA, USA) in
a Criterion large format electrophoresis cell (Bio-Rad Laboratories, Hercules,
CA, USA) in Tris/Glycine/SDS (TGS) Running Buffer (Bio-Rad
Laboratories, Hercules, CA, USA). Immediately after electrophoresis, the gel
was placed on a Chemi/UV/Stain-Free tray and then placed into a ChemiDoc
MP imaging System (Bio-Rad Laboratories, Hercules, CA, USA) to collect
total protein load image (as described below). Following electrophoresis and
gel imaging, the proteins were transferred onto a nitrocellulose membrane by
Trans-Blot Turbo Transfer System (Bio-Rad Laboratories, Hercules, CA,
USA). The nitrocellulose membrane was blocked using 3% BSA (SERVA
Electrophoresis GmbH, Heidelberg, Germany) in 1X Tris Buffer Saline
(TBS) containing 0.01% Tween20 (Sigma-Aldrich, St. Louis, MO, USA) and
incubated overnight at 4 °C with the primary antibodies listed in Table 3. The
day after, all membranes were washed with 1X TBS containing 0.01%
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Tween20 (Sigma-Aldrich, St. Louis, MO, USA) and incubated at room
temperature for 1 h with secondary antibody conjugated with horseradish
peroxidase: anti-rabbit (1:10,000; Bio-Rad Laboratories, Hercules, CA, USA)
or anti-mouse (1:10,000; Bio-Rad Laboratories, Hercules, CA, USA).
Membranes were developed with Clarity enhanced chemiluminescence
(ECL) substrate (Bio-Rad Laboratories, Hercules, CA, USA) and then
acquired with Chemi-Doc MP (Bio-Rad, Hercules, CA, USA) and analysed
using Image Lab 6.1 software (Bio-Rad, Hercules, CA, USA) that allows the
normalization of a specific protein signal by the mean of total proteins load.
Total protein staining measures the aggregate protein signal (sum) in each
lane and eliminates the error that can be introduced by a single internal
control protein. Total protein staining is a reliable and widely applicable
strategy for quantitative immunoblotting. It directly monitors and compares
the amount of sample protein in each lane, rather than using an internal
reference protein as a marker of sample concentration. This direct
straightforward approach to protein quantification may increase the accuracy
of normalization. Total load can be detected taking advantage of the Stain
free technology (Bio-Rad, Hercules, CA, USA). In detail, stain-free imaging
technology utilizes a proprietary trihalo compound to enhance natural protein
fluorescence by covalently binding to tryptophan residues with a brief UV
activation, the described procedure permits the normalization of a specific
protein signal with total proteins load. All the blots were analysed using

Image Lab software (Bio-Rad Laboratories, Hercules, CA, USA).
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3.10 Slot blot

For the analysis of total protein carbonyls (PC) levels, 5 puL of total
protein extract samples were derivatized with 5 pL of 10 mM 24-
dinitrophenylhydrazine (DNPH, OxyBlot™ Protein Oxidation Detection Kit,
Merck-Millipore, Darmstadt, Germany) in the presence of 5 pL of 10%
sodium dodecyl sulphate (SDS) for 20 min at room temperature. The samples
were then neutralized with 7.5 pL of neutralization solution (2 M Tris in 30%
glycerol) and loaded onto a nitrocellulose membrane as described below.

For total 3-nitrotyrosine (3-NT) levels 5 pL of cortical total protein
extract samples, 5 uL of 12% SDS, and 5 pL of 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. Membranes were blocked for 1 h
with a solution of 3% (w/v) BSA in PBS containing 0.01% (w/v) sodium
azide and 0.2% (v/v) Tween 20 and incubated respectively with primary
antibody anti-carbonyl and anti-3-NT (details are listed in Table 3) 2 h at RT
and overnight, respectively. Following primary antibody incubation,
membranes were washed in TTBS three times at intervals of 5 min each and
then incubated with anti-rabbit or mouse IgG alkaline phosphatase secondary
antibodies (Sigma-Aldrich, St Louis, MO, USA) for 1 h at room temperature.
Then, membranes were washed three times in TBS solution containing 0.01%
Tween 20 for 5 min each and developed with Sigma fast tablets (5-bromo-4-
chloro-3-indolyl phosphate/nitroblue tetrazolium substrate [BCIP/NBT

substrate]). Membranes were dried and the images were acquired using the

44



ChemiDoc XP image system and analysed using Image Lab software (Bio-

Rad Laboratories, Hercules, CA, USA).

TABLE 2. Antibodies used in the current work

Name Code Company Diluition
3-NT SAB5200009 Sigma-Aldrich  1:1000
Akt 92728 Cell signalling  1:1000
BVR-A ADI-OSA-450-E Enzo 1:1000
GSK3b (C-terminal) Ab93926 ABCAM 1:1000
mTOR 6H9B10 Biolegend 1:1000
pAkt (Serd73) 40608 Cell signalling ~ 1:1000
pGSK3b (Ser9) 5558S Cell signalling ~ 1:1000
pmTOR (S2448) 5536S Cell signalling ~ 1:1000
Protein Carbonyl S7150 Sigma-Aldrich  1:5000

3.11 BVR-A ELISA assay

BVR-A protein levels were evaluated in the prefrontal-cortex,
hippocampus and in the liver samples of C57B1/6j mice fed with SD or HFD
for 1 and 8 weeks (n=6/group/sex) by ELISA kit (Cat#LS-F74186, LifeSpan
BioSciences, Seattle, WA) according to the manufacturer’s instructions. The
amount of BVR-A was normalized for total proteins of samples loaded into

the ELISA kit and expressed as ng/ug proteins.
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3.12 PanY IRS1 ELISA assay

PanY of IRS1 in prefrontal-cortex and hippocampus samples of C57B1/6j
and BVR-A" mice fed with SD or HFD for 1 and 8 weeks (n=6/group/sex)
were evaluated by an ELISA kit (PathScan® Phospho-IRS-1 (panTyr)
Sandwich, Cat#7133, Cell Signalling Technology, Danvers, USA) according
to the manufacturer’s instructions. The amount of IRS-1 tyrosine

phosphorylation was detected at 450 nm.

3.13 INSULIN ELISA assay

Insulin levels were evaluated in plasma samples of C57Bl/6j and BVR-A"
" mice fed with SD or HFD for 1 and 8 weeks (n=5-6/group/sex) by an
ELISA kit (Cat#EMINIS, Invitrogen by Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s instructions. The amount of

insulin was expressed as pU/mL.

3.14 Bioplex assay

A magnetic bead—based immunoassay was used to measure levels of eight
phosphoproteins and total target proteins pertaining to the insulin signalling
pathway in prefrontal-cortex, hippocampus and liver samples. All mediators
were assayed in multiplex using the Bio-Plex ProCell Signalling protein
kinase B (Akt) Panel, 8-plex (Bio-Rad Laboratories, #LQ00006JKOKORR) to
measure levels of the following phosphorylated proteins: insulin receptor
substrate- 1 at Ser636/636 (pIRS1Ser636/636), phosphatase and tensin
homolog at Ser380 (Phosphatase and tensin homolog (pPTEN)Ser380),
serine/threonine protein kinase Akt-1 at Ser 473 (pAktSerd73), glycogen
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synthase kinase- 3a/P at Ser21/Ser9 (pGSK-3a/BSer21/9), mTOR at Ser2448
(pmTORSer2448), p70 S6 kinase at Thr389 (p70 S6 Kinase
(pP70S6K)Thr389), ribosomal protein S6 kinase beta-1 at Ser235/236
(pS6Ser235/Ser236), and the Bcl2- associated agonist of cell death at Ser136
(pBADSer136). Experiments were run on a Bio-Plex System with Luminex
XxMAP Technology (Bio-Rad Laboratories) and data were acquired on a Bio-
Plex Manager Software 6.1 (Bio-Rad Laboratories) with instrument default
settings. Median fluorescence intensities (MFI) corrected for the blank
background were obtained for all analytes and results were calculated as the

ratio between the MFI of phosphorylated targets and total proteins.

3.15 Statistical analysis

Data are expressed as mean = SEM per group. Statistical analyses were
performed wusing: (i) one-way analyses of variance (ANOVA) with
Bonferroni multiple comparison tests for the evaluation of the behavioural
tests and biochemical data; (ii) Student t-test was used to evaluate differences
observed in INI experiments; (iii) Multiple t test was used to measure
differences observed in IPGT test. p<0.05 was considered significantly
different from the reference value. All statistical analysis was performed

using GraphPad Prism 8.0 software.

47



4. RESULTS
4.1 HFD leads to peripheral glucose dysmetabolism both in male

and female mice

Starting at 4 weeks of age, WT and BVR-A”" C57BIl/6j mice received
either a SD or an HFD for 1 or 8 weeks (Figure 11). C57B1/6] mice were
chosen because they develop systemic and brain IR (but not diabetes) without
a pronounced development of obesity and adiposity (which could represent
confounding factors) once fed a HFD over 12 weeks, starting at 4 weeks of
age [1].

Starting from the baseline (4 weeks of age, T0), both SD and HFD body
weight significantly increased over time (all p<0.0001) (Figure 12a and 12b).
At the end of the first week dietary treatment with SD and HFD (T1W),
female body weight significantly increased respect to TO. The weight gain
continued to be progressively higher and at the end of 8 weeks of diet both in
SD and HFD groups (Figure 12a). The growth of mice is not correlated to the
genotype. The same trend was observed in male mice (Figure 12a).

SD and HFD promoted a comparable increase of BMI after 1 week both
in female and male mice (Figure 12b and 13b), except for female SD”" mice
that show no significant changes (Figure 12b and 13b). A similar trend was
observed after 8 weeks of SD or HFD in both sexes and genotypes (Figure
12b and 13b). However, we noticed that female HFD”" mice show a
significant increase of BMI when compared to SD”" counterpart after 8 weeks
of diet (Figure 12b), suggesting that persistent loss of BVR-A might favour
fat accumulation as previously reported [2, 3]. Fasting glycemia was
modified by HFD after 8 weeks, being significantly increased in HFD"*
female compared to SD** female mice (Figure 12¢) and in both HFD** and

HFD”" compared to the respective SD groups (Figure 12c). No differences
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based on the genotype were observed. Glucose tolerance test (IPGTT)
performed at the end of the diet reveals a consistent glucose intolerance both
in female and male mice, although genotype-dependent effects were
observed. Female HFD"" mice show a significant increase at T30 compared
to SD** after 1 week, while an overall worsening was observed when
compared to HFD”~ (Figure 12c). No differences between SD”~ and HFD™
were observed (Figure 12c¢), suggesting that loss of BVR-A, might delay the
development of insulin resistance in the short time. After 8 weeks of diet, a
further worsening of glucose tolerance was observed in HFD"* with respect
to SD** female mice as demonstrated by higher glycemia levels at each of
the time points of the IPGTT and higher AUC (Figure 12d and 13d). Female
HFD”- develop glucose intolerance after 8 weeks, although this appears less
pronounced when compared to male mice (Figure 12d and 13d). Rather, male
mice seem to be more susceptible to develop glucose intolerance. Indeed,
both HFD™* and HFD”~ male mice develop glucose intolerance after 1 week,
that persist after 8 weeks with no differences depending on the genotype or
on the diet duration (Figure 13c and 13d). These results highlight sex- and
genotype-dependent differences.

49



a o st o wo B O so

o
oW aw O s ® W W i O e
— e *
e s l # 35001 - i
s ) q .
90 L, v | w8 If i £ | E . LR
£x] o8] P 29000 BaYe .
gon;y; B&E = H ,ﬂf ﬂ 2 | gfo
10{H 25004 b
«:\“‘«2@ «z@\i»«*‘ «2@*\«:%“ «ié"-iﬁ“ «“’\\*‘«:\*‘ «i»:“s‘:-:“ ﬁfg“«“’ﬁ“ «“6“'\2@;‘\

c d
w BW G s0"' & HFD™| .
© so* @ HFD" 4

3 e ‘1‘“* i ~ 50000 L
§ 400
i
3 300
]
H
a

200

D a7 47 07
P c%@“ LPLEL

0 30 60 80 120 D 30 60 81 120
Time after glucose injection (min}

Figure 12. Morphometric and metabolic measurements performed in WT and BVR-A-/-
C57B1/6j female mice fed with SD or HFD at TO (4 weeks of age), TIW (after 1 week of diet)
and T8W (at the end of each diet). (a) Body weight is expressed in grams; (b) Body mass index
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diet; HFD™*: WT mice fed with standard diet; SD”: BVR-A knock-out mice fed with standard
diet; HFD”: BVR-A knock-out mice fed with standard diet.
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each diet). (a) Body weight is expressed in grams; (b) Body mass index (BMI) is expressed as g/m?; (c)
Intraperitoneal glucose tolerance test (IPGTT) after TIW and T8W of diets; (d) Area under curve. Data
presented as mean = SEM. One-way ANOVA with Bonferroni test: * p < 0.05, **p < 0.001, ***p <
0.0001. SD™*: WT mice fed with standard diet; HFD™": WT mice fed with standard diet; SD”: BVR-A
knock-out mice fed with standard diet; HFD”-: BVR-A knock-out mice fed with standard diet.

4.2 HFD leads to reduced BVR-A protein levels both in female
and male mice

To unravel whether HFD and the development of peripheral insulin
resistance had an impact in the brain, we first focused on BVR-A. We
evaluated BVR-A protein levels by ELISA in two brain regions known to
regulate learning and memory functions, i.e., frontal cortex and hippocampus.
Moreover, to understand whether brain alterations parallel peripheral changes
we looked at the liver, being this latter the main organ responsible for glucose
homeostasis [159]. Our results, clearly show that mice under the HFD
regimen are characterized by reduced BVR-A protein levels after 8 weeks.
We observed that BVR-A levels are significantly reduced in the frontal
cortex and in the liver of female mice after 8 weeks HFD (Figure 14a, c),
while no significant changes in the hippocampus were observed (Figure 14b).
Male mice show reduced BVR-A protein levels in the hippocampus and in
the frontal cortex, while no significant changes in the liver were observed
(Figure 14d, e, f). These results highlight for the first time that HFD, and
likely insulin resistance, have an impact on BVR-A protein levels, and
changes of BVR-A are already significant after a relatively short HFD
regimen. We also highlight sex-dependent differences with male mice being
more susceptible to develop brain alterations with respect to female at a
young adult age.

Based on these observations, we aimed to explore whether loss of BVR-A

was associated with alterations of brain insulin signalling. Since the reduction
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of BVR-A levels was only evident in HFD-treated mice from 1 to 8 weeks,
we decided to perform our further analyses by looking first at changes in
HFD*" mice.

We then proceeded to:

e evaluate the variations observed in SD”" in comparison to SD™* mice.
This allowed us to determine if the observed effects in HFD** mice
could be attributed solely to the loss of BVR-A;

e investigate the variations observed in HFD”" mice when compared to
HFD** mice. This helped us understand whether alterations in brain

insulin signalling resulted from a combined effect of diet and

genotype.
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FIGURE 14. Dynamic changes of BVRA protein levels in CNS and in peripheral tissues in WT
female and male mice fed with SD or HFD at the end of 1 week or 8 weeks of diets. (a and d)
BVRA protein levels (ng/pg of proteins) evaluated in the prefrontal-cortex; (b and e) BVRA
protein levels (ng/ug of proteins) evaluated in the hippocampus; (¢ and f) BVRA protein
levels (ng/pg of proteins) evaluated in the liver. . Data presented as mean + SEM. One-way
ANOVA with Bonferroni test: * p < 0.05, **p < 0.001, ***p < 0.0001. SD"*: WT mice fed
with standard diet; HFD™*: WT mice fed with standard diet; SD”: BVR-A knock-out mice fed
with standard diet; HFD”-: BVR-A knock-out mice fed with standard diet.
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4.3 Loss of BVR-A impairs brain insulin signalling in the

frontal cortex of female mice fed with HFD

Alterations of brain insulin signalling were evaluated by a multiplex
approach that we [160] and others [161, 162] have successfully used in
previous works, and that allows to measure the levels of multiple targets
(pIRS15%3¢ pPTENS® pAktS*3, pGSK3B%, pmTORS**8, pP70S6K ™%,
pS6523¥5236) at once. This analysis was implemented by evaluating pan-Y
phosphorylation of IRS1 (panIRS1Y) by ELISA. Furthermore, to test the
activation of brain insulin signalling we treated mice with intranasal insulin
(Humalog 2U/mL, 10uL/nostril) and we evaluated the activation state of few
main targets downstream from IRS1 after 30°.

Our results show that female HFD"* mice are characterized by a
significant increase of both pIRS15%¢ and panIRS1Y that finally result in no
significant changes of IRS1 global activation [evaluated as ratio between the
activation/inhibition phosphorylation sites, panY/S636], after 8 weeks of
HFD (Figure 15¢). In detail, lack of BVR-A is associated with reduced IRS1
inhibition (pIRS15%% levels) in SD”-8 vs SD**8 (Figure 15d). This is further
corroborated by the observation that increased pIRS15¢%¢ levels in HFD**
mice are completely prevented in HFD”" mice after 8 weeks of diet (Figure
15d). panIRS1Y — a measure of IRS1 activation — increases with age in SD*/*
mice, with a similar trend observed in HFD"" mice, that reflects a lack of a
significant effect due to HFD on this marker (Figure 15e). Rather, the
increase of panIRS1Y is prevented in both SD”~ and HFD™* (Figure 15e).
Overall, these changes result in no differences the pIRS1 Y/S ratio.
Intriguingly, a trend toward an increased IRS1 activation (higher pIRS1 Y/S
ratio) was observed in SD”" vs SD** mice after 8 weeks of diet (Figure 15c¢),

supporting the hypothesis that loss of BVR-A initially might favour IRS1
53



activation. This process seems to be driven by preventing IRS1 inhibition (S
phosphorylation) rather than increased Y phosphorylation, since the effect
observed on pIRSI15%% is greater than those observed with respect to
panIRS1Y. Indeed, we hypothesize that the increase of pIRS15%¢ levels in
the frontal cortex of HFD"* mice is partially buffered by the effect mediated
by the loss of BVR-A. These observations agree with our hypothesis and our
previous findings [24, 148] [25] suggesting that BVR-A has a regulatory role
upstream in the pathway, whereby loss of BVR-A favour IRS1 activation by
the mean of reduced inhibition.

Downstream from IRS1 we found reduced levels of PTEN under its
inhibited form (pPTENS*%) both in SD** and HFD"* mice after 8 weeks of
diet compared to 1 week (Figure 15f). A similar effect can be observed in
SD”" mice after 1 week of diet, suggesting that loss of BVR-A might favour
PTEN activation.

The PTEN protein is principally involved in the homeostatic maintenance
of PI3K/AKT signalling [163]. Its typical function consists of the
dephosphorylation ~ of  the  lipid-signalling  second  messenger
phosphatidylinositol-3,4,5-triphosphate (PIP3), a lipid product of the PI3K, to
phosphatidylinositol-4,5-bisphosphate (PIP2), thereby directly antagonizing
the PI3K function and blocking the activation of downstream signalling
events, including AKT. Indeed, PIP3 is crucial for the recruitment and
activation of PDK1 and AKT at the cell membrane, where PDK1 mediates
AKT phosphorylation and activation [53].

Our results show that female HFD"* mice are characterized by a
significant increase of AKT active form (pAKTS7) after 8 weeks of diet
(Figure 15g). Conversely, loss of BVR-A is associated with reduced
pAKTS*7 in SD”"8 vs SD**8 mice and prevents the increase of pAKTS4"* in
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HFD” mice (Figure 15g). As previously reported, BVR-A works as scaffold
protein contributing to the formation of the PDK1/BVR-A/AKT complex that
is crucial to promote the PDK1-mediated activation of AKT in response to
insulin [164]. Considering that AKT protein is a hub on which converge
many intracellular signalling pathways, it is conceivable to propose that the
increased pAKTS*” levels in HFD"* mice can result from a different
mechanism. However, this hypothesis does not exclude the possibility that
the observed reduction of BVR-A in HFD*/* frontal cortex might have a role,
because, as discussed above for IRS1, reduced BVR-A might buffer the
increase of pAKTS*"® observed in HFD** mice after 8 weeks of diet. We also
noticed that despite the observed trend for IRS1 to be more activated in SD™

TS473

mice with respect to SD*”, a significant decrease for pAK was observed,

strengthening the key role for BVR-A in favouring AKT activation.
Moreover, despite the observed increased PTEN activation (less pPTENS3%0
levels) in both SD™* and HFD*" mice, that means reduced PIP3 synthesis,
and that would result in reduced AKT activation, we observed lower
pAKTS*7 levels only in SD”- and HFD”" mice further supporting the concept
that increased pAKTS*” levels in HFD"* mice are driven by a mechanism
different from insulin /growth factors signalling.

Among targets of Akt kinase activity we evaluated the glycogen synthase
kinase 3 beta (GSK-3B) and the mammalian target of rapamycin (mTOR).
Under physiological conditions, Akt-mediated inhibition of GSK-3f3
represents a neuro-protective and pro-survival mechanism rapidly activated
in response to insulin [165, 166], while Akt-mediated activation of mTOR is
of importance in regulating cellular growth and metabolism as well as

degradative systems (i.e., autophagy) [167]. Notwithstanding with that,
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sustained GSK-3f inhibition and/or mTOR activation are detrimental for
neurons [167, 168].

Our results show that pGSK3B%° levels are not different in HFD"* mice
when comparing 8 weeks vs 1 week (Figure 15h). This result is consistent
with the role for BVR-A favouring AKT-mediated inhibition of GSK3f3
[123]. Indeed, despite increased AKT activation, loss of BVR-A impairs
GSK3B% phosphorylation (Figure 15h). Surprisingly, a consistent increase of
pGSK3B¥ levels in SD”1 vs SD**1 mice was observed (Figure 15h), and
deserves further investigations.

Regarding mTOR, we observed elevated pmTORS***® Jevels in HFD*'*
mice after 8 weeks of diet (Figure 151). Increased mTOR activation might be
due to AKT, that shows a similar pattern of increase. Lack of BVR-A
promotes different effects on mTOR. We found a significant increase of
pmTORS*# Jevels in SD”" vs SD** mice after 1 week of diet, while a
reduction was observed when persistent loss of BVR-A occurs [SD”" vs SD**
and HFD”" vs HFD"" mice after 8 weeks, Figure 15i). Therefore, the
increased pmTORS?** Jevels in HFD"* might be an early response to HFD
driven by reduced BVR-A protein levels. In addition, mTOR hyper-
activation could lead to GSK3pBS® phosphorylation [169, 170] in SD”" mice
(Figure 151).

To further evaluate mTOR activation we looked at p70S6 kinase protein
phosphorylated at the T389 (pP70S6K™*). Phosphorylation of Thr389 is
mediated by mTOR and is stimulated by growth factors such as insulin, and
most closely correlates with p70 kinase activity in vivo [171, 172]. We found
no changes of pP70S6K™%° in HFD** mice. A significant reduction can be
observed in HFD” vs HFD"* mice after 1 week of diet (Figure 15j). This
observation would suggest that lack of BVR-A preclude mTOR-mediated
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P70S6K phosphorylation. In fact, despite increased levels of pmTORS?#48
observed both in HFD** mice after 8 weeks and in SD”" mice after 1 week of
diet, no changes for pP70S6K™# were observed (Figure 15j).

Finally, downstream from P70S6K we evaluated S6 protein
phosphorylated at S235/S236 (pS65%33/5236), that are well-known targets
P70S6K [173]. Surprisingly, we found that pS6523%/523¢ levels are increased in
HFD™" after 8 weeks of diet, despite non changes in pP70S6K™* (Figure
15k). Lack of BVR-A is associated with reduced pS65*¥52%¢ in SD”~ s
SD** (Figure 15k). This is further corroborated by the observation that

652355236 are prevented in HFD™" mice after 8 weeks of diet

increased pS
(Figure 15k). Hence, our data suggest a negative role for BVR-A,
particularly, for a persistent loss of BVR-A, since the most significant results
can be observed after 8 weeks of diet either in the SD or HFD groups (Table
3). This is consonant, with the data collected about mTOR and pP70S6K ™%,
providing evidence that persistent loss of BVR-A shut-down the
mTOR/pP70S6K/S6 pathway. Therefore, the observed increase of
pS6523¥8236 in HFD™* mice after 8 weeks might be driven by other
mechanisms known to promote S6 phosphorylation on the same sites
independently of mTOR, e.g., ERK1/2, PKA, RSK, PKC, PKG, and DAPK
[174]. The measures obtained in the frontal cortex suggest that loss of BVR-

A is associated with alterations of insulin signalling in the frontal cortex, that

are consistent with the [122, 146].
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FIGURE 15. Evaluation of the levels of multiple targets of the insulin cascade in female
C57B1/6j and BVR-A”" mice. (a) Schematic representation of the insulin signalling under
physiological conditions, and (b) in the absence of BVR-A protein. Arrows: activation; lines:
inhibition; green circles: phosphorylation sites associated with protein activation; red circles:
inhibitory phosphorylation sites. (c-k) Levels of proteins of the insulin signalling evaluated in
frontal cortex isolated from C57Bl/6j and BVR-A”" mice fed with standard (SD) and high fat
diets (HFD). Data presented as mean = SEM. One-way ANOVA with Bonferroni test: * p <
0.05, **p < 0.001. SD™*: WT mice fed with standard diet; HFD**: WT mice fed with standard
diet; SD”: BVR-A knock-out mice fed with standard diet; HFD”: BVR-A knock-out mice fed

with standard diet.
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TABLE 3. Summary representation of dynamic changes of proteins involved in the insulin
pathway. Arrows:1 indicates an increase, | indicates a decrease. # indicates no changes.
Highlighted in red changes observed in WT mice fed with HFD. Highlighted in green similar
changes observed in BVR-A"" mice, to support lack of BVR-A-mediated alterations.

Age effect | Early Loss Pcrlezt:nt Eaﬂ)éil;}ss LPocsr:ijt::jri!:t
HFD*"8 SD*8 SD*1 SD8 HFD1 HFD-8

inhibited | pIRS156% 0 # 2 { ;t J
activated | panIRS1Y T 0 * % # J

IRS1Y/S - - - ) # #
inhibited | pPTENS® J J J # * #
activated | pAKTS T < = .L = J,
inhibited | pGSK3ps? # ” 0 " " #*
activated | pmTORS448 T * T ,1, #* J,
activated | pPT0S6K ™ * ) # # J -+
activated | pSES2ISSI6 T # #* J, = J,

To prove that insulin signalling activation is altered we treated mice with
intranasal insulin and we tested the insulin-mediated activation of AKT,
GSK3p, and mTOR.

We found that intranasal insulin administration did not promote an
increased activation of AKT, nor of GSK3p, nor of mTOR in the frontal
cortex of SD™* mice. No significant changes were observed in SD”" |
HFD™", or HFD”* mice after 1 week of diet (Figures 16¢,d and e). Lack of
changes might be related to the developmental stage of the brain [175, 176].
Rather, administration of insulin in SD™* mice after 8 weeks of diet leads to a
significant increase of AKT activation along with a reduction of GSK3f
inhibition and an increase of mTOR activation (Figures 16f and 16g).

Intriguingly, AKT activation is completely prevented in HFD** mice after 8

weeks of diet, and it is associated with reduced GSK3f inhibition and no
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changes in mTOR activation (Figure 16h). Similar results can be observed in
SD”* mice, supporting our hypothesis that lack of BVR-A impairs insulin
signalling activation. In addition, we observed an overactivation of AKT and

mTOR in HFD”" mice, that seems to be an abnormal response.
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FIGURE 16. Activation of insulin signalling following insulin intranasal administration in
female C57B1/6j and BVR-A”" mice. (a-b) Representative western blot images at 1 and 8
weeks of SD and HFD, respectively. Densitometric evaluation of (c¢) AKT activation
(evaluated as pAKTS*73/AKT ratio), (d) GSK3B inhibition (evaluated as pGSK3pS°/GSK3p
ratio), (¢) mTOR activation (evaluated as pmTORS?*8/mTOR ratio) at the end of 1 week of
diet. (f) AKT activation (evaluated as pAKTS473/AKT ratio), (g) GSK3p inhibition (evaluated
as pGSK3BS/GSK3p ratio), (h) mTOR activation (evaluated as pmTORS?*4$/mTOR ratio) at
the end of 8 weeks of diet. All densitometric values were normalized for total protein load and
are given as the percentage of sets of SD or HFD mice not treated with insulin as 100%. Data
presented as mean + SEM. Student t test: * p < 0.05, **p < 0.001. (-) vehicle; (+):intranasal

insulin.



4.4 Loss of BVR-A impairs brain insulin signalling in the frontal

cortex of male mice fed with HFD

Approach used to investigate alterations of brain insulin pathway in male
mice has been used for evaluating brain insulin signalling in WT and BVR-A"
" C57Bl/6j male mice as well.

Our results show that male HFD™* mice are characterized by a significant
decrease of IRS1 global activation after 8§ weeks of diet mainly driven by
pIRS15%% increase (Figure 17¢). In details, lack of BVR-A is associated with
increased IRS1 inhibition (pIRS159¢ levels) in SD™~vs SD** (Figure 17d). A
similar trend is observed in SD**8 vs SD™*1 (Figure 17d). Conversely, we
found that IRS1 activation is significant increase in SD**8 vs SD**1, while
lack of BVR-A prevented a such increase in knock-out mice (Figure 17¢). As
a net effect, reduced global IRS1 activation in SD”" mice occur. Similar
observation can be found in HFD”" mice, thus suggesting that loss of BVR-A
triggers the development of brain insulin resistance.

Downstream from IRS1 we found no changes for pPTENS3¥? in HFD"*8
vs HFD™*1. Reduced levels of pPTENS*? in SD** vs SD”~ mice after 1 week
of diet and HFD"* vs HFD”" mice after 8 weeks of diet were observed
(Figure 171), suggesting that loss of BVR-A might favour PTEN activation.

In addition, our results show that male HFD"* mice are characterized by
the aberrant activation of the AKT/mTOR axis after 8§ weeks of diet (Figures
17g and 17i). A similar pattern can be observed both in HFD”"1 vs HFD**1
suggesting that loss of BVR-A 1is associated with the hyper-activation of
AKT/mTOR axis and likely accelerate this process. Indeed, 1 week of HFD
in knock-out mice is enough to promote similar effects of 8 weeks of HFD in
WT mice. Considering that AKT hyper-activation occur despite IRS1

inhibition, it is conceivable to hypothesize that AKT hyper-activation is
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mediated by a different mechanism than the insulin signalling activation. One
potential explanation can be that mTOR hyper-activation is responsible for
AKT phosphorylation as reported in [177].

Our findings also show a significant increase of GSK3[ inhibition
(pGSK3p%%) in HFD*" mice after 8weeks of diet (Figure 17h). This increase
might be due to an mTOR-mediated feedback mechanism as reported for
AKT. Remarkably, the role for BVR-A is highlighted in SD”* and in HFD”
mice were lack of BVR-A prevents an increase of GSK3f inhibition despite
AKT hyper-activation (Figure 17h).

K% we found no changes in HFD"* mice. Reduced

Concerning pP70S6
levels of pP70S6K ™ in SD™* vs SD”* mice after 1 week of diet and HFD™*
vs HFD”" mice after 8 weeks of diet were observed (Figure 17j), indicating
that lack of BVR-A forestall mMTOR-mediated P70S6K phosphorylation.

At last, our data described an increase of pS652*352% levels in HFD**
after 8 weeks of diet, though no change in pP70S6K™?*°. Increased S6
phosphorylation in SD”~ vs SD** and HFD”~ vs HFD"* mice after 1 week of
diet (Figure 17k), implies that S6 protein could be correlated to an increase

the activation of other kinase such as ERK1/2, PKA, RSK, PKC, PKG, and
DAPK [174] (Table 4).
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FIGURE 17. Evaluation of the levels of multiple targets of the insulin cascade in male C57Bl/6]j
and BVR-A"" mice. (a) Schematic representation of the insulin signalling under physiological
conditions, and (b) in the absence of BVR-A protein. Arrows: activation; lines: inhibition;
green circles: phosphorylation sites associated with protein activation; red circles: inhibitory
phosphorylation sites. (c-k) Levels of proteins of the insulin signalling evaluated in frontal
cortex isolated from C57B1/6j and BVR-A"" mice fed with standard (SD) and high fat diets
(HFD). Data presented as mean £+ SEM. One-way ANOVA with Bonferroni test: * p < 0.05,
**p < 0.001. SD**: WT mice fed with standard diet; HFD**: WT mice fed with standard diet;
SD”: BVR-A knock-out mice fed with standard diet; HFD”": BVR-A knock-out mice fed with
standard diet.
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TABLE 4. Summary representation of dynamic changes of proteins involved in the insulin
pathway. Arrows:? indicates an increase, | indicates a decrease. # indicates no changes.
Highlighted in red changes observed in WT mice fed with HFD. Highlighted in green similar
changes observed in BVR-A"" mice, to support lack of BVR-A-mediated alterations.

HFD"8 | SD*"8 SD*1 SD*8 HED*1 HFD"8

inhibited | pIRS1%63 0 0 0 # J J
activated | panIRS1Y T T # J, # .L
IRS1Y/S J # J ” il #

inhibited | pPTENS® " ” J % # J
activated | pAKTS? T > #* +* T J,
inhibited | pGSK3p® T Z # # # N3
activated | pmTORS*4# T > #* #* T J,
activated | pPTOS6K ™ # i J # # J
activated | pSESHS/SR6 T * T +* T \L

In support of our hypothesis about the pivotal role for BVR-A in
regulating insulin signalling, we found that intranasal insulin administration
promotes an increased activation of AKT and mTOR in SD™*1 mice (Figure
18c and 18e), while an increased phosphorylation of AKT and of GSK3p in
SD**8 mice (Figure 18f and 18g), as a part of physiological response.
Conversely, insulin administration did not produce any effect in HFD-treated
mice (Figures 18c, d and 18f, g), thus suggesting that activation of the
signalling is impaired. In addition, intranasal insulin administration promoted
an aberrant activation of the signalling in both SD”~ and HFD”" mice, in
which the hyper-activation of mTOR represent one of the main features
(Figures 18e and 18h). Hyper-activation of mTOR in response to insulin is

associated with the abnormal phosphorylation of both AKT and GSK3p, thus
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supporting our hypothesis that lack of BVR-A triggers mTOR hyper-

activation and related feedback mechanisms in response to insulin.
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FIGURE 18. Activation of insulin signalling following insulin intranasal administration in
male C57B1/6j and BVR-A”" mice. (a-b) Representative western blot images at 1 and 8 weeks
of SD and HFD, respectively. Densitometric evaluation of (¢) AKT activation (evaluated as
pAKTS#73/AKT ratio), (d) GSK3B inhibition (evaluated as pGSK3BS/GSK3p ratio), (e)
mTOR activation (evaluated as pmTORS?#48/mTOR ratio) at the end of 1 week of diet. (f)
AKT activation (evaluated as pAKTS473/AKT ratio), (g) GSK3p inhibition (evaluated as
pGSK3BS°/GSK3p ratio), (h) mTOR activation (evaluated as pmTORS?#48/mTOR ratio) at the
end of 8 weeks of diet. All densitometric values were normalized for total protein load and
are given as the percentage of sets of SD or HFD mice not treated with insulin as 100%. Data
presented as mean + SEM. Student ¢ test: * p < 0.05, **p < 0.001. (-) vehicle; (+):intranasal

insulin.
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4.5 Brain insulin signalling shows mild alterations in the

hippocampus of female mice fed with HFD

Alterations of brain insulin signalling were evaluated in the hippocampus
female mice. Our results show that the global activation of IRS1 does not
change in HFD"* female mice (Figure 19¢). In details, lack of BVR-A is
associated with significant decreased IRSI inhibition (pIRS1%%%¢ levels) in
HFD”" vs HFD™* after 8 weeks of diet (Figure 19d), while no changes in SD
mice were observed. IRS1 activation (panIRS1Y) is significant increase in
HFD**8 vs HFD"*1 (Figure 19¢), while the lack of BVR-A prevents a such
phenomenon. Overall, reduced IRS1 S636 phosphorylation overweigh IRS1
Y phosphorylation activation, thus resulting in IRS1 hyper-activation in
HFD mice.

We found reduced pPTENS*® levels in HFD**8 vs HFD"*1 (Figure
19f). No changes in SD mice group. Reduced levels of pPTENS*? in SD** vs
SD”* mice and HFD”~ vs HFD*" mice after 1 week of diet (Figure 19f) were
observed, suggesting that loss of BVR-A might favour PTEN activation.

In addition, no changes for pAKTS*3 occur in female HFD™* mice.
Rather, a significant reduction of pAKTS*"? both in HFD"*1 vs HFD”"1 and
HFD*8 vs HFD""8 (Figure 19g) was observed, suggesting that lack of BVR-
A prevents AKT phosphorylation (as described in female cortical samples).

Furthermore, downstream from AKT we found no changes for GSK3p3
inhibition (pGSK3p%) in both HFD** and SD** mice after 8weeks of diet, in
agreement with pAKT>” levels (Figure 19h). Conversely, a significant
decrease of pGSK3p% levels can be observe in SD” and HFD”" mice (Figure
19h). These data lead to the hypothesis that the loss of BVR-A prevents the
activation of AKT, and consequently GSK3 inhibition is reduced.
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In relation to mTOR, we observed no changes of pmTORS** levels in
HFD™" mice after 8 weeks of diet (Figure 19i), while a significant decrease
of pmTORS?*8 Jevels in HFD”* mice was observed (Figure 19i).

pP70S6K ™ levels are not affected in HFD™* mice, although lack of
BVR-A is associated with reduced P70S6K phosphorylation (Figure 19j) as
reported also in the other brain regions evaluated in the current study.

Finally, we observed an increase of pS6523%523¢ Jevels in HFD™'* after 8
weeks of diet, though no change in pP70S6K™*° (Figure 19k). Conversely,
persistent lack of BVR-A is associated with lower levels of pS6523%5236 in the

hippocampus after 8§ weeks of diet (Figure 19k), (Table 5).
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FIGURE 19. Evaluation of the levels of multiple targets of the insulin cascade in female
C57B1/6j and BVR-A”" mice. (a) Schematic representation of the insulin signalling under
physiological conditions, and (b) in the absence of BVR-A protein. Arrows: activation; lines:
inhibition; green circles: phosphorylation sites associated with protein activation; red circles:
inhibitory phosphorylation sites. (c-k) Levels of proteins of the insulin signalling evaluated in
hippocampus isolated from C57B1/6j and BVR-A"" mice fed with standard (SD) and high fat
diets (HFD). Data presented as mean + SEM. One-way ANOVA with Bonferroni test: * p <
0.05, **p < 0.001. SD"*: WT mice fed with standard diet; HFD*": WT mice fed with standard
diet; SD”: BVR-A knock-out mice fed with standard diet; HFD”": BVR-A knock-out mice fed

with standard diet.
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TABLE 5. Summary representation of dynamic changes of proteins involved in the insulin
pathway. Arrows:! indicates an increase, | indicates a decrease. # indicates no changes.
Highlighted in red changes observed in WT mice fed with HFD. Highlighted in green similar
changes observed in BVR-A"" mice, to support lack of BVR-A-mediated alterations.

HFD*"8 SD**8 SD-1 SD8 HFD-1 HFD-8

inhibited | pIRS1S6% " ” * % # J
activated | panIRS1Y T #* # +* =* ,L
IRS1 Y/S % £ # # T T

inhibited | pPTENS® J # J # J #
activated | pAKTS #* #+ * +* J, \L
inhibited | pGSK3p%® * # #* Jr Jr Jr
activated | pmTORS* 4 * > #* #* J, ,L
activated | pP70S6K™ * #+ ,], J, J, *
activated | pSESTssBe T + #* ‘L = T

Intranasal insulin administration promotes an increased activation of
AKT along with its downstream targets GSK3f and of mTOR. This is also
evident in HFD™* mice (Figure 20c, d,e and 20f, g, h) and might be explained
by the fact that no major changes for BVR-A or insulin signalling proteins in
the hippocampus of female mice were observed following HFD. Moreover,
we observed an over-activation of AKT in HFD”" mice, that resemble to an
abnormal response.

Together, our results suggest that hippocampus is more resilient than

frontal cortex towards the effects mediated by the HFD.
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FIGURE 20. Activation of insulin signalling following insulin intranasal administration in
female C57B1/6j and BVR-A"" mice. (a-b) Representative western blot images at 1 and 8 weeks
of SD and HFD, respectively. Densitometric evaluation of (¢) AKT activation (evaluated as
pAKTS473/AKT ratio), (d) GSK3p inhibition (evaluated as pGSK3B5/GSK3p ratio), (¢) mTOR
activation (evaluated as pmTORS**8/mTOR ratio) at the end of 1 week of diet. (f) AKT
activation (evaluated as pAKTS43/AKT ratio), (g) GSK3B inhibition (evaluated as
pGSK3BS°/GSK3p ratio), (h) mTOR activation (evaluated as pmTORS***8/mTOR ratio) at the
end of 8 weeks of diet. All densitometric values were normalized for total protein load and are
given as the percentage of sets of SD or HFD mice not treated with insulin as 100%. Data
presented as mean £ SEM. Student t test: * p < 0.05, **p < 0.001. (-) vehicle; (+):intranasal

insulin.
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4.6 Loss of BVR-A impairs brain insulin signalling in the

hippocampus of male mice fed with HFD

Alterations of brain insulin signalling were evaluated in the hippocampus
of male mice. Our results show that male HFD™* mice are characterized by a
significant decrease of IRS1 global activation after 8 weeks of diet mainly
driven by pIRS1%6%¢ increase (Figure 21c). In details, lack of BVR-A is
associated with increased IRS1 inhibition (pIRS1563¢ levels) in HFD"*8 vs
HFD™*1 and in HFD”"1 vs HFD"*1 (Figure 21d). A similar trend is observed
in SD”"1 vs SD**1 (Figure 21d). Instead, we found that IRS1 activation does
not change. Consequently, reduced global IRS1 activation in HFD”" mice
occur (Figure 21e).

Downstream from IRS1 we found no changes for pPTENS*# in HFD"*
after 8 weeks of diet. Reduced levels of pPTENS*®" in SD™* vs SD”" mice
after 1 week of diet (Figure 21f) were found, suggesting that loss of BVR-A
might favour PTEN activation.

Our findings also show that HFD** male mice are characterized by a
significant increase of AKT active form (pAKTS*"?) (Figure 21g), that is
further exacerbated in HFD”" mice after 8 weeks of diet. Interestingly, no
changes for AKT in HFD”" mice after 1 week of diet or in SD”" mice have
been observed. This agrees with the current hypothesis that lack of BVR-A
impairs AKT activation during the early phases of the processes leading to
bIR, whereas persistent BVR-A reduction under stressful conditions, i.e.,
HFD, promotes the activation of other molecular mechanisms responsible for
AKT hyper-phosphorylation.

Downstream from AKT no changes for pGSK3B% levels were found

(Figure 21h).
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Intriguingly, one of the mechanisms that might be responsible for AKT
hyper-phosphorylation is the aberrant mTOR activation. In fact, increased
pmTORS?**8 levels in HFD"" mice and in HFD”" mice were found (Figure
21i).

Similarly to the other brain regions, reduced levels of pP70S6K™* in
SD™ after 1 week of diet were found (Figure 21j), strengthening the
hypothesis that loss of BVR-A impairs mTOR-mediated phosphorylation of
P70S6K. Data on HFD corroborate this hypothesis, since no changes for
pP70S6K ¥ can be observed despite mTOR hyper-activation.

Last but not least, we observed an increase of pS6523523 Jevels in
HFD™" mice after 8 weeks of diet, though no change in pP70S6K ™% (Figure
21k). Increased S6 phosphorylation can be found also in SD”" vs SD** and
HFD”* vs HFD™" mice after 1 week of diet (Figure 21k) despite no
significant increase of pP70S6K™%, (Table 6).

Data obtained from the evaluation of the insulin signalling in the
hippocampus, seem to have the same trend found in the frontal cortex, except
few alterations that appears to be less pronounced. Hence, considering that
hippocampus is more resilient with respect to frontal cortex towards the
effects of the HFD, we propose that a longer diet would be need to promote

effects with a similar extent.
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FIGURE 21. Evaluation of the levels of multiple targets of the insulin cascade in male C57Bl1/6j
and BVR-A"" mice. (a) Schematic representation of the insulin signalling under physiological
conditions, and (b) in the absence of BVR-A protein. Arrows: activation; lines: inhibition;
green circles: phosphorylation sites associated with protein activation; red circles: inhibitory
phosphorylation sites. (c-i) Levels of proteins of the insulin signalling evaluated in
hippocampus isolated from C57B1/6j and BVR-A"" mice fed with standard (SD) and high fat
diets (HFD). j) Circulating insulin levels in plasma samples collected after the sacrifice in non-
fasted mice Data presented as mean £ SEM. One-way ANOVA with Bonferroni test: * p <0.05,
*%p < (0.001, ***p < 0.0001. SD**: WT mice fed with standard diet; HFD**: WT mice fed with
standard diet; SD7: BVR-A knock-out mice fed with standard diet; HFD”: BVR-A knock-out
mice fed with standard diet.
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TABLE 6. Summary representation of dynamic changes of proteins involved in the insulin
pathway. Arrows:1 indicates an increase, | indicates a decrease. # indicates no changes.
Highlighted in red changes observed in WT mice fed with HFD. Highlighted in green similar
changes observed in BVR-A"" mice, to support lack of BVR-A-mediated alterations.

Persistent | Early Loss | Persistent
Age cffect | Early Loss Loss + diet Loss + diet
HFD™"8 SD™"8 SD™1 SD8 HFD"1 HFD-8

inhibited | pIRS1S6% 0 # 0 - 0 #
activated | panIRS1Y +%* = +* #* #* #*
IRS1 Y/S J # # = J £
inhibited | pPTENS3 " # J # # #
activated | pAKTS? T # # #* = T
inhibited | pGSK3p%® * # #* #* # #*
activated | pmTORSM48 T = #+ + T #+
activated | pPTOS6K™ * J J * +* *
activated | pSeES23¥s6 T #* T #* T J,

We found that intranasal insulin administration promotes an increased
activation of AKT that reflects on downstream targets, i.e., GSK3p and
mTOR, in SD™* mice (Figures 22c ,d, e and 22f, g, h). No changes were
observed in HFD"* group, except the hyper-activation of mTOR in HFD™*
mice after 8 weeks of diet (Figure 22h). A similar pattern in HFD”" mice can
be found, suggesting that loss of BVR-A impairs the signalling activation by
triggering mTOR aberrant activation. In addition, we observed that the
intranasal insulin leads to the over-inhibition of GSK3f in SD”" and HFD”
mice after 1 week of diet (figure 22d), that seems to be an anomalous

response.
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In conclusion, lack of BVR-A in the hippocampus of male mice promotes
an abnormal response to insulin, as previously observed in the cortex of male

and female, thus representing a shared mechanism.
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FIGURE 22. Activation of insulin signalling following insulin intranasal administration in male
C57Bl/6j and BVR-A"" mice. (a-b) Representative western blot images at 1 and 8 weeks of SD
and HFD, respectively. Densitometric evaluation of (c) AKT activation (evaluated as
pAKTS473/AKT ratio), (d) GSK3p inhibition (evaluated as pGSK3B5/GSK3p ratio), (¢) mTOR
activation (evaluated as pmTORS?*#¥/mTOR ratio) at the end of 1 week of diet. (f) AKT
activation (evaluated as pAKTS43/AKT ratio), (g) GSK3B inhibition (evaluated as
pGSK3BS%/GSK3P ratio), (h) mTOR activation (evaluated as pmTORS?*8/mTOR ratio) at the
end of 8 weeks of diet. All densitometric values were normalized for total protein load and are
given as the percentage of sets of SD or HFD mice not treated with insulin as 100%. Data
presented as mean + SEM. Student t test: * p < 0.05, **p < 0.001. (-) vehicle; (+):intranasal

insulin.
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4.7 Loss of BVR-A in the liver alters insulin signalling and worse

glucose metabolism in female mice fed with HFD

In order to test the hypothesis that reduced BVR-A protein levels
represent an early event in the development of insulin resistance and that this
is a mechanism shared by different tissues/organs, we evaluated changes of
insulin signalling in the liver. We completed the analyses for female mice but
not for male. Furthermore, we were not able to perform the evaluation of
panIRS1Y, and thus we show here only the results collected by the multiplex
approach.

Our data demonstrate that HFD group is characterized by no significant
changes of IRS1 inhibition. We found a significant reduction of pIRS156%¢
levels SD™* after 8 weeks of diet (figure 23c), and also in SD”* mice after 1
week of diet (figure 23c). Reduced pIRS156% Jevels persist in SD”" mice even
after 8 weeks of diet (Figure 23c). Hence, loss of BVR-A is not associated
with a consistent IRS1 inhibition in the liver, while it sustain IRS1 activation
under the HFD regimen.

Downstream from IRS1, we found that female HFD™* and SD"" mice are
characterized by a significant decrease of PTEN inhibition (pPTENS?) after
8 week of diet respectively (figure 23d). Similarly, loss of BVR-A leads to
reduced pPTENS3¥ levels in SD”"1 vs SD™*1. Conversely, PTEN inhibition
in increased with the persistent reduction of BVR-A both in SD”"8 vs SD**8
and in HFD”"8 vs HFD**8 (Figure 23d).

AKT active form (pAKTS*%) is decreased in HFD** and SD™* after 8
weeks of diet (figure 23e). Furthermore, a decrease of pAKTS*"3 levels in SD
/

" mice after 1 week of diet, was observed and persisted also after 8 weeks

SD™" and in HFD"" groups (figure 23e¢).
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We found that pGSK3B% levels are not different in HFD** mice when
comparing 8 weeks vs 1 week (Figure 23f). A significant reduction for
pGSK3B% was observed in SD”" mice after 1 week of diet (Figure 23f).

Regarding mTOR, our findings show reduced pmTORS*** levels in
HFD*8 vs HFD'*1 (figure 23g), as well as in SD™*8 vs SD**1 (figure 23g)
and in SD”1 vs SD**1 (figure 23g).

pP70S6K ¥ levels follow mTOR activation. A trend to a reduction can
be observed in HFD"" mice, although it does not reach a statistical

K™% were found in in SD'*8 vs

significance. Moreover, reduced pP70S6
SD™*1 and in SD”" mice after 1 week of diet (Figure 23h).

Finally, we evaluated pS65%3%523¢ levels. No significant change was
detected in HFD mice. We noted that pS6523¥52% Jevels are reduced in SD”
after 1 week of diet (Figure 231).

Results about insulin signalling were implemented by measures of
circulating insulin levels in plasma samples collected after the sacrifice in
non-fasted mice.

Our data show no changes for circulating insulin in HFD** mice (Figure
23j). Conversely, a significant increase in SD** was observed (Figure 23)),
suggesting that HFD impairs insulin production/clearance in female mice.
Interestingly, insulin levels do not increase neither in SD”* mice (Figure 23j),
while a rise is observed in HFD™" after 8 weeks of diet (Figure 23j). Hence, in
light of the glucometabolic alterations reported in Figure 12c, it is
conceivable to hypothesize that lack of BVR-A greatly alters insulin

signalling and insulin sensitivity in the liver.
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FIGURE 23. Evaluation of the levels of multiple targets of the insulin cascade in female
C57Bl/6j and BVR-A”- mice. (a) Schematic representation of the insulin signalling under
physiological conditions, and (b) in the absence of BVR-A protein. Arrows: activation; lines:
inhibition; green circles: phosphorylation sites associated with protein activation; red circles:
inhibitory phosphorylation sites. (c-i) Levels of proteins of the insulin signalling evaluated
liver isolated from C57Bl/6j and BVR-A”- mice fed with standard (SD) and high fat diets
(HFD). j) Circulating insulin levels in plasma samples collected after the sacrifice in non-
fasted mice Data presented as mean + SEM. One-way ANOVA with Bonferroni test: * p <
0.05, **p < 0.001, ***p < 0.0001. SD**: WT mice fed with standard diet; HFD"": WT mice
fed with standard diet; SD”: BVR-A knock-out mice fed with standard diet; HFD”-: BVR-A
knock-out mice fed with standard diet.
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HFD*8 SD**8 SD1 SD”8 HFD*1 HFD"8
inhibited | pIRS15636 # J J * " %
inhibited | pPTENS J l J 0 # 0
activated | pAKTS J J J # ” #
inhibited | pGSK3p"* * % J " > =
activated | pmTORS?#48 J, ,I, l, #* #* #*
activated | pP70S6K T # J J # ” #
activated | pSESIS/S6 # +* ‘L #* # #*

TABLE 7. Summary representation of dynamic changes of proteins involved in the insulin
pathway. Arrows:1 indicates an increase, | indicates a decrease. # indicates no changes.
Highlighted in red changes observed in WT mice fed with HFD. Highlighted in green similar
changes observed in BVR-A"" mice, to support lack of BVR-A-mediated alterations.
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4.8 Sex-associated differences in cognitive tasks after HFD can be
observed and are associated with the impairment of brain

insulin signalling

Based on the sex differences observed in WT and BVR-A"" C57Bl/6j
mice received either a SD or an HFD for 1 or 8 weeks (Figure 11), we
wanted to explore whether these differences reflected on cognitive function.
The Y-maze and NOR tests were performed at the end of dietary treatment to
assess short-term (spatial, as reference and working memories) and long-term
(object recognition) memories, respectively.

First, we tested short-term memory by evaluating spontaneous alternation
in the Y-maze test that allow identifying early-onset cognitive deficits. Our
results show that female HFD™" mice are characterized by a significant
increase of spontaneous alternation performance after 8 weeks of diet (Figure
24a). No significant changes in female SD** mice, were observed (Figure
24a). Conversely, loss of BVR-A is associated with a consistent impairment
of short-term memory in both HFD and SD groups.

Next, NOR test is administered to female mice and it allows the
evaluation of the mice's ability to explore a novel object, as a sign of good
recognition performance. NOR data are collected by measuring two index
[discrimination (DI) and preference (PI) index]. Our findings show that DI
and PI are not different in HFD™* mice when comparing 8 weeks vs 1 week
(Figure 24b, c). Conversely, a significant increase in both DI and PI
measures in SD**8 vs SD™*1, was observed (Figure 24b, c), thus suggesting
that HFD regimen greatly impairs the physiological improvement associated
with growth and development. Similar outcomes were collected in female
BVR-A"" mice, (Figure 24b, c), supporting the role for BVR-A in the

observed alterations.
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The same behavioural tests were performed on male mice. Our data
indicates that male HFD"* and SD** mice are characterized by no changes of
spontaneous alternation measures after 8 weeks of diet (Figure 24d).
However, in the absence of BVR-A a significant reduction in SD™*1 vs SD™-
1 can be observed (Figure 24d). Similar outcomes have been collected with
NOR test. DI and PI measures are significantly reduced in SD”"1 vs SD™*1
(Figure 24e, f), suggesting that reduced BVR-A is associated with worse
cognitive performance also in male.

Intriguingly, despite no significant changes in HFD** male mice, where
the most significant alterations of BVR-A protein levels and brain insulin
signalling were observed, our correlation analyses show positive and
significant association between BVR-A levels and outcomes of memory
tasks.

A significant correlation between BVR-A levels evaluated in the frontal
cortex and both DI and PI were found (Figures 24g, h). No association exist
with BVR-A protein levels measured in hippocampus (Figure 241, j). In other
words, HFD™* mice showing lower BVR-A protein levels in the frontal
cortex are those that perform worse in NOR test.

Overall, these data suggest that loss of BVR-A affects cognitive functions

in agreement with previous reports.
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FIGURE 24. Defects in cognitive and memory functions in female and male HFD-fed mice
associated with loss of BVR-A. (a and d) Measurement of spontaneous alternation by Y-maze
test in female and male mice, respectively. (b and c¢) Evaluation of the mice's ability to explore
a novel object by NOR test in female mice and (e and f) in male mice. Data presented as mean
+ SEM. One-way ANOVA with Bonferroni test: * p < 0.05, **p < 0.001, ***p < 0.0001. SD*/*:
WT mice fed with standard diet; HFD"*: WT mice fed w1th standard dlet SD”-: BVR-A knock-
out mice fed with standard diet; HFD”: BVR-A knock-out mice fed with standard diet.
Significant correlations found between BVR-A levels and NOR test evaluated in the (g and h)
frontal cortex and in the (j and j) hippocampus of male mice (Pearson’s coefficient).
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4.9 HFD is not associated with increased oxidative stress levels in

both male and female mice

Oxidative stress (OS) is one the main factors contributing to cellular
alterations, since it promotes disorders of glucose and lipid metabolism and
was found to foster the development of brain insulin resistance [80].

Therefore, we were interested in assessing whether loss of BVR-A and
the alterations of insulin signalling observed in both female and male mice,
were associated with increased OS. To this aim, we evaluated: (i) Protein
carbonyls (PC) levels, that are one of the most abundant indices of protein
oxidation, and (ii) the amount of 3-nitrotyrosine (3-NT), obtained by protein
modification of tyrosine residues in the presence of peroxynitrite [93].

We were able to evaluate OS markers only in SD** and HFD ™", while the
analyses for SD”-and HFD™" are still ongoing.

Our results show no significant changes in both frontal cortex and
hippocampal samples from female mice (Figure 25a, b).

In male mice, we observed a significant increase of PC levels both SD**8
vs SD**1 and HFD"*8 vs HFD"*1 (Figure 25¢c) along with a significant
increase of 3-NT levels in SD™*8 vs SD**1 (Figure 25c), in the frontal
cortex. No changes were observed in the hippocampus (Figure 25d).

These data suggest that loss of BVR-A and alterations of brain insulin
signalling occur before an augmentation of OS levels under metabolic
disorders, thus strengthening our hypothesis about BVR-A as an early marker

for bIR.
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FIGURE 25. Oxidative stress markers levels in C57B1/6j female and male mice. PC and 3-
NT levels were evaluated in (a) the frontal cortex and in (b) the hippocampus of female
mice at 1 and 8 weeks of diet. PC and 3-NT levels were evaluated in (c¢) the frontal cortex
and in (d) the hippocampus of male mice at 1 and 8 weeks of diet. Data were expressed as
the percentage of SD**1 set as 100%. Data are shown as mean = SEM. One-way ANOVA

with Bonferroni test: * p < 0.05, **p < 0.001, ***p < 0.0001. SD**: WT mice fed with
standard diet; HFD*": WT mice fed with standard diet.

86



S. DISCUSSION AND CONCLUSION

HFD in C57Bl/6j mice is a well-established experimental model of
obesity and insulin resistance, almost completely resembling the hallmarks of
metabolic syndrome identified in humans [178]. It also impacts on brain
function and affects synaptic plasticity, learning, and memory through
molecular mechanisms that are still poorly understood [179]. Interestingly,
reduced BVR-A protein levels was observed both in neurodegenerative and
metabolic disorders and was associated with alterations of insulin signalling
that resemble early alterations before overt insulin resistance development
[107]. These lines of evidence would suggest that alterations of BVR-A are
worth of investigations as potential marker anticipating insulin resistance
onset.

In this study, we addressed a fundamental question concerning the BVR-
A protein, particularly its role as a central regulator in the insulin signalling
pathway. Specifically, we investigated whether BVR-A levels change in
response to a HFD and whether these changes serve as an early indicator of
insulin resistance development. Considering that we did not completed the
analyses on liver samples, we will mainly refer to bIR.

Our findings shed new light on this subject by revealing significant
alterations in BVRA protein levels in response to HFD, with notable
distinctions based on gender and brain region. What sets our study apart is
the comparison we make between WT mice fed an HFD and knock-out mice
lacking the BVR-A subjected to the same dietary regimen as the WT group.
This approach enabled us to distinguish between changes solely attributable
to genotype (observed in SD” mice) and those resulting from a combined

effect of genotype and diet (observed in HFD”" mice).
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Incorporating these various groups into our experimental protocol
provided a unique advantage. It allowed us to determine whether the
alterations observed in WT mice following 8 weeks of HFD (HFD'")
represent early events or occur later in the progression towards bIR. We
propose that changes in insulin signalling, occurring before a consistent
increase in IRS1 inhibition (a marker of insulin resistance), are early events.
Conversely, alterations accompanied by a significant inhibition of IRS1 are
characteristic features of established bIR. Furthermore, if similar changes are
observed in knock-out mice after 1 or 8 weeks of the diet, it suggests whether
these alterations are associated with early or persistent loss of BVR-A,
respectively.

In addition, the diet protocol we used, does not make mice obese since
the diet is administered for a short time. This represents another advantage to
address the aim of our project since we wanted to identify early changes in
the sequelae of the events leading to bIR by trying to avoid cofounding
factors like obesity and related alterations.

Overall, our results indicate that evaluating BVRA may be valuable in
understanding the molecular processes involved in insulin signalling
alterations and the development of insulin resistance.

The first striking finding of our work relies with the observation that male
mice are more susceptible than female mice to the effects of HFD on the
brain. Indeed, while HFD promotes similar alterations of peripheral glucose
metabolism after both 1 and 8 weeks of diet, when we looked at the brain the
situation is quite different. HFD™" male mice are characterized by reduced
BVR-A protein levels both in the frontal cortex and in the hippocampus,
while HFD"* female only in the frontal cortex. These changes are

accompanied by alterations of insulin signalling that might be explained
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considering BVR-A changes, and demonstrating the existence of 2 phases in
the process leading to bIR:

e An early phase in which loss of BVR-A is associated with IRSI
activation, mainly driven by reduced IRS1 inhibition (reduced S636
phosphorylaton), rather than increased IRS1 Y phosphorylation.

e A late phase in which reduced BVR-A levels are associated with
increased IRS1 inhibition and thus insulin resistance.

Changes observed upstream in the signalling pathway are consistent with the
proposed role for BVR-A to be part of a regulatory loop along with IR and
IRSI [24, 107]. Moreover, these changes are accompanied by alterations
observed downstream in the pathway that agree with the role for BVR-A to
function as scaffold protein [24, 107].

If we look at the results collected in the frontal cortex of HFD*" male
mice it is evident that loss of BVR-A parallels increased IRS1 inhibition
along with the hyper-activation of AKT/mTOR axis and the over-inhibition
of GSK3p, that closely resemble to what have been observed in AD brain
[167, 168]. These observations clearly recapitulate a condition of bIR.
Similar observations in HFD”" mice after 1 week of diet can be observed,
suggesting that loss of BVR-A is a key event in the process and accelerate the
development of bIR. Indeed, 1 week of HFD in knock-out mice is enough to
promote similar alterations observed after 8 weeks of HFD in WT mice.
Moreover, we believe that the observed hyper-activation of AKT and the
following over-inhibition of GSK3p result from feedback mechanisms
independent from BVR-A role. In fact, as previously demonstrated loss of
BVR-A impairs AKT activation and GSK3f inhibition [123]. On the other
hand, loss of BVR-A leads to mTOR hyperactivation [180], that might be
responsible for the increased phosphorylation of AKT and GSK3B in a
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feedback loop [165]. These results suggest that HFD leads to bIR in male
mice and that loss of BVR-A greatly contribute to the observed alterations.
This concept is further strengthened by the observation that intranasal insulin
stimulates the activation of the signalling in SD** mice, but not in HFD™*
mice. Intranasal insulin triggers the mTOR hyper-activation HFD™* mice
after 8 weeks of diet. Remarkably, both SD”* and HFD”* mice treated with
intranasal insulin show an aberrant activation of the signalling in which
mTOR hyper-activation seems to be a common feature, further supporting
the idea that loss of BVR-A favours the aberrant activation of the insulin
signalling by leading to mTOR hyper-activation. These data are consistent
with data observed in MCI and AD brains [146, 147].

mTOR hyper-activation does not reflect on an increased activation of one
of its conical targets, i.e., P70S6K, in HFD™* male and similar observations
have been collected in HFD”" mice. This is something interesting and might
suggest we identified a new point in which BVR-A could be involved and
that deserves further investigations.

Interestingly, if we look at the results collected in the frontal cortex of
HFD™* female mice, the situation is slightly different. In this case, reduced
BVR-A protein levels are not associated with a frank inhibition of IRS1 (no
changes in the IRS1 Y/S ratio), thus suggesting that bIR has not developed,
yet. Despite of that, downstream in the pathway, the hyper-activation of the
AKT/mTOR axis is evident, with no significant changes for GSK33 S9
phosphorylation. As explained in the result section, lack of BVR-A in female
mice promotes different effects on mTOR. It appears that mTOR hyper-
activation along with over-inhibition of GSK3p, can be observed in SD™-
mice after 1 week of diet, further supporting the hypothesis that the simple
loss of BVR-A might be enough to favour mTOR hyper-activation in female
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mice. Within this picture, we can propose that increased pmTORS?*#® levels
in HFD"" might be an early response to HFD driven by reduced BVR-A
protein levels. As explained for male mice, mTOR hyperactivation might be
responsible for a feedback phosphorylation of AKT. This hypothesis is also
supported by the observation that PTEN is more activated (less inhibited) in
HFD"" female mice, and thus activation of AKT must result from a different
mechanism. Furthermore, AKT hyper-activation is not associated with
increased GSK3p inhibition in HFD** female mice, in agreement with the
scaffold role for BVR-A [24]. Notwithstanding with that, persistent lack of
BVR-A in female mice both in SD”" and HFD™" is associated with reduced
AKT/mTOR activation that is something in agreement with previous lines of
evidence [167]. Our interpretation of these results is that the activation of
brain insulin signalling is impaired in frontal cortex of female mice fed with
HFD. The observed alterations are early events occurring before a frank IRS1
inhibition. Lack of BVR-A seems to be implicated in the observed alterations
considering that similar results have been collected in knock-out mice. This
scenario could be interpreted as a condition of insulin resistance considering
that intranasal insulin administration in HFD** female mice do not promote
the activation of AKT, neither those of AKT downstream targets. Similar
results can be observed in knock-out mice, thus suggesting that lack of BVR-
A greatly affect the response to insulin even in the absence of an over IRSI
inhibition. Strikingly, we observed that HFD”" female mice show an aberrant
activation of AKT/mTOR after 8 weeks of diet, as observed in male,
supporting the hypothesis that loss of BVR-A promotes mTOR hyper-
activation in response to insulin.

Also in female mice, mTOR hyper-activation does not reflect on an

increased activation of P70S6K, supporting our hypothesis that BVR-A could
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be involved in the physiological mTOR-mediated phosphorylation of
P70S6K.

Sex-differences observed in the frontal cortex can be also noticed in the
hippocampus. However, it seems that the alterations of the signalling occur
later in the hippocampus than the frontal cortex, particularly in female mice.
Indeed, HFD** female mice do not show reduced BVR-A protein levels in
the hippocampus, neither an increased inhibition of IRS1 or the aberrant
activation of the AKT/mTOR axis. In these mice, intranasal insulin
administration promotes a significant activation of AKT and downstream
targets both in SD™* and HFD'*, suggesting that the signalling is still
preserved from alterations.

This hypothesis is further corroborated by measures of cognitive
functions. The frontal cortex has been associated with working memory,
attention, and executive control [181], and recent data from Kar and DiCarlo
(2021) [182] place the frontal cortex at the top of the hierarchy of ventral
stream visual areas involved in object recognition. Indeed, they show that
frontal cortex inputs improve both behavioural performance and neural
encoding for objects when recognition is difficult. Our results agree with this
paradigm, since we observed that major molecular alterations occur in the
frontal cortex and are associated with worse outcome in NOR, both in female
and male mice.

Overall, our results suggest that loss of BVR-A is among the first events
that can be observed during the development of bIR. Reduced BVR-A
protein levels produce different effects on insulin signalling considering that
BVR-A is a crucial player at different levels both upstream and downstream
in the pathway. Based on BVR-A alterations, two phases in the development
of bIR can be identified: an early phase in which loss of BVR-A is not
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associated with IRS1 inhibition and a late phase in which persistent loss of
BVR-A is associated with IRS1 inhibition. The novelty of our study relies
with the fact that during the early phase the signalling does not respond
properly to insulin, thus suggesting that we are already in a condition of bIR.

Findings presented in the current project also resemble what we previously
observed in the brain from a mouse model of Alzheimer’s disease [24, 183],
showing two age-associated phases: an early phase characterized by reduced
BVR-A protein levels and activation together with the hyper-activation of the
IR/IRS1 axis; and a late phase where the persistent impairment of BVRA is
associated with inhibition of IRS1 and the onset of brain insulin resistance
[24, 183]. Indeed, we proposed that the hyper-activation of IRS1 represents a
signal triggering the activation of feed-back mechanisms aimed to turn-off
IRS1 hyper-activity and thus leading to brain insulin resistance [24, 183].
The existence of these two phases is supported by in vitro studies showing
that insulin treatment (100 pM) increased glucose uptake in the short period
(after 15-30 min) [117], while insulin led to insulin resistance development

after 2 hours [24, 183], in HEK cells knocked-down for BVR-A.

Another aim of our study, was to clarify whether loss of BVR-A mediates the
development of insulin resistance only in the brain or it is a shared molecular
mechanism among tissues. This would be of great interest in searching for
new potential biomarkers candidates to identify people at risk to develop

metabolic disorders, i.e., obesity and diabetes.

Findings from animal models of obesity showed that hepatic or adipocyte-
specific deletion of BVRA hampers insulin cascade and is associated with
impaired glucose metabolism [184-187]. In these mice, high-fat diet regimen
leads to hyper-insulinemia but reduced activation of the AKT and MAPK

pathways both in the liver and in the adipocytes [184-187]. Similarly,
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reduced BVRA protein levels prompted the development of brain insulin
resistance in animal models of aging or neurodegenerative diseases [24, 101,
188]. Conversely, improving BVRA functions ameliorated the insulin
signalling activation, by fostering the IR/AKT/GSK3p axis, which results in
increased glucose uptake in diabetic mice [184] and in the brain [148, 189].
Results collected in animal models of metabolic disorders were further
strengthened by our group in humans. Recent studies from our group have
shown that a consistent reduction of BVRA protein levels is present in
individuals with obesity and type-2 diabetes (T2D) [25, 190, 191]. Reduction
in BVRA protein levels was linked to abnormal activation of the
IR/IRS1/AKT/GSK3B/GLUT4 pathway, which was related to poor
glucometabolic control, as well as the presence of metabolic syndrome, liver
steatosis, and inflammation of visceral adipose tissue in individuals with

obesity and T2D [25, 190-192].

In our study, we have evaluated liver samples exclusively from female mice,
with ongoing analyses of samples from male mice. Our results clearly show
that BVR-A protein levels are reduced in the liver following the HFD.
However, when we examined liver insulin signalling, we found that changes
observed in HFD"", are similar to those observed in SD”* vs SD*, but also
in SD** mice as function of age (1 vs 8 weeks). The solely differences that
discriminate changes in SD** mice as function of age, and the alterations
observed in HFD"* and SD”" are represented by BVR-A levels and
circulating insulin. Notably, SD** mice show increased insulin levels with
age that appears to be part of the physiological process associated with
growth [193]. This phenomenon is not observed in SD”" mice, suggesting that
reduced IRS1 inhibition in these mice, might represent a “protective”

mechanism to counteract the failure of insulin to increase. In some way, this

94



mechanism seems successful in SD”, given that no alterations in IPGTT
were observed. The absence of BVR-A likely promotes the activation of
different mechanisms than insulin signalling, ultimately favouring glucose
uptake and metabolism in the liver. Studies in our lab are ongoing to decipher
such mechanisms. Conversely, loss of BVR-A is associated with no changes
in circulating insulin along with impaired IPGTT in HFD"* mice. In this
case, loss of BVR-A is insufficient to prevent the worsening of glucose
metabolism, suggesting that HFD outweigh the effects of reduced BVR-A.
From this intricate picture, it emerges that reduced BVR-A protein levels are
among the first molecular events that might be identified in the development
of insulin resistance. As observed in the brain, loss of BVR-A precedes IRS1
inhibition. Finally, we acknowledge that HFD”" mice exhibit similar changes
to those observed in HFD"* mice, except for higher circulating insulin levels,

which may suggest impaired insulin clearance.

Liver participates in insulin clearance, that is decreased in conditions of
insulin resistance [194-196]. Moreover, insulin clearance is associated to
obesity and hepatic fat accumulation [197, 198]. The mechanisms that
regulate hepatic insulin clearance are still unknown. Insulin clearance is not a
static process since lower clearance rates are observed in postprandial
compared to fasting state, and it is influenced by several factors, like nutrient
intake [199] and some hormones [200, 201]. Interestingly, Increased BMI
along with increased circulating insulin in HFD” mice was observed, thus
suggesting that persistent loss of BVR-A might contribute to liver functions

and fat accumulation.

Results collected in liver are in line with our previous findings in both obese
and T2D subjects in which we observed consistently reduced BVRA levels in

peripheral blood mononuclear cell (PBMC) under basal conditions (following
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overnight fasting), with respect to matched controls [25, 190, 191]. In obese
subjects showing reduced insulin sensitivity with respect to controls,
decreased BVRA levels were associated with a basal hyper-activation of
IRS1 and to a less extent of AKT and AS160 [25] — this pathway is known to
promote GLUT4 translocation on the plasma membrane to increase glucose
uptake, among the others [32]. Intriguingly, IRS1 hyper-activation in PBMC
isolated from obese individuals mainly results from reduced inhibitory
phosphorylation [25]. Hence, reduced BVRA levels in obese subjects likely
represent a compensatory mechanism to foster insulin signalling activation in

the context of reduced insulin sensitivity.

Together, these results suggest that peripheral insulin concentrations depend
not only by the pancreas (as secretory organ) but also by the liver (insulin
modulator), and mostly important sex-differences exist and needs to be taken

into consideration.
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Abglnﬁ Biliverdin reductase-A (BVRA) is i 1 in the regulation of insulin signaling and the
of glucose h asis. Previous h showed that BVRA alterations are associated
with the aberrant activation of insulin sig boli diti However, whether BVRA
protein levels change dynamically within the cells in response to insulin and /or glucose remains an
open question. To this aim, we eval 1 changes of i llular BVRA levels in peripheral blood
lear cells (PBMC) collected during the oral glucose tolerance test (OGTT) in a group of
subjects with different levels of insulin sensitivity. Furthermore, we looked for significant correlations
with clinical measures. Our data show that BVRA levels change dynamically during the OGTT in
response to insulin, and greater BVRA variations occur in those subjects with lower insulin sensitivity.
Changes of BVRA significantly correlate with indexes of increased insulin resistance and insulin
secretion (HOMACIR, HOMA-B, and mulln(lgvmc index). At the multivari i I
the insuli ic index independently predicted increased BVRA area under curve (ALC} during
the OGTT. This pilot study showed, fm' the first time, that intracellular BVRA protein levels change in
response o insulin during OGTT and are greater in subjects with lower insulin sensitivity, supporting
the role of BVR-A in the dynamic regulation of the insulin signaling pathway.

i
i in dys

Keywords: biliverdin red

A; insulin sig obesity; diabet

1. Introduction

Biliverdin reductase-A (BVRA), mainly known as the enzyme responsible for bilirubin
production in the degradation pathway of heme, has recently drawn attention for its
role in g insulin sig g and participating in the maintenance of metabolic
homeostasis [1]. BVRA is endowed with a dual-specificity serine/threonine/ tyrosine
(Ser/Thr/Tyr) kinase activity [2,3], a scaffold protein function [3-9], and transcription
functions [10] directly involved in the regulation of the cell redox metabolism and of the
complex insulin signaling pathway at different levels. Alterations of BVRA protein levels
influence many metabolic processes, such as glucose uptake, regulation of lipid and protein
metabolism, cell proliferation, diffwmtiaﬁm, and death [4-6,11-16].

Insulin resp are d through the phosphorylation (activation) of the insulin
receptor substrates-1 and 2 (IRS1 and [RSZ} complexes, Such activation is achieved follow-
ing the binding of insulin to the extracellular domain of the IR, which autophosphorylates
on tyrosine (Tyr) residues. Such phosphorylation is required for the activation of IR kinase
activity, that in turn promotes IRS1 phosphorylation. The coupling between IR and IRS1 is
crucial for the induction of the intracellular cascade. Like IRS1, BVRA is a direct target of
IR [11], which phosphorylates both BVRA and IRS1 on specific Tyr residues thus resulting
in their activation [11]. Then, as part of a regulatory loop, BVRA phosphorylates IRS1 on
inhibitory Ser residues (e.g., Ser307) to avoid IRS1 aberrant activation in response to IR [11].

a L b/

40/}

Once activated, IRS1 works as a scaffold protein, driving the activation of the two main

Int, |. Mol. Scr. 2023, 24, 7282, https:/ /doborg/ 103390/ {jms2 4087282
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Abstract: Down syndrome (D5) is the most frequent genetic cause of intellectual disability and is
strongly associated with Alzheimer’s disease (AD). Brain insulin resistance greatly contributes to
AD development in the general population and previous studies from our group showed an early
aco lation of insulin resi e markers in DS brain, already in childhood, and even before AD
onset. Here we tested the effects promoted in Ts2Cje mice by the intranasal administration of the
KYCCSRK peptide known to foster insulin signaling activation by directly interacting and activating
the insulin receptor (IR) and the AKT protein. Therefore, the KYCCSRK peptide might represent
a promising molecule to overcome insulin resistance. Our results show that KYCCSRK rescued
insulin signaling activation, increased mitochondrial complexes levels (OXPHOS) and reduced
oxidative stress levels in the brain of Ts2Cje mice. M wie 1 novel characteristics of
the KYCCSRK peptide, including its efficacy in reducing DYRKIA (triplicated in D5) and BACE1
protein levels, which resulted in reduced AD-like neuropathology in Ts2Cje mice. Finally, the peptide
elicited neurop tive effects by ameliorating synaptic plasticity mechanisms that are altered in DS
due to the imbal. between inhibi itatory currents. Overall, our results represent a step
forward in searching for new molecules useful to reduce intellectual disability and counteract AD
development in DS,

V VR

Keywords: Alzheimer’s dise
disability

; brain insulin resistance; Down syndrome; DYRK1A; intellectual

1. Introduction

Down syndrome (DS) is the most frequent genetic cause of intellectual disability and
is strongly associated with Alzheimer’s disease (AD) [1]. It is a multifaceted disorder with
over 80 clinically defined phenotypes including those affecting the central nervous system,
heart, gastrointestinal tract, skeleton, and immune system [2]. Phenotypes associated
with trisomy 21 vary in both incidence and severity, leading to a vast array of phenotypic
combinations [3]. Prevalence of overweight can reach 70% in subjects with DS leading
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