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Abstract: The association between Alzheimer’s disease (AD) and type 2 diabetes mellitus (T2DM)
has been extensively demonstrated, but despite this, the pathophysiological mechanisms underlying
it are still unknown. In previous work, we discovered a central role for the autophagy pathway in the
common alterations observed between AD and T2DM. In this study, we further investigate the role of
genes belonging to this pathway, measuring their nRNA expression and protein levels in 3xTg-AD
transgenic mice, an animal model of AD. Moreover, primary mouse cortical neurons derived from
this model and the human H4Swe cell line were used as cellular models of insulin resistance in AD
brains. Hippocampal mRNA expression showed significantly different levels for Atg16L1, Atg16L2,
GabarapL1, GabarapL2, and Sqstm1 genes at different ages of 3xTg-AD mice. Significantly elevated
expression of Atg16L1, Atg16L2, and GabarapL1 was also observed in H4Swe cell cultures, in the
presence of insulin resistance. Gene expression analysis confirmed that Atg16L1 was significantly
increased in cultures from transgenic mice when insulin resistance was induced. Taken together, these
results emphasise the association of the autophagy pathway in AD-T2DM co-morbidity, providing
new evidence about the pathophysiology of both diseases and their mutual interaction.

Keywords: Alzheimer’s disease; type 2 diabetes mellitus; autophagy; ATG16L1; ATG16L2; GABARAP;
GABARAPL1; GABARAPL2; SQSTM1; neuronal cultures

1. Introduction

Alzheimer’s disease (AD) is the most common cause for dementia, and 55 million
people are estimated to live with this condition worldwide. Numbers are expected to in-
crease to 113 million by 2050 [1], causing enormous impacts on global health and imposing
a huge economic burden. Therapeutic approaches encompass cholinesterase inhibitors
and memantine as symptomatic agents [2,3]. Great hopes have been raised by antibodies
which target amyloid-beta aggregates in the brain as potential disease-modifying inter-
ventions [4,5]. However, whether meaningful clinical efficacy can be reached as well as
cost-effectiveness are still questions, while safety concerns need further analyses and clari-
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Both genetic and environmental factors contribute to AD risk. Dominantly inherited
mutations in APP, PSEN1, and PSEN2 genes account for rarer early-onset cases, whereas
carrying at least one copy of the APOE ¢4 allele is the strongest genetic risk factor for
the common late-onset form [9]. Although age is the most relevant factor providing the
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largest impact, additional environmental components present important contributions
that are potentially modifiable [2]. Among the latter, consistent evidence supports major
roles for education, hypertension, obesity, hearing loss, traumatic brain injury, smoking,
depression, physical inactivity, social isolation, type 2 diabetes mellitus (T2DM), and
air pollution as potential targets of intervention in different life stages, particularly at
midlife [2]. In addition, T2DM has been compellingly associated with significantly greater
risk of dementia [10-12]. Moreover, metabolic syndrome and obesity, which are often
associated with T2DM, represent dementia risk factors per se, thus further complicating
the picture [13,14]. It has been suggested that since T2DM is modifiable, its reduction
could constitute a possible strategy for reducing future AD incidence. Indeed, it has been
estimated that if T2DM was removed as a risk factor, about 1.1% of dementia cases could be
prevented. Although this percentage is low, the number of impacted people is nonetheless
high when considering global incidence rates [12].

Despite the demonstrated convincing association between AD and T2D, the patho-
physiological mechanisms responsible are still unknown. As a result, the best approach
to be adopted for prevention still needs to be elucidated [12]. Furthermore, whether an-
tidiabetic treatments represent a useful way forward is uncertain at present, as available
data are inconsistent [2,15,16]. Several hypotheses have been proposed to explain the
mechanistic link between AD and T2DM [17-19]. Among them, insulin signalling is im-
paired in both AD and T2DM, and the definition of AD as type 3 diabetes is based on
the observed insulin resistance [20-23]. In addition, defects in mitochondrial function are
shared by both AD and T2DM, thus a common causative role has been proposed for this
defect based on preclinical and clinical findings [24,25]. In a previous study, we adopted
a system biology approach to address this important gap in knowledge about the com-
mon pathophysiological dysregulations contributing to AD and T2DM comorbidity. We
compared molecular mechanistic networks underlying brain T2DM pathophysiology in
AD and control subjects by analysing transcriptional datasets with a novel approach. We
discovered a central role for the autophagy pathway in the mechanisms shared between
AD and T2DM [26]. Autophagy is an intracellular degradation pathway that traffics or-
ganelles, dysfunctional proteins, and infectious agents to lysosomes via specific vesicles
called autophagosomes [27]. In agreement with our findings, autophagy relevance in AD is
supported by a wealth of data, and targeting this mechanism is proposed as a potential
avenue for drug discovery [28-30]. Moreover, abnormal autophagic responses have been
implicated in metabolic disorders [31].

The aim of this study was to further investigate the role of genes identified in our
previous studies as relevant for the pathophysiology of Alzheimer’s disease and T2DM
comorbidity, namely ATG16L1, ATG16L2, GABARAP, GABARAPL1, GABARAPL2, and
SQSTM1. We thus investigated the modulation of these genes in an animal model of AD
and in cellular models of insulin resistance in Alzheimer’s disease brains.

2. Materials and Methods
2.1. Antibodies

In immunofluorescence experiments, the following antibodies and dilutions were used:
anti-Phospho SQSTM1/p62 (S349) (Abcam, Cambridge, UK, cat # ab211324) 1:100; anti-
SQSTM1/p62 (Abcam, cat # ab56416) 1:50; anti-3-Tubulin III (Merck Millipore, Burlington,
MA, USA cat # T2200) 1:500; anti-MAP2 (1:500, Merck Millipore, cat # M9942) 1:500;
anti-GFAP (Thermo Fisher Scientific, Waltham, MA, USA, cat # 13-0300), 1:800, donkey
anti-rabbit-IgG Alexa Fluor 488 (Thermo Fisher Scientific, cat # R37118) 1:1000; donkey
anti-mouse-IgG Alexa Fluor 594 (Thermo Fisher Scientific, cat # A-21203, 1:1000); goat anti-
mouse IgG1 CF 568 (Merck, cat # SAB4600313 1:1000); goat anti-rat Alexa Fluor 647 (Thermo
Fisher Scientific, cat # A21247, 1:1000); and DAPI (4’ ,6-diamidino-2-phenylindole Merck
Millipore, cat #D9542) 1:5000. In Western blotting experiments, the following antibodies
and dilutions were used: anti-Phospho SQSTM1/p62 (5349) (Abcam cat # ab211324) 1:2000;
anti-SQSTM1/p62 (Abcam cat # ab56416) 1:2000; Anti-GAPDH (Abcam cat # ab8245);
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1:5000; anti-phospho-Akt (Ser473 DIE Cell Signaling, Danvers, MA, USA, cat #4060) 1:2000;
anti-Akt (Cell Signaling, cat # 9272, 1:1000); goat anti-mouse IgG IRDye 800(Li-Cor, Lincoln,
NE, USA, cat # 926-32210) 1:5000; and goat anti-rabbit-IgG Alexa 680 (Thermo Fisher
Scientific cat # A21076) 1:5000.

2.2. Animals

A colony of triple-transgenic AD mice (3xTg-AD) expressing three mutant human
transgenes—PS1M146V, APPSwe, and tauP301L—was established at the University of
Verona by purchasing transgenic mice from The Jackson Laboratory (Sacramento, CA,
USA). C57BL/ 6] mice were purchased from Charles River Italia (Calco, Italia). Mice were
housed at 3/cage at a constant room temperature of 21 £ 1 °C and maintained on a 12:12h
light/dark cycle with lights on at 7.30 a.m. with freely available food and water. All
efforts to minimise animal suffering and number were made. This study is compliant with
ARRIVE guidelines [32]. Procedures involving animals were conducted in conformity with
the EU guidelines (2010/63/UE) and Italian law (decree 26/14) and were approved by the
University of Verona’s ethical committee and the local authority’s veterinary service. The
Italian Health Ministry Ethical Committee for Protection of Animals approved the study
(approval number: 283/2019-PR). For gene expression studies, 18 (six/group aged 6, 12,
and 18 months) female transgenic mice and 18 (six/group) female wild-type mice were
used. For immunofluorescence on brain sections, 12-month-old female 3xTg-AD and wild-
type mice were used (n = 3/group). Mice for gene or protein expression experiments were
anesthetised using Tribromoethanol (Merck Millipore) and sacrificed. Brain dissections
were performed in Petri dishes on ice; the hippocampi were collected, flash-frozen in liquid
nitrogen, and stored at —80 °C until analysis. The whole procedure did not exceed 5 min to
preserve brain integrity. Mice for immunofluorescence experiments were anesthetised using
Tribromoethanol, perfused transcardially with 0.1 M phosphate buffered saline solution
(PBS), followed by formaldehyde 10% V/V, buffered 4% w/v (Titolchimica, Rovigo, Italy),
and brains were extracted and postfixed overnight. Seven dams were used (wild-type: n =
4; 3xTg-AD n = 3) and neuronal cultures were prepared from 5-6 pups/preparation for
each genotype.

2.3. Neuronal Cultures

Human glioblastoma H4 cell lines stably expressing the 3 APP-Swe mutation (K595N/
M596L) were a kind gift from prof. M. Pizzi, University of Brescia, Italy. Cells were cultured
in DMEM with 10% foetal bovine serum (FBS), 100 Units/mL penicillin, 2 mM glutamine,
and 100 pg/mL streptomycin (Thermo Fisher Scientific) [33]. After reaching 80% confluence
and twenty-four hours before starting the experiment, cells were trypsinised and seeded at
a density of 4 x 10° cells in T75 cm? flasks. Treatments were performed in DMEM medium
without FBS.

2.4. Primary Cortical Neurons

Primary mouse cortical cultures were prepared as previously described [34] with
modifications [35]. Briefly, newborn C57BL/6 and 3xTg-AD mice (P0-P1) brains were
isolated and cortices were dissected in 1X ice-cold DBPS medium (cat # 14200075, Thermo
Fisher Scientific). After removal of meninges, cortices were washed twice and enzymatically
digested with DPBS solution containing 0.25% (v/v) trypsin (Thermo Fisher Scientific),
1 mM sodium pyruvate, 0.1% (w/v) glucose, and 10 mM HEPES pH 7.3 for 20 min at
37 °C. Following a 5 min incubation with 0.1mg/mL DNAse I (Merck Millipore) at room
temperature, the enzymatic reaction was stopped with an MEM solution containing 10%
FBS, 0.45% (w/v) glucose, 1 mM sodium pyruvate, 2 mM L-glutamine, 100 U/mL penicillin,
and 100 pg/mL streptomycin (all reagents from Thermo Fisher Scientific). Next, the tissue
was triturated through a P1000 pipette, and the cell suspension was passed through a 70 pm
MACS SmartStrainer (Miltenyi Biotec, Bergisch Gladbach, Germany). Cells were then
counted and diluted to 8 x 10° cells/mL in Neurobasal™-A Medium (NBA, Thermo Fisher
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Scientific) containing 1X B27 supplement (Thermo Fisher Scientific), 2 mM L-Glutamine
(Thermo Fisher Scientific), 100 U/mL penicillin, and 100 pg/mL streptomycin (Thermo
Fisher Scientific) and plated on 6-well plates pre-coated with 0.1 mg/mL poly-L lysine
(Merck Millipore). Cells were maintained in a standard, humidified 5% CO, incubator until
the day of the experiment (5-7 days in vitro, DIV).

2.5. Insulin Resistance

To monitor insulin response, cells were challenged with 100 nM insulin (Merck Milli-
pore) for 30 min. To induce insulin resistance, cells were treated for 24 h with 40 mM glucose
(Merck) or 20 nM insulin before receiving insulin challenge [36]. Controls were treated
with vehicle. At the end of the experiments, both H4Swe cells and primary mouse neurons
were washed with PBS and harvested by 5 min centrifugation at 2900x g, and the pellets
were re-suspended in RNA later (Thermo Fisher Scientific), stored at 4 °C for 24 h, and
transferred at —20 °C until RNA extraction. Treatments were repeated in 3-6 independent
experiments.

2.6. Quantitative Real-Time PCR

Gene expression was assessed by gPCR as previously reported [37] with slight changes.
RNA was extracted with the Aurum total RNA mini kit (Bio-Rad, Hercules, CA, USA)
which includes a DNase I digestion step, following manufacturer’s instructions. RNA
amount was assessed by UV absorbance in a NanoDrop 2000c spectrophotometer (Thermo
Fisher Scientific). cDNA was synthesised using the iScript Advanced cDNA synthesis Kit
(Bio-Rad). qPCR was performed by Sybr Green technology in a 7900HT Fast Real-Time PCR
System (Thermo Fisher Scientific) with SSO Advanced Universal SYBR Green Supermix
(Bio-Rad) in 20 pL according to this protocol: stage 1: 95 °C, 20 s; stage 2: 40 x (95 °C,
3s; 60 °C, 30 s). Primers were selected with the NCBI Primer-BLAST tool and purchased
from Eurofins Italia (Torino, Italy). Sequences are reported in Table 1. Data were analysed
using the Delta-Delta-Ct method, converting to a relative ratio (27 PP¢t) for statistical
analysis [38] by normalising to the geometric average of two endogenous reference genes:
Gapdh and Ywhaz, as previously reported [39,40]. The specificity of amplification products
was evaluated by building a dissociation curve in the 60-95 °C range.

Table 1. Primers sequences.

Gene Forward Primer Reverse Primer
Mouse Atg16L1 GGTCTGTCCGAATCTCCCCT GCGCATCGAAGACATACGAG
Mouse Atg16L2 CTGTGTGGATGTGGTGAAGG AGCATTGACCTCAGAGAGAT
Mouse Gabarap TTCTCCCCTTGTTTACCCTCCAT TCCAATGTCAATCCCTTCCAC
Mouse GabarapL1 CATCGTGGAGAAGGCTCCTA ATACAGCTGGCCCATGGTAG
Mouse GabarapL2 GCTATTTGCTCCAGGGAACCT AACTATGCATCAGCCCCTCC
Mouse Sgstm1 GCCAGAGGAACAGATGGAGT TCCGATTCTG GCATCTGTAG
Mouse Gapdh GCCAAGGTCATCCATGACAACT GAGGGGCCATCCACAGTCT
Mouse Ywhaz TAGGTCATCGTGGAGGGTCG GAAGCATTGGGGATCAAGAACTT
Human ATG16L1 ACACAAGAAACGTGGGGAGT CTCCGTCTCCAGGTCAGAGA
Human ATG16L2 TTCGGGACCGTACGCAAAAG TCAAGCTCTGACTCCTCCCA
Human GABARAP CTCCCTTATTCAGGACCGGC TGCCAACTCCACCATTACCC
Human GABARAPL1 TACCTAGTGCCCTCTGACCT TGGACGGCATCCAGTATTGT
Human GABARAPL? GCGAAATATCCCGACAGGGT TCCACATGAACTGAGCCACA
Human SQSTM1 GAGATTCGCCGCTTCAGCTT GGAAAAGGCAACCAAGTCCC
Human GAPDH CCATGGGGAAGGTGAAGGTC TGGAATTTGCCATGGGTGGA
Human YWHAZ GGACTACGACGTCCCTCAAA CCAGTTTGGCCTTCTGAACC
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2.7. Western Blot

Hippocampi were homogenised with a micro-pestle in ice-cold lysis buffer (10% w/v)
containing 50 mM Tris-HCI (pH 7.5), 2% Igepal, 10 mM MgCl,, 0.5 M NaCl, 2 mM EDTA,
2 mM EGTA, 5 mM benzamidine, 0.5 mM phenyl-methylsulfonyl fluoride, 8 mg/mL pep-
statin A, 20 mg/mL leupeptin, 50 mM (3-glycerolphosphate, 100 mM sodium fluoride, 1 mM
sodium vanadate, 20 mM sodium pyrophosphate, and 100 nM okadaic acid. Homogenates
were clarified by 1 min centrifugation at 10,000 x g at 4 °C and protein concentration was
assessed by Precision Red Protein Quantification Assay (Cytoskeleton). H4Swe cells were
seeded into 6-well plates at a density of 9.5 x 10° cells/well. Following treatments, cells
were washed once in Tris-buffered saline (TBS), lysed, and assayed for protein with the
Bradford method (Merck). In both instances, lysates were processed for Western blot as
previously reported [41], with slight changes. Briefly, lysates were separated using 4-12%
Bis-Tris gels (Novex pre-cast gel, Thermo Fisher Scientific) and transferred to 0.45 um
nitrocellulose membranes (Thermo Fisher Scientific). Blots were blocked for 1 h at room
temperature in 1X Odyssey blocking buffer (TBS) and incubated with primary antibodies
overnight in Odyssey blocking buffer (TBS) plus 0.1% Tween-20 (Tween-20 TBS) at 4 °C.
Membranes were washed 3 x 10 min in Tween-20 TBS at room temperature, followed by
incubation with secondary antibody conjugated to IRDye diluted in Tween-20 TBS for 1 h
at room temperature. Blots were washed 2 x 10 min in TBST, 1 x 10 min in TBS, and visu-
alised with Odyssey Infrared Imaging System (Li-Cor) by quantifying fluorescent signals
as Integrated Intensities (LI. K Counts) using the Odyssey Infrared Imaging System. After
background subtraction, protein levels were assessed as total protein to Gapdh loading
control ratios or as phosphorylated to total protein ratios.

2.8. Immunofluorescence

In brain sections, immunofluorescence was carried out as previously reported [42].
Briefly, after post-fixing, brains were embedded in an OCT cryoembedding matrix and
sectioned on the coronal plane at 30 mm thickness with a cryostat. Sections were treated
with a blocking solution of 2% bovine serum albumin, 2% normal goat serum, and 0.2%
Triton X100 in PBS for 20 min at room temperature and incubated overnight at 4 °C in
primary antibodies. Secondary antibodies were diluted 1:1000 in the above blocking
solution, with the appropriate serum. After immunohistochemical processing, sections
were counterstained with the fluorescent nuclear marker DAPI (100 ng/mL) for 10 min at
room temperature and mounted on slides with 0.1% paraphenylenediamine in glycerol-
based medium (90% glycerol 10% PBS). For H4Swe cell immunostaining, 5 x 10° cells/well
were seeded onto 18 mm round coverslips in 24-well plates and left to attach overnight.
The next day, cells were washed twice with PBS and fixed with 4% paraformaldehyde
for 20 min. Fixed cells were treated for 10 min with blocking and incubated overnight
with primary antibodies in blocking solution. After three washes with PBS, samples were
incubated with secondary antibodies diluted 1:2000 in blocking solution for 1 h. After
final washes, coverslips were treated with DAPI solution. Coverslips were fixed onto glass
slides with a drop of anti-fading mounting medium and sealed with nail polish. Primary
cortical cells were fixed in 10% (v/v) formalin solution (Titolchimica) for 15 min at room
temperature, washed three times in PBS, and blocked in PBS containing 10% (v:v) normal
goat serum (Thermo Fisher Scientific) and permeabilised with 0.3% (v:v) TritonX-100 (Merck
Millipore) in PBS for 40 min. Next, cells were incubated with mouse anti-Map2 and rat
anti-Gfap primary antibodies overnight at 4 °C, and after three PBS washing steps, with
anti-secondary antibodies, anti-mouse IgG1 CF 568, and anti-rat Alexa Fluor 647 for 1 h at
room temperature. Antibodies were diluted in PBS containing 5% (v:v) normal goat serum.
Nuclei were counterstained with DAPI 1:5000 and coverslips were mounted on slides using
DAKO fluorescence mounting media (Agilent, Santa Clara, CA, USA). Images at different
Z-planes were collected on a Leica tcs-sp5 confocal microscope. Images were processed
with the software Imaris (Bitplane AG, Belfast, UK) or Image].
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2.9. Statistical Analysis

The data are presented as the observed mean values + SEM. The data were analysed
using a 1-way ANOVA with treatment (control, insulin, glucose + insulin, insulin + insulin)
as the treatment factor or 2-way ANOVA with genotype (wild-type, 3xTg-AD) and age (6,
12, and 18 months) or treatment (control, insulin, glucose + insulin, insulin + insulin). When
the samples were analysed in different plates using a complete block design, an additional
blocking factor plate was also included in the statistical model in order to account for any
plate-to-plate variability [43]. The analyses were followed by planned comparisons of the
predicted means. The analysis was performed using the InVivoStat v4.4.0 software [44]. The
data were log-transformed, where appropriate, in order to stabilise the variance and satisfy
the parametric assumptions. A value of p < 0.05 was considered statistically significant.

3. Results

Since comorbidity is frequently observed between AD and T2DM, in our previous
study [26], we applied a systems biology approach to investigate if common pathophys-
iological alterations could be identified at a molecular level. Similar approaches had
previously highlighted the role of shared cellular signalling pathways contributing to
both T2DM and AD. Among them, a prominent role was discovered for neurotrophin,
PI3K/AKT, MTOR, and MAPK signalling, as well as for microglial-mediated immune
responses, which can cross-talk to each other [45]. In addition, our previous data revealed a
central role for autophagic mechanisms; in particular, a number of autophagy-related genes
were indicated as important players, namely ATG16L1, ATG16L2, GABARAP, GABARAPL1,
GABARAPL2, and SQSTM1I. Therefore, we first aimed to investigate whether these genes
were specifically modulated in association with neurobiological alterations characterising
AD. We thus analysed the expression of the respective mouse orthologues (Atg1611, Atg1612,
Gabarap, GabarapL1, GabarapL2, Sqstm1) in a transgenic mouse model of AD. 3xTg-AD mice
harbour three mutant genes for the beta-amyloid precursor protein (3 APPSwe), presenilin-
1 (PS1IM146V), and tauP301L [46,47]; as a consequence, the mice progressively develop
plaques and tangles, as well as cognitive impairments [47-49]. We thus compared hip-
pocampal gene expression between 3xTg-AD mice and the respective wild-type controls at
different ages. At 6 months, Atg16L1, Atg16L2, and GabarapL1 were expressed at signifi-
cantly higher levels in 3xTg-AD mice (Figure 1A,B,D). In contrast, at 12 months, GabarapL2
expression was significantly reduced, whereas Sgstm1 levels were elevated (Figure 1E,F).

At the protein level, although increased Sqstm1 mRNA expression was observed
qualitatively in the hippocampus (Figure 2A), the increase could not be confirmed in semi-
quantitative Western blotting experiments, possibly because of the lower sensitivity of the
technique (Figure 2B,C).

Next, we investigated whether these genes were modulated in the presence of AD-
T2DM comorbidity. To model this condition, we first employed the human glioblastoma
H4 cell line stably expressing the 3 APP-Swe mutation [50-52] and applied treatments
able to induce insulin resistance [53,54]. In this model, phospho-Akt/Akt levels were
significantly increased by the insulin challenge (100 nM), whereas this response was abated
after chronic treatment with high-concentration insulin, thus showing that insulin resistance
was successfully achieved (Figure 3).

Similar to findings obtained in 3xTg-AD mice, in the presence of insulin resistance,
Atg16L1, Atg16L2, and GabarapL1 expression levels were significantly increased (Figure 4A,B,D).

Subsequently, we examined whether Sqstm1 phosphorylation levels were affected by
the onset of insulin resistance. No significant differences were revealed by Western blot or
immunofluorescence analyses (Figure 5).
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Figure 1. Hippocampal mRNA levels of Atg16L1 (A), Atg16L2 (B), Gabarap (C), GabarapLl (D),
GabarapL2 (E), and Sgstm1 (F) in 3xTg-AD (3xTg) or wild-type (wt) mice at 6, 12, and 18 months
(mo) of age. The means + SEM are plotted. **: p < 0.01; *: p < 0.05; #: 0.05 < p < 0.09 in the planned
comparison vs. wt; n = 6/group.
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levels in 3xTg-AD (3xTg) or wild-type (wt) mice at 6, 12, and 18 months (mo) of age (C). The means +
SEM are plotted; n = 6/group.
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Figure 4. mRNA levels of Atg16L1 (A), Atg16L2 (B), Gabarap (C), GabarapL1 (D), GabarapL2, (E) and
Sgstm1 (F) in H4 B APP-Swe. Treatments were as follows: ins: 100 nM insulin for 30 min; glu + ins:
40 mM glucose for 24 h followed by 100 nM insulin for 30 min; ins + ins: 20 nM insulin for 24 h
followed by 100 nM insulin for 30 min; ctr: vehicle. The means + SEM are plotted. *: p < 0.05; #: 0.05
< p <0.09 in the planned comparison vs. ctr; n = 6/group.
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Figure 5. Phospho-Sqstm1 and Sqstm1 protein levels after insulin challenge (ins: 100 nM 30 min)
or chronic glucose (glu + ins: 24 h 40 mM followed by 100 nM insulin 30 min) or chronic insulin
(ins + ins: 24 h 20 nM insulin followed by 100 nM insulin 30 min) or vehicle (ctr) measured by
Western blotting (A-C) or immunofluorescence (D-F). (A): sample immunoblot; (B): Sqstm1 lev-
els; (C): phospho-Sqstm1/Sqstm1 ratio; (D) Sqstm1 immunofluorescence; (E): Sqstm1 dots/cell;

(F): phospho-Sqstm1/Sqstm1 ratio (Scale bar: 15 um). The means + SEM are plotted; n = 3-4.
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Next, we generated a second AD-T2DM cellular model by inducing insulin resistance
in neuronal primary cultures obtained from 3xTg-AD mice and wild-type controls. In this
model, we confirmed that primary cultures were enriched in neurons (Figure 6).

Figure 6. Representative images of primary mouse cortical cells maintained in culture for 7 DIV and
immunolabelled for nuclear marker DAPI (blue), neuronal marker MAP2 (magenta), and astrocytic
marker GFAP (magenta). The majority of cells in primary cultures were positive for MAP2 and, to a
lesser degree, for GFAP. Scale bar: 50 pm.

Gene expression analysis confirmed that Atg16L1 was significantly increased in cul-
tures from transgenic mice when insulin resistance was induced (Table 2), whereas no
other difference was detected in the other genes analysed. In addition, Gabarap showed
a significant reduction by genotype (Table 2). However, the findings showed a very high
level of variability within groups.

Table 2. mRNA levels of Atg16L1, Atg16L2, Gabarap, GabarapLl, GabarapL2, and Sqstm1 in neuronal
primary cultures obtained from wild-type or 3xTg-AD mice. Cells received insulin treatment (ins) at
100 nM for 30 min; glucose at 40 mM for 24 h followed by 100 nM insulin for 30 min (glu + ins); insulin
at 20 nM for 24 h followed by 100 nM insulin 30 min (ins + ins); or vehicle (ctr). The means + SEM
are reported. *: p < 0.05 in the planned comparison vs. ctr; n = 3/group.

Wild-Type 3xTg-AD
ctr ins glu + ins ins + ins ctr ins glu + ins ins + ins
Atg16L1 151+ 0.76 218 £1.25 0.15 £ 0.04 0.16 £ 0.06 0.18 £0.11 0.95 £ 0.92 3.03+£1.99* 0.77 £0.47
Atgl6L2 114 £0.34 0.41 £+ 0.07 1.14 £ 0.34 1.04 £0.54 0.88 £ 0.69 0.92 4+ 0.68 1.07 £ 0.54 0.44 £+ 0.27
Gabarap 1.13 £0.27 1.30 = 0.47 0.95 4+ 0.17 0.76 £0.13 0.64 +0.14 046 +0.15 0.63 +0.23 0.46 - 0.21
GabarapL1 1.05+0.23 091 +£0.23 0.87 £0.07 0.86 £ 0.30 1.31+0.54 1.02 + 0.45 0.81 £0.32 1.30 +0.25
GabarapL2 1.17 £0.31 1.56 £0.38 1.03 £0.19 149 £0.39 1.32 £0.56 0.63 +0.29 1.51 £ 0.69 0.88 £0.47
Sqstm1 1.00 + 0.05 0.74 £0.11 0.99 £0.15 0.66 £ 0.19 0.74 £0.32 0.79 £ 0.39 0.83 £0.35 0.60 £0.23
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4. Discussion

In this study, we examined the modulation of genes recognised as relevant for the
common cellular dysregulations sustaining the observed comorbidity between AD and
T2 DM in our previous systems biology study [26]. Here, we explored their expression in
3xTg-AD mice, a transgenic mouse model of AD overexpressing mutated human genes
associated with early-onset AD (PSEN1 and APP) or with the formation of neurofibrillary
tangles (tau) [46]. In this mouse model, the neuropathological features of AD, amyloid
plaques and neurofibrillary tangles, as well as neuroinflammation, developed progressively
in an age-dependent fashion. In particular, extracellular amyloid beta deposition started at
six months of age and progressively increased to reach its full extent at 15 months [47,49].
Tau pathology followed a similar age-related increase, although delayed with respect
to amyloid beta pathology [46,47,49]. Likewise, cognitive impairments reproducing the
human pathological feature of AD appeared at six months and became progressively
more severe at 12 and 20 months [49]. We discovered that at 6 months of age, Atg16L1,
Atg16L2, and GabarapL1 were expressed at higher levels in 3xTg-AD mice, whereas at later
time points, this increase subsided. The alterations are in agreement with those obtained
in the previous study, where pre-frontal cortex samples were analysed in two AD mice
models [26]. These findings suggest that the increased expression may occur as an attempt
to oppose the neuropathological alterations by activating a neuroprotective response.

A limitation of this experimental design is that 3xTg-AD mice were generated in a
hybrid C57BL/6:129 genetic background; therefore, the control line we used, although
similar, is not identical. However, the use of C57BL/6 as a control strain is well documented
in previous studies [55-58].

To reproduce the molecular dysregulation characterising insulin resistance in AD
brains, we used neuronal models of AD based either on a neuronal cell line generating
amyloid beta deposits, H4Swe cells, or on the 3xTg-AD mouse primary neuron cultures.
H4Swe cells are well established as tools to investigate AD-related cellular dysregula-
tion [50-52]. However, a limitation is that they do not share all neuronal characteristics,
being a neuroglioma-derived line. Therefore, primary neurons were also investigated. In
both in vitro models, we established a condition of insulin resistance by prolonged treat-
ment with high insulin concentrations. As a consequence, the normal response to insulin
challenge is hampered by prolonged insulin exposure, and the normal Akt phosphorylation
and activation responses characterising the insulin signal transduction pathway are not
induced [53]. Similar to findings in 3xTg-AD mice, we found that Atg16L1, Atg16L2, and
GabarapL1 were significantly elevated in insulin resistance conditions. The increased expres-
sion of these genes in the cell model of AD-T2DM comorbidity corroborates the hypothesis
of a neuroprotective role of this response, as hyperglycaemia has been previously associated
with the increased beta amyloid plaque production [59].

Atg16L1 was identified as the mammalian orthologue of the corresponding yeast
gene, which was known to provide a crucial contribution to autophagic processes [60,61].
Autophagy was discovered as a process occurring in response to cellular stresses such
as nutrient deprivation, infection, or hypoxia. Its chief function is providing nutrients
for vital cellular activities during fasting by degrading cellular components and releasing
them back to the cytoplasm to be used again. However, in addition to this non-selective
approach, further studies demonstrated that autophagy can selectively eliminate potentially
harmful damaged mitochondria or protein aggregates [61,62]. Consequently, autophagy
dysfunction has been implicated in several diseases and its components generated interest
as potential pharmacological targets [28,62]. In autophagy, starvation signals promote the
recruitment of autophagy proteins to a specific subcellular location, where they assemble
a structure called the phagophore. An isolation membrane is gradually formed to isolate
a portion of the cytosol and is finally sealed into a vesicle, termed the autophagosome,
which contains cytoplasmic material. The autophagosome then fuses with the lysosomal
membrane, and the autophagic body together with its cargo are degraded [62,63]. In this
process, the role of Atgl6L1 is essential for autophagy initiation, as its recruitment in the
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Atgl2-Atg5 complex is required to engage autophagic proteins in the phagophore assembly
site and contribute to its scaffolding by Atg8/LC3 protein lipidation [60,64-66]. Therefore,
the increase observed in the present study suggests an effort to trigger autophagic responses
to counteract the increased production of abnormal proteins and rescue insulin response.

In addition to its well-demonstrated role in canonical autophagy, Atgl6L1 was shown
to exert different functions related to a structural component specifically observed in the
C-terminal of the mammalian protein compared to the yeast counterpart. This specific
component is necessary for the Atgl6L1-mediated lipidation of single membranes, a non-
canonical autophagy pathway, and specific cargo recruitment [66]. Furthermore, Atgl16L1
contributes to modulating the extent of the innate immune response to injuries or infection,
with an anti-inflammatory role [66,67]. Recent results showed that aged mice lacking this C-
terminal domain of Atgl6L1 develop beta amyloid plaques, excessive tau phosphorylation,
reactive microgliosis, and memory impairments [68]. The proposed mechanism points to
AtgloeL1 involvement in a process defined as LANDO (LC3-associated endocytosis), which
contributes to TREM2, CD36, and TLR4 recycling [68]. Therefore, the observed increased
Atg16L1 levels may contribute to establishing a protective response that goes beyond the
activation of autophagic responses, but also involves a rescue from neuronal damages
through different mechanisms. Interestingly, we observed increased Atg16L1 expression in
all investigated models. This result reinforces the notion of a primary role of this protein in
the cellular response to both AD and T2DM pathophysiology, in a fashion independent
from the in vivo or in vitro model which is well-conserved through evolution both in mice
and in humans.

Atg16L2 is a second isoform of Atg16L1, sharing a similar domain structure and a
similar ability to bind Atgl2-Atg5 and form a complex. However, the Atgl6L2 protein is
not recruited to phagophores and does not contribute to autophagosome formation; thus, it
is not essential to canonical autophagy [69]. However, data suggesting the possibility of
a cell-specific involvement in canonical autophagy are also available [70]. In addition, a
recent report on the generation of Atg16L2 knock-out mice demonstrated a contribution
of this gene to the maturation of immune cells and suggested that distinct functions are
associated with respect to Atgl6L1 [71]. Data showing its relevance in serious diseases
such as Crohn’s disease and various cancers notwithstanding, very incomplete information
is available on the role of Atg16L2 [72]. Our findings also support the involvement of this
widely expressed gene in the pathophysiology of insulin resistance in AD brains.

The GabarapL1 protein belongs to the Atg8/LC3 autophagy proteins, which include
six members: LC3A, LC3B, LC3C, Gabarap, GabarapL1, and GabarapL2. The recruitment
of Atg8 family proteins to the forming phagophore is mediated by the above-mentioned
Atg12-Atg5-Atgl6L1 complex and is essential for phagophore elongation and, ultimately,
for autophagy [62,63,73]. GabarapL1l has also been implicated in autophagosome fu-
sion with lysosome, and these functions are supposed to contribute to the degrada-
tion of oncogenic proteins and exert tumour-suppressive functions [73]. Interestingly,
GabarapL1 has been specifically implicated in a newly discovered selective autophagy
process termed glycophagy, which is involved in the transport and delivery of glycolytic
fuel substrates [74]. Since these pathways regulate cellular energy demand, compelling evi-
dence links glycophagy-mediated glucose availability to energy metabolism, in agreement
with our findings.

With regard to Sqstm1 levels, contrasting findings have been previously reported. In
agreement with the present results, no alterations were detected in the hippocampus or in
mitochondria-enriched hippocampal fractions of young 3xTg-AD mice [75,76]. Conversely,
a decrease was found in whole brain homogenates and in the mitochondria-enriched
hippocampal fractions of old 3xTg-AD mice [76-78].

5. Conclusions

This study investigated the molecular underpinning of the comorbidity between AD
and T2DM in cellular models of insulin resistance in the presence of AD-related neu-
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ropathological features. Our findings are in agreement with the hypothesis that impaired
autophagic mechanisms are important in the pathophysiology of AD through nonstandard
mechanisms. In particular, the autophagy-related genes Atg16L1, Atg16L2, and GabarapL1
were highlighted as having a more relevant function in this mechanism, in addition to
GabarapL2 and Sqstm1.

Author Contributions: Conceptualisation, L.C. and M.B.; Methodology, L.C. and M.B.; Formal Analy-
sis, L.C.; Investigation, M.S., C.V,, D.A., D.B., L.C. and M.B.; Writing—Original Draft Preparation, L.C.;
Writing—Review and Editing, M.B. and L.C.; Visualisation, M.S., C.V.,, D.A. and D.B.; Supervision,
M.B. and L.C.; Funding Acquisition, M.B. and L.C. All authors have revised and approved the final
version of the work. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Joint Project 2017 University of Verona-Aptuit (CUP
B33C17000130003) to MB and RFO2019 from Alma Mater Studiorum University of Bologna to LC.

Institutional Review Board Statement: Procedures involving animals were conducted in conformity
with the EU guidelines (2010/63/UE) and Italian law (decree 26/14) and were approved by the
University of Verona’s ethical committee and the local authority’s veterinary service. The Italian
Health Ministry Ethical Committee for Protection of Animals approved the study (approval number:
283/2019-PR).

Data Availability Statement: Data are shown in the manuscript. Additional details can be requested
from the authors.

Acknowledgments: We thank the Centro Piattaforme Tecnologiche—University of Verona for pro-
viding us access to the imaging platform. We thank Laura Caberlotto for helpful discussions on the
conceptualisation of the study; and Francesca Massenzio and Manuela Medelin for helping with
some experimental procedures. We also thank Robert Burgess (The Jackson laboratory, USA) for
language revision of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest. The sponsors had no role in the
design, execution, interpretation, or writing of the study.

References

1. Scheltens, P.; De Strooper, B.; Kivipelto, M.; Holstege, H.; Chételat, G.; Teunissen, C.E.; Cummings, ]J.; van der Flier, WM.
Alzheimer’s disease. Lancet 2021, 397, 1577-1590. [CrossRef]

2. Livingston, G.; Huntley, J.; Sommerlad, A.; Ames, D.; Ballard, C.; Banerjee, S.; Brayne, C.; Burns, A.; Cohen-Mansfield, J.; Cooper,
C.; et al. Dementia prevention, intervention, and care: 2020 report of the Lancet Commission. Lancet 2020, 396, 413—446. [CrossRef]
[PubMed]

3. Dementia: Assessment, Management and Support for People Living with Dementia and Their Carers; National Institute for Health and
Care Excellence (NICE): London, UK, 2018.

4. van Dyck, C.H.; Swanson, C.J.; Aisen, P,; Bateman, R.J.; Chen, C.; Gee, M.; Kanekiyo, M.; Li, D.; Reyderman, L.; Cohen, S.; et al.
Lecanemab in Early Alzheimer’s Disease. N. Engl. |. Med. 2022, 388, 9-21. [CrossRef]

5. Dunn, B, Stein, P; Cavazzoni, P. Approval of Aducanumab for Alzheimer Disease-The FDA’s Perspective. JAMA Intern. Med.
2021, 181, 1276-1278. [CrossRef]

6. Alexander, G.C.; Knopman, D.S.; Emerson, S.S.; Ovbiagele, B.; Kryscio, R.J.; Perlmutter, J.S.; Kesselheim, A.S. Revisiting FDA
Approval of Aducanumab. N. Engl. J. Med. 2021, 385, 769-771. [CrossRef]

7. The Lancet Lecanemab for Alzheimer’s disease: Tempering hype and hope. Lancet 2022, 400, 1899. [CrossRef]

8.  Ross, E.L.; Weinberg, M.S.; Arnold, S.E. Cost-effectiveness of Aducanumab and Donanemab for Early Alzheimer Disease in the
US. JAMA Neurol. 2022, 79, 478-487. [CrossRef]

9. Knopman, D.S.; Amieva, H.; Petersen, R.C.; Chételat, G.; Holtzman, D.M.; Hyman, B.T.; Nixon, R.A.; Jones, D.T. Alzheimer
disease. Nat. Rev. Dis. Prim. 2021, 7, 33. [CrossRef]

10. Chatterjee, S.; Peters, S.A.E.; Woodward, M.; Arango, S.M.; Batty, G.D.; Beckett, N.; Beiser, A.; Borenstein, A.R.; Crane, PXK.; Haan,
M.; et al. Type 2diabetes as a risk factor for dementia in women compared with men: A pooled analysis of 2.3 million people
comprising more than 100,000 cases of dementia. Diabetes Care 2016, 39, 300-307. [CrossRef] [PubMed]

11. Gudala, K.; Bansal, D.; Schifano, F.; Bhansali, A. Diabetes mellitus and risk of dementia: A meta-analysis of prospective
observational studies. J. Diabetes Investig. 2013, 4, 640-650. [CrossRef] [PubMed]

12.  Savelieff, M.G.; Chen, K.S,; Elzinga, S.E.; Feldman, E.L. Diabetes and dementia: Clinical perspective, innovation, knowledge gaps.

J. Diabetes Complicat. 2022, 36, 108333. [CrossRef]


http://doi.org/10.1016/S0140-6736(20)32205-4
http://doi.org/10.1016/S0140-6736(20)30367-6
http://www.ncbi.nlm.nih.gov/pubmed/32738937
http://doi.org/10.1056/NEJMoa2212948
http://doi.org/10.1001/jamainternmed.2021.4607
http://doi.org/10.1056/NEJMp2110468
http://doi.org/10.1016/S0140-6736(22)02480-1
http://doi.org/10.1001/jamaneurol.2022.0315
http://doi.org/10.1038/s41572-021-00269-y
http://doi.org/10.2337/dc15-1588
http://www.ncbi.nlm.nih.gov/pubmed/26681727
http://doi.org/10.1111/jdi.12087
http://www.ncbi.nlm.nih.gov/pubmed/24843720
http://doi.org/10.1016/j.jdiacomp.2022.108333

Int. |. Environ. Res. Public Health 2023, 20, 4540 15 0f 17

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Albanese, E.; Launer, LJ.; Egger, M.; Prince, M.].; Giannakopoulos, P.; Wolters, EJ.; Egan, K. Body mass index in midlife
and dementia: Systematic review and meta-regression analysis of 589,649 men and women followed in longitudinal studies.
Alzheimer’s Dement. Diagn. Assess. Dis. Monit. 2017, 8, 165-178. [CrossRef]

Campos-Pefia, V.; Toral-Rios, D.; Becerril-Pérez, F.; Sdnchez-Torres, C.; Delgado-Namorado, Y.; Torres-Ossorio, E.; Franco-
Bocanegra, D.; Carvajal, K. Metabolic Syndrome as a Risk Factor for Alzheimer’s Disease: Is AB a Crucial Factor in Both
Pathologies? Antioxid. Redox Signal. 2017, 26, 542-560. [CrossRef] [PubMed]

Nowell, J.; Blunt, E.; Edison, P. Incretin and insulin signaling as novel therapeutic targets for Alzheimer’s and Parkinson’s disease.
Mol. Psychiatry 2022, 28, 217-229. [CrossRef] [PubMed]

Areosa Sastre, A.; Vernooij, R.W.; Gonzélez-Colago Harmand, M.; Martinez, G. Effect of the treatment of Type 2 diabetes mellitus
on the development of cognitive impairment and dementia. Cochrane Database Syst. Rev. 2017, 6, CD003804. [CrossRef]

Patel, V.N.; Chorawala, M.R.; Shah, M.B.; Shah, K.C.; Dave, B.P; Shah, M.P; Patel, TM. Emerging Pathophysiological Mechanisms
Linking Diabetes Mellitus and Alzheimer’s Disease: An Old Wine in a New Bottle. J. Alzheimer’s Dis. Rep. 2022, 6, 349-357.
[CrossRef]

Hamzé, R.; Delangre, E.; Tolu, S.; Moreau, M.; Janel, N.; Bailbé, D.; Movassat, J. Type 2 Diabetes Mellitus and Alzheimer’s Disease:
Shared Molecular Mechanisms and Potential Common Therapeutic Targets. Int. J. Mol. Sci. 2022, 23, 15287. [CrossRef] [PubMed]
Pugazhenthi, S.; Qin, L.; Reddy, P.H. Common neurodegenerative pathways in obesity, diabetes, and Alzheimer’s disease.
Biochim. Biophys. Acta—Mol. Basis Dis. 2017, 1863, 1037-1045. [CrossRef]

Gonzdlez, A.; Calfio, C.; Churruca, M.; Maccioni, R.B. Glucose metabolism and AD: Evidence for a potential diabetes type 3.
Alzheimer’s Res. Ther. 2022, 14, 56. [CrossRef]

Frisardi, V.; Solfrizzi, V.; Seripa, D.; Capurso, C.; Santamato, A.; Sancarlo, D.; Vendemiale, G.; Pilotto, A.; Panza, F. Metabolic-
cognitive syndrome: A cross-talk between metabolic syndrome and Alzheimer’s disease. Ageing Res. Rev. 2010, 9, 399-417.
[CrossRef]

Steen, E.; Terry, B.M.; Rivera, E.J.; Cannon, ].L.; Neely, TR,; Tavares, R.; Xu, X.J.; Wands, ].R.; de la Monte, S.M. Impaired insulin
and insulin-like growth factor expression and signaling mechanisms in Alzheimer’s disease-is this type 3 diabetes? J. Alzheimers.
Dis. 2005, 7, 63-80. [CrossRef] [PubMed]

Craft, S. Insulin resistance and Alzheimer’s disease pathogenesis: Potential mechanisms and implications for treatment. Curr.
Alzheimer Res. 2007, 4, 147-152. [CrossRef] [PubMed]

Moreira, P1. Sweet Mitochondria: A Shortcut to Alzheimer’s Disease. J. Alzheimer’s Dis. 2018, 62, 1391-1401. [CrossRef] [PubMed]
Correia, S.C.; Santos, R.X.; Carvalho, C.; Cardoso, S.; Candeias, E.; Santos, M.S.; Oliveira, C.R.; Moreira, PI. Insulin signaling,
glucose metabolism and mitochondria: Major players in Alzheimer’s disease and diabetes interrelation. Brain Res. 2012, 1441,
64-78. [CrossRef] [PubMed]

Caberlotto, L.; Nguyen, T.-P.; Lauria, M.; Priami, C.; Rimondini, R.; Maioli, S.; Cedazo-Minguez, A.; Sita, G.; Morroni, F.; Corsi, M.;
et al. Cross-disease analysis of Alzheimer’s disease and type-2 Diabetes highlights the role of autophagy in the pathophysiology
of two highly comorbid diseases. Sci. Rep. 2019, 9, 3965. [CrossRef]

Bento, C.E; Renna, M.; Ghislat, G.; Puri, C.; Ashkenazi, A.; Vicinanza, M.; Menzies, EM.; Rubinsztein, D.C. Mammalian
Autophagy: How Does It Work? Annu. Rev. Biochem. 2016, 85, 685-713. [CrossRef]

Boland, B.; Yu, W.H.; Corti, O.; Mollereau, B.; Henriques, A.; Bezard, E.; Pastores, G.M.; Rubinsztein, D.C.; Nixon, R.A.; Duchen,
M.R;; et al. Promoting the clearance of neurotoxic proteins in neurodegenerative disorders of ageing. Nat. Rev. Drug Discov. 2018,
17, 660-688. [CrossRef]

Menzies, EM.; Fleming, A.; Caricasole, A.; Bento, C.F.; Andrews, S.P.; Ashkenazi, A.; Fiillgrabe, J.; Jackson, A.; Jimenez Sanchez,
M.; Karabiyik, C.; et al. Autophagy and Neurodegeneration: Pathogenic Mechanisms and Therapeutic Opportunities. Neuron
2017, 93, 1015-1034. [CrossRef]

Menzies, EM.; Fleming, A.; Rubinsztein, D.C. Compromised autophagy and neurodegenerative diseases. Nat. Rev. Neurosci. 2015,
16, 345-357. [CrossRef] [PubMed]

Kitada, M.; Koya, D. Autophagy in metabolic disease and ageing. Nat. Rev. Endocrinol. 2021, 17, 647-661. [CrossRef]

Percie du Sert, N.; Ahluwalia, A.; Alam, S.; Avey, M.T.; Baker, M.; Browne, W.J.; Clark, A.; Cuthill, I.C.; Dirnagl, U.; Emerson,
M.; et al. Reporting animal research: Explanation and elaboration for the ARRIVE guidelines 2.0. PLoS Biol. 2020, 18, e3000411.
[CrossRef] [PubMed]

Capaldi, S.; Suku, E.; Antolini, M.; Di Giacobbe, M.; Giorgetti, A.; Buffelli, M. Allosteric sodium binding cavity in GPR3: A novel
player in modulation of A3 production. Sci. Rep. 2018, 8, 11102. [CrossRef]

Beaudoin, G.M.].; Lee, S.-H.; Singh, D.; Yuan, Y.; Ng, Y.-G.; Reichardt, L.F.,; Arikkath, J. Culturing pyramidal neurons from the
early postnatal mouse hippocampus and cortex. Nat. Protoc. 2012, 7, 1741-1754. [CrossRef]

Bolognin, S.; Zatta, P; Lorenzetto, E.; Valenti, M.T.; Buffelli, M. 3-Amyloid-aluminum complex alters cytoskeletal stability and
increases ROS production in cortical neurons. Neurochem. Int. 2013, 62, 566-574. [CrossRef] [PubMed]

Peng, Y.; Liu, ].J.; Shi, L.; Tang, Y.; Gao, D.; Long, J.; Liu, J.J. Mitochondrial dysfunction precedes depression of AMPK/AKT
signaling in insulin resistance induced by high glucose in primary cortical neurons. J. Neurochem. 2016, 137, 701-713. [CrossRef]
Carboni, L.; Pischedda, E; Piccoli, G.; Lauria, M.; Musazzi, L.; Popoli, M.; Mathé, A A.; Domenici, E. Depression-Associated Gene
Negrl-Fgfr2 Pathway Is Altered by Antidepressant Treatment. Cells 2020, 9, 1818. [CrossRef]


http://doi.org/10.1016/j.dadm.2017.05.007
http://doi.org/10.1089/ars.2016.6768
http://www.ncbi.nlm.nih.gov/pubmed/27368351
http://doi.org/10.1038/s41380-022-01792-4
http://www.ncbi.nlm.nih.gov/pubmed/36258018
http://doi.org/10.1002/14651858.CD003804.pub2
http://doi.org/10.3233/ADR-220021
http://doi.org/10.3390/ijms232315287
http://www.ncbi.nlm.nih.gov/pubmed/36499613
http://doi.org/10.1016/j.bbadis.2016.04.017
http://doi.org/10.1186/s13195-022-00996-8
http://doi.org/10.1016/j.arr.2010.04.007
http://doi.org/10.3233/JAD-2005-7107
http://www.ncbi.nlm.nih.gov/pubmed/15750215
http://doi.org/10.2174/156720507780362137
http://www.ncbi.nlm.nih.gov/pubmed/17430239
http://doi.org/10.3233/JAD-170931
http://www.ncbi.nlm.nih.gov/pubmed/29562542
http://doi.org/10.1016/j.brainres.2011.12.063
http://www.ncbi.nlm.nih.gov/pubmed/22290178
http://doi.org/10.1038/s41598-019-39828-5
http://doi.org/10.1146/annurev-biochem-060815-014556
http://doi.org/10.1038/nrd.2018.109
http://doi.org/10.1016/j.neuron.2017.01.022
http://doi.org/10.1038/nrn3961
http://www.ncbi.nlm.nih.gov/pubmed/25991442
http://doi.org/10.1038/s41574-021-00551-9
http://doi.org/10.1371/journal.pbio.3000411
http://www.ncbi.nlm.nih.gov/pubmed/32663221
http://doi.org/10.1038/s41598-018-29475-7
http://doi.org/10.1038/nprot.2012.099
http://doi.org/10.1016/j.neuint.2013.02.008
http://www.ncbi.nlm.nih.gov/pubmed/23416043
http://doi.org/10.1111/jnc.13563
http://doi.org/10.3390/cells9081818

Int. |. Environ. Res. Public Health 2023, 20, 4540 16 of 17

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 2001, 25, 402—408. [CrossRef] [PubMed]

Vandesompele, J.; De Preter, K.; Pattyn, F.; Poppe, B.; Van Roy, N.; De Paepe, A.; Speleman, F. Accurate normalization of real-time
quantitative RT-PCR data by geometric averaging of multiple internal control genes. Genome Biol. 2002, 3, RESEARCH0034.
[CrossRef]

Carboni, L.; Ponzoni, L.; Braida, D.; Sala, M.; Gotti, C.; Zoli, M. Altered mrna levels of stress-related peptides in mouse
hippocampus and caudate-putamen in withdrawal after long-term intermittent exposure to tobacco smoke or electronic cigarette
vapour. Int. J. Mol. Sci. 2021, 22, 599. [CrossRef]

Borin, M.; Saraceno, C.; Catania, M.; Lorenzetto, E.; Pontelli, V.; Paterlini, A.; Fostinelli, S.; Avesani, A.; Di Fede, G.; Zanusso, G.;
et al. Racl activation links tau hyperphosphorylation and A3 dysmetabolism in Alzheimer’s disease. Acta Neuropathol. Commun.
2018, 6, 61. [CrossRef]

Laperchia, C.; Allegra Mascaro, A.L.; Sacconi, L.; Andrioli, A.; Matte, A.; De Franceschi, L.; Grassi-Zucconi, G.; Bentivoglio, M.;
Buffelli, M.; Pavone, E.S. Two-photon microscopy imaging of thylGFP-M transgenic mice: A novel animal model to investigate
brain dendritic cell subsets in vivo. PLoS ONE 2013, 8, e56144. [CrossRef]

Bate, S.T.; Clark, R.A. The Design and Statistical Analysis of Animal Experiments; Cambridge University Press: Cambridge, UK, 2014;
ISBN 978-1-107-69094-3.

Clark, R.A ; Shoaib, M.; Hewitt, K.N.; Stanford, S.C.; Bate, S.T. A comparison of InVivoStat with other statistical software packages
for analysis of data generated from animal experiments. J. Psychopharmacol. 2012, 26, 1136-1142. [CrossRef]

Karki, R.; Kodamullil, A.T.; Hofmann-Apitius, M. Comorbidity Analysis between Alzheimer’s Disease and Type 2 Diabetes
Mellitus (T2DM) Based on Shared Pathways and the Role of T2DM Drugs. J. Alzheimers. Dis. 2017, 60, 721-731. [CrossRef]
[PubMed]

Oddo, S.; Caccamo, A.; Shepherd, J.D.; Murphy, M.P;; Golde, T.E.; Kayed, R.; Metherate, R.; Mattson, M.P.; Akbari, Y.; LaFerla, EM.
Triple-transgenic model of Alzheimer’s Disease with plaques and tangles: Intracellular A and synaptic dysfunction. Neuron
2003, 39, 409-421. [CrossRef] [PubMed]

Oddo, S.; Caccamo, A.; Kitazawa, M.; Tseng, B.P.; LaFerla, EM. Amyloid deposition precedes tangle formation in a triple
transgenic model of Alzheimer’s disease. Neurobiol. Aging 2003, 24, 1063-1070. [CrossRef]

Billings, L.M.; Oddo, S.; Green, K.N.; McGaugh, J.L.; LaFerla, EM. Intraneuronal Ap causes the onset of early Alzheimer’s
disease-related cognitive deficits in transgenic mice. Neuron 2005, 45, 675-688. [CrossRef]

Belfiore, R.; Rodin, A.; Ferreira, E.; Velazquez, R.; Branca, C.; Caccamo, A.; Oddo, S. Temporal and regional progression of
Alzheimer’s disease-like pathology in 3xTg-AD mice. Aging Cell 2019, 18, €12873. [CrossRef] [PubMed]

Shin, J.; Yu, S.-B.; Yu, U.Y;; Jo, S.A.; Ahn, J.-H. Swedish mutation within amyloid precursor protein modulates global gene
expression towards the pathogenesis of Alzheimer’s disease. BVIB Rep. 2010, 43, 704-709. [CrossRef]

Branca, C.; Sarnico, I.; Ruotolo, R.; Lanzillotta, A.; Viscomi, A.R.; Benarese, M.; Porrini, V.; Lorenzini, L.; Calza, L.; Imbimbo, B.P,;
et al. Pharmacological targeting of the 3-amyloid precursor protein intracellular domain. Sci. Rep. 2014, 4, 4618. [CrossRef]
Haugabook, S.J.; Yager, D.M.; Eckman, E.A_; Golde, T.E.; Younkin, S.G.; Eckman, C.B. High throughput screens for the identifi-
cation of compounds that alter the accumulation of the Alzheimer’s amyloid beta peptide (Abeta). J. Neurosci. Methods 2001,
108, 171-179. [CrossRef]

Kim, B.; McLean, L.L.; Philip, S.S.; Feldman, E.L. Hyperinsulinemia induces insulin resistance in dorsal root ganglion neurons.
Endocrinology 2011, 152, 3638-3647. [CrossRef] [PubMed]

Son, S.M.; Song, H.; Byun, J.; Park, K.S.; Jang, H.C.; Park, Y.J.; Mook-Jung, I. Altered APP processing in insulin-resistant conditions
is mediated by autophagosome accumulation via the inhibition of mammalian target of rapamycin pathway. Diabetes 2012,
61, 3126-3138. [CrossRef] [PubMed]

Magri, C.; Vitali, E.; Cocco, S.; Giacopuzzi, E.; Rinaudo, M.; Martini, P.; Barbon, A.; Grassi, C.; Gennarelli, M. Whole Blood
Transcriptome Characterization of 3xTg-AD Mouse and Its Modulation by Transcranial Direct Current Stimulation (tDCS). Int. J.
Mol. Sci. 2021, 22, 7629. [CrossRef] [PubMed]

Wu, M.; Zhou, E; Cao, X;; Yang, J.; Bai, Y.; Yan, X.; Cao, J.; Qi, ]. Abnormal circadian locomotor rhythms and Per gene expression
in six-month-old triple transgenic mice model of Alzheimer’s disease. Neurosci. Lett. 2018, 676, 13-18. [CrossRef]

Piedrahita, D.; Hernandez, I.; Lopez-Tobon, A.; Fedorov, D.; Obara, B.; Manjunath, B.S.; Boudreau, R.L.; Davidson, B.; Laferla, F;
Gallego-Gomez, ].C.; et al. Silencing of CDKS5 reduces neurofibrillary tangles in transgenic alzheimer’s mice. J. Neurosci. 2010,
30, 13966-13976. [CrossRef] [PubMed]

Melkonyan, M.M.; Hunanyan, L.; Lourhmati, A.; Layer, N.; Beer-Hammer, S.; Yenkoyan, K.; Schwab, M.; Danielyan, L.
Neuroprotective, Neurogenic, and Amyloid Beta Reducing Effect of a Novel Alpha 2-Adrenoblocker, Mesedin, on Astroglia and
Neuronal Progenitors upon Hypoxia and Glutamate Exposure. Int. J. Mol. Sci. 2017, 19, 9. [CrossRef] [PubMed]

Macauley, S.L.; Stanley, M.; Caesar, E.E.; Yamada, S.A.; Raichle, M.E.; Perez, R.; Mahan, T.E.; Sutphen, C.L.; Holtzman, D.M.
Hyperglycemia modulates extracellular amyloid-3 concentrations and neuronal activity in vivo. J. Clin. Investig. 2015, 125, 2463—
2467. [CrossRef]

Mizushima, N.; Kuma, A.; Kobayashi, Y.; Yamamoto, A.; Matsubae, M.; Takao, T.; Natsume, T.; Ohsumi, Y.; Yoshimori, T. Mouse
Apgl6L, a novel WD-repeat protein, targets to the autophagic isolation membrane with the Apg12-Apg5 conjugate. J. Cell Sci.
2003, 116, 1679-1688. [CrossRef]


http://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://doi.org/10.1186/gb-2002-3-7-research0034
http://doi.org/10.3390/ijms22020599
http://doi.org/10.1186/s40478-018-0567-4
http://doi.org/10.1371/journal.pone.0056144
http://doi.org/10.1177/0269881111420313
http://doi.org/10.3233/JAD-170440
http://www.ncbi.nlm.nih.gov/pubmed/28922161
http://doi.org/10.1016/S0896-6273(03)00434-3
http://www.ncbi.nlm.nih.gov/pubmed/12895417
http://doi.org/10.1016/j.neurobiolaging.2003.08.012
http://doi.org/10.1016/j.neuron.2005.01.040
http://doi.org/10.1111/acel.12873
http://www.ncbi.nlm.nih.gov/pubmed/30488653
http://doi.org/10.5483/BMBRep.2010.43.10.704
http://doi.org/10.1038/srep04618
http://doi.org/10.1016/S0165-0270(01)00388-0
http://doi.org/10.1210/en.2011-0029
http://www.ncbi.nlm.nih.gov/pubmed/21810948
http://doi.org/10.2337/db11-1735
http://www.ncbi.nlm.nih.gov/pubmed/22829447
http://doi.org/10.3390/ijms22147629
http://www.ncbi.nlm.nih.gov/pubmed/34299250
http://doi.org/10.1016/j.neulet.2018.04.008
http://doi.org/10.1523/JNEUROSCI.3637-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20962218
http://doi.org/10.3390/ijms19010009
http://www.ncbi.nlm.nih.gov/pubmed/29267189
http://doi.org/10.1172/JCI79742
http://doi.org/10.1242/jcs.00381

Int. |. Environ. Res. Public Health 2023, 20, 4540 17 of 17

61.
62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Ohsumi, Y. Historical landmarks of autophagy research. Cell Res. 2014, 24, 9-23. [CrossRef]

Dikic, I; Elazar, Z. Mechanism and medical implications of mammalian autophagy. Nat. Rev. Mol. Cell Biol. 2018, 19, 349-364.
[CrossRef]

Mercer, T.J.; Gubas, A.; Tooze, S.A. A molecular perspective of mammalian autophagosome biogenesis. |. Biol. Chem. 2018, 293,
5386-5395. [CrossRef]

Kaufmann, A.; Beier, V.; Franquelim, H.G.; Wollert, T. Molecular mechanism of autophagic membrane-scaffold assembly and
disassembly. Cell 2014, 156, 469—481. [CrossRef] [PubMed]

Kuma, A.; Mizushima, N.; Ishihara, N.; Ohsumi, Y. Formation of the ~350-kDa Apgl2-Apg5-Apgl6 multimeric complex,
mediated by Apg16 oligomerization, is essential for autophagy in yeast. J. Biol. Chem. 2002, 277, 18619-18625. [CrossRef]
Gammoh, N. The multifaceted functions of ATG16L1 in autophagy and related processes. J. Cell Sci. 2020, 133, jcs249227.
[CrossRef]

Hamaoui, D.; Subtil, A. ATG16L1 functions in cell homeostasis beyond autophagy. FEBS J. 2022, 289, 1779-1800. [CrossRef]
Heckmann, B.L.; Teubner, B.].W.; Boada-Romero, E.; Tummers, B.; Guy, C.; Fitzgerald, P.; Mayer, U.; Carding, S.; Zakharenko, S.S.;
Wileman, T.; et al. Noncanonical function of an autophagy protein prevents spontaneous Alzheimer’s disease. Sci. Adv. 2020, 6,
eabb9036. [CrossRef] [PubMed]

Ishibashi, K.; Fujita, N.; Kanno, E.; Omori, H.; Yoshimori, T.; Itoh, T.; Fukuda, M. Atg16L2, a novel isoform of mammalian Atg16L
that is not essential for canonical autophagy despite forming an Atg12-5-16L2 complex. Autophagy 2011, 7, 1500-1513. [CrossRef]
[PubMed]

Li, N.; Wu, X,; Holzer, R.G.; Lee, ].H.; Todoric, J.; Park, E.J.; Ogata, H.; Gukovskaya, A.S.; Gukovsky, I.; Pizzo, D.P; et al. Loss of
acinar cell IKK« triggers spontaneous pancreatitis in mice. J. Clin. Investig. 2013, 123, 2231-2243. [CrossRef]

Khor, B.; Conway, K.L.; Omar, A.S.; Biton, M.; Haber, A.L.; Rogel, N.; Baxt, L.A.; Begun, J.; Kuballa, P.; Gagnon, ].D.; et al. Distinct
Tissue-Specific Roles for the Disease-Associated Autophagy Genes ATG16L2 and ATG16L1. J. Immunol. 2019, 203, 1820-1829.
[CrossRef]

Don Wai Luu, L.; Kaakoush, N.O.; Castafio-Rodriguez, N. The role of ATG16L2 in autophagy and disease. Autophagy 2022, 18,
2537-2546. [CrossRef]

Jacquet, M.; Guittaut, M.; Fraichard, A.; Despouy, G. The functions of Atg8-family proteins in autophagy and cancer: Linked or
unrelated? Autophagy 2021, 17, 599-611. [CrossRef]

Koutsifeli, P.; Varma, U.; Daniels, L.].; Annandale, M.; Li, X.; Neale, ] P.H.; Hayes, S.; Weeks, K.L.; James, S.; Delbridge, LM.D.;
et al. Glycogen-autophagy: Molecular machinery and cellular mechanisms of glycophagy. J. Biol. Chem. 2022, 298, 102093.
[CrossRef] [PubMed]

Carvalho, C.; Santos, M.S.; Oliveira, C.R.; Moreira, PI. Alzheimer’s disease and type 2 diabetes-related alterations in brain
mitochondria, autophagy and synaptic markers. Biochim. Biophys. Acta 2015, 1852, 1665-1675. [CrossRef] [PubMed]
Vaillant-Beuchot, L.; Mary, A.; Pardossi-Piquard, R.; Bourgeois, A.; Lauritzen, I.; Eysert, E; Kinoshita, P.F; Cazareth, J.; Badot, C.;
Fragaki, K,; et al. Accumulation of amyloid precursor protein C-terminal fragments triggers mitochondrial structure, function,
and mitophagy defects in Alzheimer’s disease models and human brains. Acta Neuropathol. 2021, 141, 39-65. [CrossRef]

Du, Y.; Wooten, M.C.; Gearing, M.; Wooten, M.W. Age-associated oxidative damage to the p62 promoter: Implications for
Alzheimer disease. Free Radic. Biol. Med. 2009, 46, 492-501. [CrossRef] [PubMed]

Broderick, T.L.; Rasool, S.; Li, R.; Zhang, Y.; Anderson, M.; Al-Nakkash, L.; Plochocki, ].H.; Geetha, T.; Babu, ].R. Neuroprotective
Effects of Chronic Resveratrol Treatment and Exercise Training in the 3xTg-AD Mouse Model of Alzheimer’s Disease. Int. J. Mol.
Sci. 2020, 21, 7337. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1038/cr.2013.169
http://doi.org/10.1038/s41580-018-0003-4
http://doi.org/10.1074/jbc.R117.810366
http://doi.org/10.1016/j.cell.2013.12.022
http://www.ncbi.nlm.nih.gov/pubmed/24485455
http://doi.org/10.1074/jbc.M111889200
http://doi.org/10.1242/jcs.249227
http://doi.org/10.1111/febs.15833
http://doi.org/10.1126/sciadv.abb9036
http://www.ncbi.nlm.nih.gov/pubmed/32851186
http://doi.org/10.4161/auto.7.12.18025
http://www.ncbi.nlm.nih.gov/pubmed/22082872
http://doi.org/10.1172/JCI64498
http://doi.org/10.4049/jimmunol.1800419
http://doi.org/10.1080/15548627.2022.2042783
http://doi.org/10.1080/15548627.2020.1749367
http://doi.org/10.1016/j.jbc.2022.102093
http://www.ncbi.nlm.nih.gov/pubmed/35654138
http://doi.org/10.1016/j.bbadis.2015.05.001
http://www.ncbi.nlm.nih.gov/pubmed/25960150
http://doi.org/10.1007/s00401-020-02234-7
http://doi.org/10.1016/j.freeradbiomed.2008.11.003
http://www.ncbi.nlm.nih.gov/pubmed/19071211
http://doi.org/10.3390/ijms21197337

	Introduction 
	Materials and Methods 
	Antibodies 
	Animals 
	Neuronal Cultures 
	Primary Cortical Neurons 
	Insulin Resistance 
	Quantitative Real-Time PCR 
	Western Blot 
	Immunofluorescence 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

