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ARTICLE INFO ABSTRACT

Uncover the initial cause(s) underlying Alzheimer's disease (AD) pathology is imperative for the development of
new therapeutic interventions to counteract AD-related symptomatology and neuropathology in a timely
manner. The early stages of AD are characterized by a brain hypometabolic state as denoted by faulty glucose
uptake and utilization and abnormal mitochondrial function and distribution which, ultimately, culminates in
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Ig‘g;;}\lgldi;ion synaptic “starvation” and neuronal degeneration. Importantly, it was recently recognized that the post-trans-
Thiamet-g lational modification B-N-acetylglucosamine (O-GlcNAc) modulates mitochondrial function, motility and dis-

tribution being proposed to act as a nutrient sensor that links glucose and the metabolic status to neuronal
function. Using post-mortem human brain tissue, brain samples from the triple transgenic mouse model of AD
(3xTg-AD) and in vitro models of AD (differentiated SH-SY5Y cells exposed to AD-mimicking conditions), the
present study is aimed to clarify whether O-GlcNAcylation, the posttranslational modification of intracellular
proteins by O-GlcNAc, contributes to “mitochondrial pathology” in AD and its potential as a therapeutic target. A
reduction in global O-GlcNAcylation levels was observed in the brain cortex and hippocampus of AD subjects.
Moreover, GlcNAcylation levels are higher in mature mice but the levels of this posttranslational modification
are lower in 3xTg-AD mice when compared to control mice. The in vitro models of AD also exhibited a marked
reduction in global O-GlcNAcylation levels, which was strongly correlated with hampered mitochondrial bioe-
nergetic function, disruption of the mitochondrial network and loss of cell viability. Conversely, the pharma-
cological modulation of O-GlcNAcylation levels with Thiamet-G restored O-GlcNAcylation levels and cell via-
bility in the in vitro models of AD. Overall, these results suggest that O-GlcNAcylation is involved in AD
pathology functioning as a potential link between mitochondrial energetic crisis and synaptic and neuronal
degeneration. This posttranslational modification represents a promising therapeutic target to tackle this de-
vastating neurodegenerative disease.

1. Introduction

Alzheimer's disease (AD) is the leading cause of dementia in the
elderly population, affecting approximately 40 million people world-
wide [1,2]. This neurodegenerative disease is the result of progressive
neurodegenerative changes in the human brain, which lead to a pro-
gressive decline in memory, language and attention [3]. From a

neuropathological point of view, the AD brain exhibits the presence of
two distinctive pathological hallmarks: the extracellular deposition of
amyloid-p (AB) peptide in senile plaques and the intracellular accu-
mulation of neurofibrillary tangles (NFTs) composed of hyperpho-
sphorylated tau protein [4]. Additional features include microgliosis
and a widespread and progressive loss of neurons, synapses and white
matter [1,5]. Cognitive and behavioral symptoms constitute only the

* This article is part of a Special Issue entitled: Post-Translational Modifications in Brain Health and Disease edited by Paula Moreira, Susana Cardoso and Sénia

Correia.

* Correspondence to: S. C. Correia, Center for Neuroscience and Cell Biology, University of Coimbra, 3004-504 Coimbra, Portugal.
** Correspondence to: P. I. Moreira, Laboratory of Physiology, Faculty of Medicine, University of Coimbra & Center for Neuroscience and Cell Biology, University of

Coimbra, Coimbra, Portugal.

E-mail addresses: sonia.correia@cnc.uc.pt (S.C. Correia), venta@ci.uc.pt, pimoreira@fmed.uc.pt (P.I. Moreira).

https://doi.org/10.1016/j.bbadis.2018.10.037

Received 19 August 2018; Received in revised form 25 October 2018; Accepted 29 October 2018

Available online 06 November 2018
0925-4439/ © 2018 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/09254439
https://www.elsevier.com/locate/bbadis
https://doi.org/10.1016/j.bbadis.2018.10.037
https://doi.org/10.1016/j.bbadis.2018.10.037
mailto:sonia.correia@cnc.uc.pt
mailto:venta@ci.uc.pt
mailto:pimoreira@fmed.uc.pt
https://doi.org/10.1016/j.bbadis.2018.10.037
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbadis.2018.10.037&domain=pdf

T.S. Pinho et al.

“tip of the iceberg”, since the disruption of brain structure and function
and consequent neuronal loss precede the clinical signs of the disease
by 20-30 years [6]. Within this scenario, defective cerebral metabolism
has gained attention as a possible initial cause of this neurodegenera-
tive disease, particularly for the sporadic cases of AD, where aging and
metabolic disorders are main risk factors [7,8]. In fact, compelling
evidence revealed that regional brain hypometabolism occurs prior to
the occurrence of senile plaques and NFTs in both genetic and sporadic
AD [9-14] suggesting impaired glucose metabolism may be an up-
stream event in AD progression.

The nutrient-sensing pathway that encompasses the dynamic and
reversible post-translational modification called O-linked-3-N-acet-
ylglucosaminylation (O-GlcNAcylation) plays a significant role in dis-
ease progression. In fact, O-GlcNAcylation of nuclear, cytoplasmic and
mitochondrial target proteins is proposed to act as a metabolic sensor
that links glucose metabolism to neuronal function. In a process that
resembles phosphorylation [15], O-GlcNAc, derived from the final
product of the nutrient-dependent hexosamine biosynthetic pathway
(HBP), is added to or removed from hydroxyl groups of serine and/or
threonine residues by two highly conserved intracellular enzymes, O-
GlcNAc transferase (OGT) and O-linked-B-N-acetylglucosaminidase
(OGA), respectively [16,17].

Recent breakthroughs revealed that the forebrain-specific loss of
OGT in adult mice leads to progressive neurodegeneration, accumula-
tion of protein aggregates and memory deficits [18]. Moreover, amyloid
precursor protein (APP) and tau protein, as well as several proteins
involved in regulatory cascades that mediate intracellular signaling,
were shown to be heavily modified by O-GlcNAc [19].

During synaptic activity O-GlcNAcylation also regulates mitochon-
drial trafficking by targeting the mitochondrial motor-adaptor Milton,
which is responsible for tethering mitochondria to motor proteins al-
lowing the movement of these organelles along the microtubule tracks
[20]. However, so far, there is no consensus regarding the exact par-
ticipation of O-GlcNAcylation in AD with conflicting data reporting
both augmented and diminished O-GlcNAcylation levels in this neuro-
degenerative disease. Furthermore, the exact mechanism responsible
for altered O-GlcNAcylation in AD brain remains inconclusive.

Taking into account that AD-related glucose hypometabolism is
accompanied by an abnormal mitochondrial function and distribution
within neurons, which ultimately culminates in synaptic “starvation”
and neuronal degeneration, and that O-GlcNAcylation was shown to
modulate mitochondrial function, motility and distribution, the present
study was undertaken to clarify the involvement O-GlcNAcylation in
AD mitochondrial pathology.

2. Materials and methods
2.1. Chemicals

Streptozotocin (STZ) was obtained from Sigma (CAS 18883-66-4),
the synthetic AB1-42 peptide was purchased from Bachem (CAS
4014447), okadaic acid (OA) was acquired from Calbiochem (CAS
78111-17-8) and Thiamet-G purchased at Cayman Chemical (CAS
1009816-48-1). Antibodies were obtained from the following sources:
Anti-actin  (1:5000, mouse, A5441 Sigma); O-Linked N-
Acetylglucosamine antibody — RL2 (1:1000, mouse ab2739 Abcam);
Anti-TOM20 (1:200, rabbit, sc-11415 Santa Cruz Biotechnology); ECL
anti-mouse IgG horseradish peroxidase (HRP) conjugate (1:10,000,
goat, NA931-1ML GE Healthcare Life Sciences); ECL anti-rabbit IgG
horseradish peroxidase (HRP) conjugate (1:10,000, donkey, NA934-
1ML GE Healthcare Life Sciences); Alexa Fluor 488 anti-rabbit IgG
conjugate (1:100, goat, A11008 Life technologies); Alexa Fluor 594
anti-mouse IgG conjugated (1:100, goat, A11005 Life technologies). All
the other chemicals were of the highest grade of purity commercially
available.
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Table 1
Age and post-mortem intervals of subjects with histopathologically
confirmed AD and aged-matched controls.

Age PMI
Control 1 74 8
Control 2 68 2.5
Control 3 66 4
Control 4 84 5
Control 5 83 2
Control 6 86 4
Control 7 74 6
Control 8 92 4.5
AD 1 83 6
AD 2 79 8
AD 3 84 4
AD 4 85 9
AD 5 80 5.5
AD 6 83 4
AD 7 78 5
AD 8 66 12
AD 9 65 6
AD 10 94 12
AD 11 78 5

AD — Alzheimer's disease; PMI — post-mortem interval.
2.2. Human brain tissue

Hippocampal and brain cortical tissue samples were obtained at
autopsy from subjects with histopathologically confirmed AD and aged-
matched controls (Table 1).

2.3. Animals

Hippocampal and brain cortical tissue samples from 6 to 8 and
11-12-month-old male wild type (WT; C57BL6/129S) and 3xTg-AD
mice were used. Animals were bred and maintained in our animal fa-
cility (Laboratory Research Center, Faculty of Medicine, University of
Coimbra) and provided ad libitum access to food and water and main-
tained under controlled light (12-hour day/night cycle), temperature
(22-24°C) and humidity (50-60%). Animal handling and sacrifice
followed the procedures approved by the Federation of European
Laboratory Animal Science Associations (FELASA).

2.4. Cell culture, differentiation and treatment

SH-SY5Y cell line (ECACC; Sigma Aldrich) was cultured in
Dulbecco's Modified Eagle's medium: nutrient mixture F-12 (DMEM-
F12) supplemented with 10% fetal bovine serum (FBS), 50 U/ml peni-
cillin and 50 pg/ml streptomycin, in humidified air with 5% CO, at
37°C. In order to obtain cells with morphological and biochemical
characteristics of mature neurons, SH-SY5Y cells were treated with
retinoic acid (RA) (10 uM) for 1 week followed by geltrex culturing in
combination with brain derived neurotrophic factor (BDNF) ((50 ng/
ml), neuregulin f1 (NRG-f1-10ng/ml) nerve growth factor (NGF-
10 ng/ml), and vitamin D3 (24 nM) [21]. After complete differentia-
tion, SH-SY5Y cells were exposed (or not — control condition) to AB1-42
(1-10 uM), OA (5-10nM) and STZ (0.1-2 mM) during a period of 24 h
in order to mimic AD-related alterations. Af1-42 was reconstituted in a
0.1% ammonia solution at the final concentration of 1 mg/ml. OA was
dissolved in ethanol at the final concentration of 100 uM. A stock so-
lution of STZ was reconstituted in DMEM- F12 medium at the con-
centration of 5mg/ml. To modulate O-GlcNAcylation levels in vitro, a
selective inhibitor of OGA, Thiamet-G, was used. Thiamet-G was ex-
posed at the same time (co-treatment) and 3 h before (pre-treatment)
and 3 h after (post-treatment) OA and STZ addition to the differentiated
SH-SY5Y cells.



T.S. Pinho et al.

2.5. Cell viability assay-MTT tetrazolium

After the appropriate incubations, cells seeded in 24-multiwell
plates were incubated with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) substrate for 1 to 2h [22]. Viable cells
with active metabolism converted MTT into an insoluble purple colored
formazan product, which was solubilized by acidified isopropanol. The
quantity of formazan was measured by recording changes in absorbance
at 570 nm using a Spectrofotometer Spectramax plus 384, being the
quantity of formazan directly proportional to the number of viable cells.

2.6. Measurement of mitochondrial membrane potential

Mitochondrial membrane potential (AWm) was determined using
the cationic fluorescent probe tetramethylrhodamine methyl ester
(TMRM +, Gibco-Invitrogen, Grand Island, NY), which accumulates
predominantly in polarized mitochondria. After treatments, differ-
entiated SH-SY5Y cells were washed with phosphate buffer saline (PBS)
and incubated with sodium medium containing 300 nM TMRM + for
1 h at 37 °C. Basal fluorescence (540 nm excitation and 590 nm emission
wavelengths, with cutoff at 590 nm) was measured using a SpectraMax
GEMINI EM fluorocytometer (Molecular Devices) every 30s for a total
of 3min, followed by the addition of carbonilcyanide p-tri-
flouromethoxyphenylhydrazone (FCCP; 1uM) and oligomycin (2 ug/
ml), which produced maximal mitochondrial depolarization. The dif-
ference between the increase of TMRM + fluorescence upon addition of
FCCP plus oligomycin and basal fluorescence values was used to eval-
uate AWm. The results were expressed as percentage of control fluor-
escence.

2.7. Western blot analysis

Brain cortical and hippocampal samples and whole cell extracts
were homogenized in ice-cold lysis buffer [20 mM Tris hydrochloride
(Tris-HCI) pH 7.5, 150 mM sodium chloride (NaCl), 1 mM disodium
ethylenediaminetetraacetate dehydrate (Na2EDTA), 1 mM ethylene-bis
(oxyethylenenitrilo)tetraacetic acid (EGTA), 1% Triton, 2.5 mM sodium
pyrophosphate, 1 mM [-glycerophosphate, 1 mM sodium orthovana-
date (Na3VO,), 1ug/ml leupeptin] supplemented with 0.1 M phe-
nylmethanesulfonylfluoride (PMSF), 0.2M dithiothreitol (DTT) and
protease and phosphatases inhibitors cocktails (Roche Applied Science).
The homogenates were frozen and defrozen 3 times to favor disruption,
centrifuged at 14,000 rpm (Eppendorf centrifuge 5415C) for 10 min at
4°C and the supernatant collected and stored at —80 °C. Protein con-
centration was determined by the bicinchoninic acid (BCA) protein
assay using the BCA kit (Pierce Thermo Fisher Scientific, Rockford, IL).
Equivalent amounts of protein were resolved by electrophoresis in 10%
sodium dodecyl sulfate (SDS)-polyacrylamide gels and transferred to
polyvinylidene fluoride (PVDF, Millipore, Billerica, MA, USA) mem-
branes. Non-specific binding was blocked by incubation with blocking
buffer [10% bovine serum albumin (BSA) in Tris-buffered saline (TBS)]
for 1h at room temperature, with gentle agitation. The blots were
subsequently incubated overnight at 4 °C with gentle agitation with the
specific primary antibodies. Blots were washed three times (5 min),
with TBS containing 0.1% Tween (TBS-T) and then were incubated with
the secondary antibodies for 1 h at room temperature with gentle agi-
tation. After 3 washes with TBS-T (5min), specific bands of im-
munoreactive proteins were visualized after membrane incubation with
enhanced chemiluminescence (ECL). Images were obtained in the
ChemiDoc Imaging System (Bio-Rad), and the density of protein bands
calculated using the Image Lab Software (Bio-Rad).

2.8. Immuno-dot-blot assay

After PVDF membrane activation, 20 ug of human brain cortical and
hippocampal homogenates, in a final volume of 5pl, were placed in
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Fig. 1. O-GlcNAcylation levels in post mortem brain cortex and hippocampus of
AD and control subjects. Immuno-dot-blot technique was performed using 20 pg
of brain homogenates derived from AD patients and age-matched controls.
Normalized O-GlcNAcylation levels were converted to % control. Data are ex-
pressed as mean * SEM of 6-11 subjects' samples.

dots in specific zones of the membrane. As soon as the dots were dried,
the non-specific binding reactions were blocked using 10% BSA for 1 h
at room temperature. Thereafter, membranes were incubated with the
respective primary antibody overnight at 4°C with gentle agitation.
Subsequently, membranes were washed 3 times with TBS-T and in-
cubated with the secondary antibody for 1h at room temperature.
Then, after 3 washes with TBS-T, membranes were incubated with ECL
and protein dots visualized using the ChemiDoc Imaging System (Bio-
Rad) and the density of the protein dots quantified using the Image Lab
Software (Bio-Rad).

2.9. Immunocytochemistry

After the appropriate incubations, differentiated SH-SY5Y cells were
fixed with 4% paraformaldehyde with sucrose 4% for 15 min at room
temperature. Then, cells were permeabilized for 2min at room tem-
perature with 0.2% Triton-X100 in PBS and blocked for 30 min in 3%
BSA. Cells were incubated for 1 h with primary antibodies prepared in
3% BSA and then washed with PBS and incubated with secondary an-
tibodies conjugated with Alexa Fluor for 1h at room temperature.
Then, cells were washed twice with PBS and treated with Vectashield®
Antifade Mounting Medium on a microscope slide. Images were ac-
quired on a Zeiss LSM710META confocal microscope (40 X 1.4NA plan-
apochromat oil immersion lens).

2.10. Statistical analysis

Results are presented as mean + standard error of the mean (SEM)
of the indicated number of experiments. Statistical significance was
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Fig. 2. O-GlcNAcylation levels in brain cortex (A) and hippocampus (B) of WT and 3xTg-AD mice. Brain homogenates from 6 to 8- and 11-12-month-old WT and
3xTg-AD mice were used for western blot evaluation of O-GlcNAcylation levels. Data are expressed as mean * SEM of 8-9 animals from each condition studied.

*p < 0.05, when compared to the 6-8 months WT.

determined using the one-way ANOVA test for multiple comparisons,
followed by the posthoc Tukey-Kramer test with the program GraphPad
Prism 6 (GraphPad Software, San Diego, CA). Correlation tests were
performed using Pearson's correlation analysis. Statistical significance
was noted at p < 0.05.

3. Results
3.1. O-GIcNAc levels decrease in human AD brain

In a first approach to elucidate whether O-GlcNAcylation is involved
in AD pathology, the global levels of this post-translational modifica-
tion were evaluated in post mortem brain cortical and hippocampal
tissue of AD and control subjects by immuno- dot-blot technique. Using
the O-GlcNAc specific antibody RL2, a decrease in global O-
GlcNAcylation levels was observed in AD subjects when compared with
age-matched controls, this decrease being more pronounced in the
brain cortex (Fig. 1).

3.2. O-GIcNAcylation levels are higher in mature mice but the levels of this
posttranslational modification are lower in 3xTg-AD mice when compared to
controls

In a step further, the global O-GlcNAcylation levels were also
evaluated in brain cortical and hippocampal homogenates from 6 to 8-
and 11-12-month-old WT and 3xTg-AD mice. As shown in Fig. 2A, a
significant increase in O-GlcNAcylation levels was observed in the brain
cortex of 11-12-month-old WT mice, when compared with 6-8-month-
old WT mice. A similar pattern seems to occur in the hippocampus,
although no statistical differences were observed (Fig. 2B). Interest-
ingly, in the older group of animals, the levels of O-GlcNAcylation is
lower in 3xTg-AD mice, although statistical significance is not reached.
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3.3. O-GIcNAc levels reduction is strongly correlated with mitochondrial
abnormalities and neuronal loss in in vitro models of AD

To gain further insights on the potential role of O-GlcNAcylation in
AD, the global O-GlcNAcylation levels were evaluated in three in vitro
models of AD and correlated with typical pathological features of the
disease, such as defective mitochondrial bioenergetics and neuronal
loss.

According to the amyloid cascade hypothesis, AR has been pin-
pointed as one of the major driving forces behind AD onset and pro-
gression. AP peptide has several isoforms, being AB1-42 the one pre-
dominantly found in senile plaques. AB1-42 is able to induce oxidative
damage and neurotoxicity in differentiated SH-SY5Y neuroblastoma
cells [23]. In this sense, differentiated SH-SY5Y cells were exposed to
different concentrations of soluble AB1-42, containing monomers, oli-
gomers and fibrils. As shown in Fig. 3C, high levels of AB1-42 (10 uM)
promoted a drastic reduction in global O- GlcNAcylation levels when
compared with non-treated cells. Importantly, the decrease in global O-
GlcNAcylation levels was accompanied by the loss of cell viability
(Fig. 3A) and AWm (Fig. 3B). Indeed, under AB1-42 conditions it was
observed a very strong correlation between global O-GlcNAcylation
levels and cell viability (r = 0.9906) and AWm (r = 0.9264) (Fig. 3D).

Additionally, abnormally hyperphosphorylated tau and its ag-
gregation and deposition into NFT's also play a key role in the neuro-
pathophysiology of AD. The dephosphorylation of tau is mostly medi-
ated by protein phosphatases, among which serine/threonine
phosphatases 1 and 2A (PP1 and PP2A) are considered to be the ones
involved [24]. A previous study from our laboratory show that OA-
induced PP2A inhibition promotes an increase in the levels of tau
phosphorylated on Ser396 and Thr181 residues [25]. In this sense, we
used OA to mimic AD-related tau pathology in vitro. In parallel to a
significant decrease in global O-GlcNAcylation levels (Fig. 4B), it was
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Fig. 3. Effect of AB1-42 on cell viability (A), O-GlcNAcylation levels (RL2) (B) and AWm (C) and the correlation between global O-GlcNAcylation levels and cell

viability and AWm (D) in differentiated SH-SY5Y cells. Data in the graph are expressed as mean
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found that the concentration of 10nM OA induced a significant de-
crease in cell viability (Fig. 4A) and AWm loss (Fig. 4C) when compared
with non-treated cells. Again, a strong correlation between the global
O-GlcNAcylation levels and cell viability (r = 0.9141) and AWm
(r = 0.9879) was observed (Fig. 4D).

Bearing in mind that most AD cases are sporadic in origin and
characterized by an “insulin-resistant brain state”, the in-
tracerebroventricular administration of streptozotocin (STZ) in rodents
was found to resemble several aspects of AD, including decreased brain
glucose and energy metabolism [26,27], impaired brain insulin sig-
naling [28], accumulation of tau and AP and learning and memory
deficits. More recently, STZ was also validated in vitro [29,30], re-
presenting an effective in vitro tool to study AD. Therefore, STZ was
used to reproduce in vitro the central insulin-resistant state that char-
acterizes the sporadic forms of AD. Fig. 5B demonstrates that 2 mM STZ
promoted a significant decrease in global O-GlcNAcylation levels as
well as a significant reduction in cell viability (Fig. 5A) and AWm
(Fig. 5C). Notably, in this in vitro model of AD it was also found a strong
correlation between the global O-GlcNAcylation levels and cell viability
(r = 0.9289) and AWm (r = 0.7761) (Fig. 5D).
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Neuronal and synaptic function and integrity are in part sustained
by mitochondrial network dynamics. Given the important role of post-
translational modifications in regulating different aspects of mi-
tochondrial dynamics, the next step of this study was to evaluate the
effect of OA and STZ on mitochondrial morphology and distribution.
Confocal microscopy analysis revealed that non-treated cells contain
mostly tubular mitochondria, distributed evenly throughout the whole
cell (Fig. 6). However, the exposure of differentiated SH-SY5Y cells to
OA (10nM) and STZ (2mM) triggered the collapse of mitochondrial
network (Fig. 6). Regarding STZ, a slight reduction in the number of
individual mitochondria and mitochondrial networks per nucleus/
neuronal cell, number of branches and mitochondrial footprint was
observed. Conversely, a significant increase of the average length of all
rods/branches was observed (Figs. 6 and 7). OA, in turn, induced a
massive accumulation of smaller and rounder mitochondria in the
perinuclear region, with a significant decrease in the number of in-
dividual mitochondria and mitochondria networks per nucleus/neu-
ronal cells as well as mitochondrial footprint (Figs. 6 and 7). Overall,
these observations suggest that the neurotoxic agents disrupt micro-
tubule network leading to a neuritic retraction.
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3.4. Thiamet-G increases O-GlcNAcylation levels without affecting cell
viability and mitochondrial bioenergetic function

With the purpose of modulating O-GlcNAcylation in vitro to evaluate
the potential therapeutic role of this post-translational modification,
Thiamet-G was used as a pharmacological strategy to increase O-
GlcNAcylation levels through the inhibition of OGA. Based on the
available literature, differentiated SH-SY5Y cells were exposed to a
range of Thiamet-G concentrations from 0.025 to 3 uM. As shown in
Fig. 8, 3 uM of Thiamet-G induced the most robust increase in global O-
GlcNAcylation levels at 3h that persists until 24 h of incubation. Of
note, all the concentrations of Thiamet-G tested did not significantly
affect cell viability (Fig. 8A) and AWm (Fig. 8B). Overall, this data in-
dicates that Thiamet-G per se is able to modulate O-GlcNAcylation
without a negative impact on neuronal cells homeostasis.
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3.5. Thiamet-G averts loss of O-GlcNAcylation and cell viability in in vitro
models of AD

In the last set of experiments the potential protective effect of
Thiamet-G against the AD-related pathological events was investigated
in our in vitro models of the disease. Three different strategies were
applied to evaluate the therapeutic potential of Thiamet- G: pre-, co-
and post-treatment. As shown in Fig. 9, pre-, co- and post-treatment
with 3 uM Thiamet-G were able to counteract the reduction in global O-
GlcNAc levels triggered by OA (10 nM) and STZ (2 mM). However, only
the pre-treatment with Thiamet-G was able to prevent the loss of cell
viability in these in vitro models of AD (Fig. 10).

4. Discussion

The present study shows reduced levels of O-GlcNAcylation in
several models of AD. Notably, a strong correlation was established
between global O-GlcNAcylation levels and some AD-associated
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pathological features, including hampered mitochondrial bioenergetic
function and altered mitochondrial morphology and distribution.
Importantly, the pharmacological increase in O-GlcNAcylation levels by
Thiamet-G, which inhibits OGA, averted the loss of O-GlcNAcylation
levels and cell viability in in vitro models of the disease, reinforcing the
idea that targeting this posttranslational modification may constitute a
feasible therapeutic intervention to tackle AD pathology.

Faulty cerebral glucose metabolism has been pinpointed as a con-
tributing factor underlying the neurodegenerative events that occur in
AD [31]. PET studies using 2-fluoro-2-deoxy-glucopyranose (FDG)
showed a progressive decline in cerebral glucose metabolism in AD
[32,33]. Of note, lessons from clinical and experimental studies re-
vealed that the decline in brain glucose uptake and metabolism occurs
decades before the onset of AD symptoms and histopathological
changes suggesting that metabolic deficits occur early in the course of
AD [34]. Using post-mortem human brain tissue, we observed a re-
duction of global O-GlcNAcylation levels in brain tissue from AD sub-
jects, this reduction being more pronounced in brain cortex (Fig. 1),
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which is in accordance with the observations made by Liu and colla-
borators [35]. As a plausible explanation, these authors attributed the
reduction in O-GlcNAcylation to reduced neuronal glucose availability
due to down-regulation of glucose transporters (GLUT) 1 and GLUT3 in
the AD brain [36]. A recent study shows that the activation of calpain 1
causes GLUT3 proteolysis and downregulation of O-GlcNAcylation in
AD brains [34]. In contrast, Forster and collaborators detected aug-
mented cytosolic O-GlcNAc levels in brain tissue from AD subjects [37].
Those conflicting observations may be the result of the analyses of
different post mortem brain tissue regions at different stages of the
disease conjugated with different analysis methods as well as the use of
different anti-O-GlcNAc antibodies. Furthermore, O-GlcNAcylation le-
vels fluctuate depending on the post mortem interval [38] and stage of
the disease.

Additionally, we observed an increase in global O-GlcNAcylation
levels in brain tissue from mature mice, an effect more pronounced in
brain cortex from WT mice (Fig. 2). In fact, it is known that age alters
brain glucose metabolism [39] modulating O-GlcNAcylation levels. In
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Fig. 6. Effect of OA and STZ on neuronal morphology and mitochondrial network in differentiated SH-SY5Y cells. OA and STZ were applied to differentiated SH-SY5Y
cells during a period of 24 h, fixed and mitochondria marked with TOM20 antibody (green), and nuclei with DAPI (blue) and visualized by confocal microscopy at

63 X magnification. Images are representative of 3 independent experiments.
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accordance with our observations, Fiilop et al. [40] observed an in-
crease in the levels of this posttranslational modification in the brain of
aged Brown-Norway rats. However, other studies revealed a decrease in
O-GlcNAcylation levels in aged mice [41,42] rendering the brain more
prone to dysfunction under stress conditions such as brain ischemia.
However, those studies used 22-24-month-old WT mice while in our
study we used younger (11-12-month old) mice. In our study, 11-12-
month-old 3xTg-AD mice show a reduction in brain O-GlcNAcylation
levels, an effect more pronounced in brain cortex (Fig. 2). Accordingly,
a recent study performed in 12-month-old 3xTg-AD mice shows a de-
crease of total O-GlcNAcylation levels associated with altered OGT and
OGA activation [43]. Proteomics analysis identified several proteins
with reduced O-GlcNAcylation levels, which belong to key pathways
involved in the AD progression such as neuronal structure, protein

SEM of 3 independent experiments. *p < 0.05, **p < 0.01,
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*p < 0.001 when compared to the control.

degradation and glucose metabolism [43]. In accordance the proteomic
quantitative analysis performed by Wang and colleagues [44] revealed
that post mortem AD brain tissue presents altered O-GlcNAcylated pro-
teins belonging to several structural and functional categories such as
synaptic, cytoskeleton and memory-associated proteins. Besides that,
altered O-GlcNAcylation cycling might result in abnormal O-GlcNAcy-
lated tau and APP contributing to the accumulation of toxic species in
the brain supporting the idea that impaired O-GlcNAcylation levels
contribute to the progression of AD [34].

The exposure of differentiated SH-SY5Y cells to AB1-42 (Fig. 3C),
OA (Fig. 4C) or STZ (Fig. 5C) induced a significant decrease in global O-
GlcNAcylation levels. Evidence from the literature supports our ob-
servations since both AP and tau can be modified by O-GlcNAcylation
[34]. It was shown that the increase in O-GlcNAcylated APP,
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compared to the control.

particularly at threonine 576 residue [45], promotes its trafficking rate
to the plasma membrane and decreases its endocytosis rate, resulting in
decreased Af} production [45-47]. It was also reported that genetic and
pharmacological tools that increase the levels of O-GlcNAcylation in-
crease non-amyloidogenic a-secretase processing resulting in increased
levels of the neuroprotective sAPPa fragment and decreased A} secre-
tion [48]. A reciprocal relationship between O-GlcNAcylation levels
and phosphorylation was also documented during the pathological
course of AD. Using starved mice to mimic AD-related hypometabolism
Liu and collaborators [38] reported that decreased O-GlcNAcylation
levels are associated with increased tau hyperphosphorylation. Inter-
estingly, hyperphosphorylated tau contains 4-fold less O-GlcNAcylation
than non-hyperphosphorylated tau, which fosters the relationship be-
tween O-GlcNAcylation and phosphorylation of tau in the human brain
[351.
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SEM of 6 independent experiments. *p < 0.05, **p < 0.01 when

The present study also establishes a strong correlation between
global O-GlcNAcylation levels and cellular viability and AWm (Figs. 3D,
4D, 5D) in three different in vitro models of AD. The loss of cell viability
that accompanies O-GlcNAcylation reduction in these in vitro models of
AD is not surprising taking into account that this posttranslational
modification is particularly enriched in neuronal synapses [19,49] and
modifies several post-synaptic density proteins [50]. Regarding AWm
decay, it was recently found that mitochondrial components are mod-
ified by O-GlcNAcylation. An elegant study from Cha and collaborators
revealed that ATP synthase subunit a (ATP5A) is a substrate of O-
GlcNAcylation [51]. Remarkably, these authors observed that O-
GlcNAcylation of ATP5A is decreased in AD pathology since A blocks
the direct interaction between ATPSA and mitochondrial OGT leading
to impaired ATPase activity and ATP depletion [51]. Another study
showed that disruption of posttranslational modification of proteins
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with O-GlcNAcylation via overexpression of OGT or OGA impairs mi-
tochondrial function [52]. More recently, it was reported that sustained
O-GlcNAcylation elevation in SH-SY5Y neuroblastoma cells increase
OGA expression and reduced cellular respiration and ROS generation
and cells with elevated O-GlcNAcylation levels had elongated mi-
tochondria and increased AWm [53]. The same study shows that OGT
knockdown in the liver of mice increases ROS levels and the nuclear
respiratory factor (NRF) 2 antioxidant response and impairs respiration
[53]. Using siRNA in HeLa cells, Sacoman and colleagues [54] found
that reducing endogenous mitochondrial OGT (mOGT) expression leads
to alterations in mitochondrial structure and function, including dy-
namin-related protein (Drp)1l-dependent mitochondrial fragmentation,
reduction in AWm, and a significant loss of mitochondrial content in the
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absence of mitochondrial ROS. We also evaluated the impact of reduced
O-GlcNAcylation on mitochondrial morphology and distribution in in
vitro models of AD. In our study the exposure of differentiated SH-SY5Y
to OA and STZ promoted the collapse of mitochondrial network as
evidenced by the perinuclear accumulation of smaller and rounder
mitochondria, these alterations being more pronounced in the OA-in-
duced model of AD (Fig. 6). It has been reported that the mitochondrial
motor-adaptor Milton that tethers mitochondria to the kinesin motors
facilitating the anterograde movement of mitochondria is targeted by
O-GlcNAcylation, being a substrate for OGT. Briefly, during synaptic
activity Milton's O-GlcNAcylation arrests the motile pool of mitochon-
dria in pre- and post-synaptic areas in order to assure ATP production
and Ca®* buffering essential for synapse maintenance, acting as a stop
signal [20]. In this sense, it is tempting to speculate that loss of Milton
O-GlcNAcylation underlies mitochondrial mislocalization in AD,
leading to a drastic reduction in the stationary mitochondrial pool at
the synapses, which in turn contributes to an energetic catastrophe that
culminates in synaptic “starvation” and neuronal loss. However, several
components of the mitochondrial fusion-fission and trafficking ma-
chinery should be evaluated in future experiments to gain further in-
sights on the relation between O-GlcNAcylation and mitochondrial
dynamics in AD pathology.

At this point, it is at least clearly known that O-GlcNAcylation plays
a significant role in AD pathophysiology which makes this post-trans-
lational modification an attractive target to tackle this devastating
neurodegenerative disease. Using a pharmacological approach to
modulate O-GlcNAcylation in differentiated SH-SY5Y cells, this study
reveals that Thiamet-G is able to induce a robust augment in global O-
GlcNAcylation levels (Fig. 8C and D) without affecting neither cell
viability (Fig. 8A) nor AWm (Fig. 8B). Accordingly, Yuzwa and colla-
borators demonstrated that Thiamet-G increases O-GlcNAcylation le-
vels in PC12 cells and no signs of toxicity were detected [55]. Con-
cerning the protective potential of Thiamet-G, we found that only the
pre-treatment with Thiamet- G was able to prevent loss of O-GlcNA-
cylation levels (Fig. 9) and cell viability (Fig. 10) demonstrating that
under our in vitro experimental settings Thiamet-G demonstrated a
preventive role. It has been previously demonstrated that Thiamet-G
increases O-GlcNAcylation levels in JNPL3 transgenic mice, which ex-
press a mutant hyperphosphorylated and aggregate-prone tau isoform,
and decreases the extent of NFTs in the brain, slowing down tau-driven
neurodegeneration [56]. The same authors also found that increased O-
GlcNAcylation decreases the formation of tau aggregates in vitro,
without changing its structural monomeric form, causing neuronal cell
loss [56,57]. In the same line, Hastings and colleagues [58] reported
that chronic inhibition of OGA, through genetic and pharmacological
approaches, reduces pathological tau in the brain and total tau in cer-
ebrospinal fluid of rTg4510 mice probably by directly increasing O-
GlcNAcylation of tau and thereby maintaining tau in the soluble, non-
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toxic form by reducing tau aggregation. Yuzwa and colleagues also
demonstrated that Thiamet-G increases O-GlcNAcylation, attenuates AP
burden, the formation of neuritic plaques and memory deficits in a mice
bearing both mutated human tau and APP (TAPP mice) [59]. Another
OGA inhibitor, 1,2-dideoxy-2’-propyl-a-p-glucopyranoso-[2,1-D]-A2’-
thiazoline (NButGT), caused a reduction of AP production by lowering
y-secretase activity both in vitro and in vivo [60]. Moreover, NButGT
attenuated the accumulation of AP, neuroinflammation, and memory
impairment in the 5XFAD mice [60].

5. Conclusion

Our results support the idea that reduced O-GlcNAcylation underlies
AD pathology representing a “sweet” route to tackle this devastating
neurodegenerative disease. However, further studies are required to
clarify the key mechanisms associated to the loss O-GlcNAcylation that
contribute to the onset and/or aggravation of AD pathology.
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