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ARTICLE INFO ABSTRACT

Keywords: Protein O-GlcNAcylation (O-GlcNAc) is a nutrient-responsive posttranslational modification (PTM). Proper
Rett syndrome regulation of brain O-GlcNAc levels is essential for the coupling between metabolic homeostasis and neuronal
0O-GleNAc function. Abnormal O-GlcNAc levels in the brain are associated with neurodevelopmental and neurodegenerative
OC.;T/ 0GA ) . diseases related to defects in energy metabolism. We investigated the levels and regulation of protein O-GlcNAc
Mitochondrial homeostasis e . . . . .

OSMI-1 modification and related pathways through gene and protein expression analysis in the hippocampus of two well-

established murine models of Rett syndrome (RTT), a monogenic neurodevelopmental disorder with metabolic
components and a primary cause of severe intellectual disability in females. Increased protein O-GlcNAc levels,
due to changes in the molecular machinery that controls O-GlcNAc production, transfer, and removal, were
observed in the hippocampus of the two RTT mouse models (MeCP2-BIRD and MeCP2-308 models). Remarkably,
systemic administration of the OGT inhibitor OSMI-1 restored O-GlcNAc brain homeostasis and rescued brain
mitochondrial defects and redox alterations in the RTT mouse hippocampus. The OSMI-1 treatment also induced
a normalization of the cognitive performance of RTT mice in novel object recognition tests and reduced pe-
ripheral oxidative stress. These findings provide new evidence of an imbalance in nutrient-sensing O-GlcNAc in
the RTT mouse hippocampus, suggesting that restoring brain O-GlcNAc homeostasis might represent a promising
therapeutic approach for RTT.

Mouse models

nuclear, cytoplasmic, and mitochondrial proteins that involves the
attachment of a single O-linked N-acetylglucosamine (O-GlcNAc) moi-

1. Background

Most proteins undergo post-translational modifications (PTMs) after
their synthesis or during their functional lifespan. These modifications,
such as phosphorylation and ubiquitylation, target specific protein sites
and play essential roles in regulating protein activity, interactions, and
trafficking, thereby increasing proteome diversity and enabling dynamic
control of protein functions in various cellular environments [1].

Protein O-GlcNAcylation is the noncanonical glycosylation of

ety to serine and threonine residues. This modification is mediated by
two enzymes: O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA) [2,
3]. The maintenance of protein O-GlcNAc levels depends on the
balanced expression of OGT and OGA, as well as the production of
sufficient uridine diphosphate (UDP)-GlcNAc through the hexosamine
biosynthetic pathway (HBP), a process strongly influenced by nutrient
availability [4]. The interplay between O-GlcNAcylation and
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phosphorylation allows O-GlcNAc to play a crucial role in regulating and
fine-tuning a wide range of cellular processes, including cell structure,
apoptosis, proliferation, and gene transcription [5-7]. Although
O-GlcNAc modification occurs throughout tissues, the brain exhibits
high levels of O-GlcNAc. In fact, OGT and OGA are particularly abun-
dant in the brain, and O-GlcNAc has become recognized as a key regu-
lator of several neural functions, such as neurogenesis, synaptic
plasticity, and neuronal differentiation [8-10]. O-GlcNAc responds to
nutrient and stress signals, acting as an intracellular sensor of endoge-
nous and exogenous metabolic stimuli [11]. Precise regulation of brain
O-GlceNAc levels is essential for maintaining the proper balance between
energy metabolism and neuronal activity [7,12,13]. Furthermore,
numerous studies have demonstrated that abnormal O-GlcNAc protein
levels are associated with neurodevelopmental and neurodegenerative
disorders characterized by metabolic dysfunctions, suggesting that
O-GlcNAc may mediate nutrient-related neuronal signaling [14,15].
Pharmacological interventions that restore O-GlcNAc homeostasis have
demonstrated positive outcomes, including the reversal of molecular
dysfunctions, metabolic disruptions, synaptic abnormalities, and
cognitive impairments [3,14,16,17].

In this study, we investigated whether aberrant brain O-GlcNAc
levels are present in Rett syndrome (RTT, OMIM #312750), a mono-
genic neurodevelopmental disorder and a leading cause of severe in-
tellectual disability in females (affecting approximately 1 in 10,000 live
births) [18]. RTT is characterized by an initial period of apparently
normal neurobehavioral development, followed by growth arrest
around 1 year of age and the onset of characteristic repetitive hand
movements. Subsequently, there is a gradual decline in cognitive and
motor skills, culminating in a fully symptomatic stage marked by a
broad spectrum of behavioral and physiological changes, including in-
tellectual disability, abnormal fine and gross motor skills, communica-
tive difficulties, and autonomic comorbidities [19]. Most RTT patients
harbor de novo loss-of-function mutations in the X-linked gene methyl
CpG binding protein 2 (MECP2), which encodes a protein that binds to
methylated DNA and acts as both a transcription factor and an epige-
netic regulator of thousands of genes [20]. MECP2 is highly expressed in
the brain, and its deficiency results in changes to neuronal structure and
function. Increasing evidence suggests that disturbances in metabolism,
including carbohydrate and lipid processing as well as brain bio-
energetics, also contribute to the overall behavioral and physiological
impairments, highlighting RTT as a neurological disorder with meta-
bolic aspects [21,22].

Owing to the aforementioned role of brain O-GlcNAc as a molecular
link between metabolic homeostasis and neural function [4,23], we
hypothesized that an abnormal O-GlcNAc cycle might occur in the RTT
mouse brain. To test this hypothesis, we utilized two highly validated
mouse models of RTT-carrying mutations in the MeCP2 gene, the
MeCP2-308 model and the MeCP2-BIRD model, which carry truncating
and null MeCP2 mutations, respectively [24-26] at the symptomatic
stage of the disease. Our focus was on the hippocampus, one of the most
affected brain regions in RTT [27,28]. To investigate the roots of these
changes, we examined the molecular mechanisms underlying abnormal
0O-GlcNAc cycling, including OGA/OGT expression, as well as upstream
mechanisms known to finely “buffer” O-GlcNAc levels through the HBP
flux [29,30]. Furthermore, to evaluate the potential therapeutic rele-
vance of modulating elevated O-GlcNAcylation and OGT levels in the
RTT mouse hippocampus, RTT female MeCP2-308 mice were systemi-
cally treated with the OGT inhibitor OSMI-1. We provide evidence that
the pharmacological normalization of O-GlcNAc levels in the brains of
OSMI-1-treated RTT mice is accompanied by the rescue of recognition
memory deficits in the novel object recognition test and by reductions in
brain and peripheral oxidative stress. OSMI-1-induced improvements in
brain energy metabolism and mitochondrial homeostasis were also
observed in the RTT mouse brain, as evidenced by changes in key factors
involved in mitochondrial biogenesis, ultrastructure, and functional
capacity, as well as redox balance, all of which are significantly impaired
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in RTT pathogenesis [31-34].

2. Materials and methods
2.1. Animal models

Two RTT mouse models were used: the MeCP2-BIRD [B6.129P2(C)-
Mecpzt"’l‘lBIRD/J, stock number: 003890] [35] and the MeCP2-308
model [B6.129S-MeCP2"™H%°/5 stock number: 005439] [36]. Both
strains were acquired from Jackson Laboratories (Bar Harbor, ME, USA)
and backcrossed to C57BL/6J mice at the ISS facility. To enhance the
relevance of our study, we used MeCP2-mutant heterozygous female
mice from both models, which more closely resemble those of RTT pa-
tients, along with age-matched wild-type (WT) controls. Both mouse
lines were in a fully symptomatic disease phase, i.e., 7-month-old
MeCP2-BIRD and 11- to 12-month-old MeCP2-308 mice [25,37]. The
experimental mice resulted from matings between a MeCP2"/~ female
and a WT male. At weaning (postnatal day 25), mice were housed in
groups of 2-3 in polycarbonate transparent cages (33 x 13 x 14 cm)
with sawdust bedding in an air-conditioned environment (temperature:
21 + 1 °C, relative humidity: 60 & 10 %) and a reversed 12-h light-dark
cycle (lights from 8:00 a.m. to 8:00 p.m.). Tap water and a complete
pellet diet (Mucedola, Italy) were provided freely. All procedures
adhered to the European Communities Council Directive (10/63/EU)
and Italian law (26/2014).

2.2. Genotyping

The genotype of the experimental subjects was determined using
DNA from a small tail-tip biopsy taken at weaning, as previously
described by Ref. [33]. Briefly, the genotyping process involved three
steps: tail lysis, PCR amplification, and gel electrophoresis. For DNA
extraction, the tails were incubated overnight at 62 °C with 50 pl of a
digestion mixture (1 pL of proteinase K at 1 mg/mL, 5 pl of 1 M Tris HCI
[pH 6.8], and 44 pl of tdH20) to digest proteins, then heated to 92 °C for
20 min to inactivate proteinase K. For genotyping the RTT models, two
sets of primers were used to identify MeCP2 alleles. MeCP2-BIRD:
primer set 1 (5-AAA TTG GGT TAC ACC GCT GA-3' and 5-CTG TAT
CCT TGG GTC AAG CTG-3') produces a 465 bp band indicating the WT
allele. Primer set 2 (same as primer set 1 for the 5’ primer and 5-CCA
CCT AGC CTG CCT GTA CT-3' for the 3' primer) produces a 240 bp band,
indicating the null allele. MeCP2-308: primer set 1 (5-AAC GGG GTA
GAA AGC CTG-3' and 5-ATG CTC CAG ACT GCC TTG-3') produces a 396
bp band for the WT allele. Primer set 2 (same as primer set 1 for the 5
primer and 5-TGA TGG GGT CCTCAG AGC-3' for the 3’ primer) yields a
318 bp band for the null allele. Finally, the PCR products were run on a
2 % NuSieve 3:1 agarose gel (Cambrex Bio Science, Rockland, ME, USA)
containing 0.5 pg/mL ethidium bromide and visualized under UV light.

2.3. OSMI-1 treatment

Symptomatic MeCP2-308 mice and WT controls received treatment
for 8 consecutive days via intraperitoneal (i.p.) injections with either
100 pg/kg of OSMI-1 [(1,2-Dihydro-2-oxo-6-quinolinyl) sulfonyl]
amino]-N-(2-furanylmethyl)-2-methoxy-N-(2-thienylmethyl)-
benzeneacetamide); Sigma-Aldrich, USA] [38,39] or a Veh solution
(Veh; 0.1 % DMSO in saline). OSMI-1 concentration dosage was selected
based on previous studies [38,40] and calibrated to restore O-GlcNAc
levels to values comparable to those in WT. A battery of behavioral tests
was performed 4 h after the i.p. injections, when the drug reaches its
peak in the brain [38], following the schedule shown in Fig. 5A. On the
final day of treatment, mouse brain and blood samples were collected 6
h after the i.p. injection to evaluate the physiological and biochemical
changes induced by the treatment (see Fig. 5A).
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2.4. In vivo behavioral testing

All behavioral tests were performed during the dark phase of the
light/dark cycle by experimenters who were blind to the mouse geno-
type and treatment. The animals were experimentally naive. The treat-
ment and behavioral analysis scheme are shown in Fig. 5, panel A.

Open field test. The open field (OPF) test was conducted on day 5 of
the experimental schedule to assess whether OSMI-1 affects locomotor
activity in a novel environment (Fig. 5A). The apparatus consisted of a
plastic square arena (40 x 40 cm), enclosed by black walls (35 cm high)
and a brightly lit transparent floor (about 13 lux). Each mouse was
individually placed in the arena, with its head facing one of the walls,
and allowed to freely explore the environment for 15 min, following the
protocol previously described [41]. The floor was cleaned with 70 %
ethanol. The total distance traveled and time spent in the center of the
arena were automatically recorded using specialized behavioral
tracking software (ANY-maze Software Version 6.3, Stoelting Co., USA)
and served as a measure of mouse locomotor activity and anxiety-like
behavior, respectively.

Novel Object Recognition Test. The novel object recognition (NOR) test
was conducted on day 7 to evaluate the effects of treatment on recog-
nition memory (Fig. 5A). This test was performed on the same apparatus
used for the OPF test, allowing prior habituation to the environment and
minimizing stress related to exposure to a novel context. Two different
objects of similar size were used: a small metal wire birdcage and a
plastic construction toy. Objects were placed near the perimeter of the
arena to avoid the anxiogenic central zone of the apparatus, and their
assignments and positions were counterbalanced within each experi-
mental group. To reduce olfactory cues, both the apparatus and objects
were cleaned with 70 % ethanol between animals. The test includes two
phases. During training, each mouse was allowed to explore two iden-
tical familiar objects freely for up to 10 min. Exploration, which is
manually recorded, was considered complete when the mouse
approached the objects with its snout for a total of 15 s [42]. During the
test phase, after a 30-min interval during which the mice remained in
their home cages within the experimental room, one object was
replaced, and the mice were allowed to explore freely for 3 min. The
session was video-recorded, and the ANY-Maze video-tracking system
(version 6.3, Stoelting Co.) was used to measure the time spent exploring
each object automatically. Total object exploration was measured to
assess motivational differences in object-directed exploration. The
preference index, calculated as the proportion of time spent exploring
the novel object relative to the total exploration time of both objects
(with the chance level set at 50 %) during the test phase, served as the
measure of novelty memory retention.

General Health Evaluation. The assessment of the general health status
(GH) of the mice was performed using a protocol previously described
[33] to evaluate the treatment effects on the overall condition of the
mice. This analysis was done on day 8, prior to sample collection
(Fig. 5A). Each mouse was individually placed on a laboratory bench
and assigned a score from O (normal phenotype) to 4 (severely
compromised phenotype). The evaluation included parameters such as
gait, mobility, breathing, presence of kyphosis, coat condition, hind limb
clasping, tremors, seizures, and overall health. The individual scores for
each parameter were then averaged to produce a semi-quantitative
measure of symptom severity, called the “GH score.” The body weight
of the animals was also recorded.

2.5. RNA extraction and quantitative RT-PCR

RNA was extracted from the frozen hippocampus of the right hemi-
sphere from MeCP2-BIRD, MeCP2-308, and their age-matched WT
counterparts (4 samples from each group). The tissues were lysed with
an appropriate volume of QIAzol Lysis Reagent (Qiagen) and then
incubated for 5 min at room temperature. Then, chloroform was added
for 3 min to the samples (V = 20 % of the TRIzol Reagent volume), which
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were subsequently centrifuged for 15 min (12000 rpm, 4 °C). To sepa-
rate the RNA, isopropanol was added, and the mixture was incubated at
room temperature for 10 min. After isopropanol incubation, all the
samples were centrifuged for 15 min (12000 rpm, 4 °C), and the su-
pernatant was discarded. The pellet was washed with 75 % EtOH (5 min,
8000 rcf, 4 °C). The samples were resuspended in RNAse-free H20. The
RNA was quantified using a SpectraMax 13X (Molecular Devices), and
the cDNA was reverse transcribed using the cDNA High-Capacity Kit
(Applied Biosystems) [43]. The standardized samples were added to a
high-capacity RNA-to-cDNA kit (Applied Biosystems), which contained
reverse transcriptase, random primers, dNTPs, and buffer, according to
the manufacturer’s instructions. cDNA was produced through a series of
heating and annealing cycles in a MultiGene OPTIMAX 96-well Ther-
mocycler (LabNet International). Real-time PCR was performed using
the CFX OPUS96 (Bio-Rad Laboratories) under the following cycling
conditions: 35 cycles of denaturation at 95 °C for 20 s, followed by
annealing and extension at 60 °C for 20 s. The SensiFAST™ SYBR®
No-ROX Kit (Bioline) was used. One microliter of cDNA (100 ng of
standardized RNA samples) was diluted with 7 pl of RNase-free water
and 10 pl of SensiFAST SYBR® No-ROX Mix. We evaluated changes in
the expression of OGT (forward primer: 5-CTGTCACCCTTGACC-
CAAAT-3; reverse primer: 5'-ACGAAGATAAGCTGCCACAG-3) and OGA
(forward primer: 5-TGGAAGACCTTGGGTTATGG-3’; reverse primer:
5 -TGCTCAGCTTCTTCCACTGA-3"). Gene expression was assessed by
normalizing to GAPDH expression as an internal control (forward
primer: 5'-ACAGTCCATGCCATCACTGCC-3’; reverse primer:
5'-GCCTGCTTCACCACCTTCTTG-3"). The fold change was determined
via the 2-AACt method [44].

2.6. Protein sample preparation for western blot analysis

The total protein extract from the hippocampus of WT/MeCP2-308
(n = 8 independent samples) and WT/MeCP2-BIRD (n = 6 indepen-
dent samples) mice, as well as OSMI-1 or vehicle (Veh) treated animals
(n =8 WT Veh, n = 8 WT OSMI-1, n = 9 MeCP2-308 Veh, n = 8 MeCP2-
308 OSMI-1), was prepared in RIPA buffer (pH = 7.4) containing Tris-
HCl (50 mM, pH 7.4), NaCl (150 mM), 1 % NP-40, 0.25 % sodium
deoxycholate, 1 mM EDTA, 0.1 % SDS, supplemented with phosphatase
and protease inhibitors (539132, Millipore, 1:100; P0044, Sigma-—
Aldrich,; 1:100), PUGNAc (OGA inhibitor, 100 pM; A7229, Sigma-
Aldrich), and benzyl-2-acetamido-2-galactopyranose (OGT inhibitor,
2 mM; B4894, Sigma-Aldrich). Before clarification, samples were son-
icated on ice and then centrifuged at 14,000 x rpm at 4 °C for 30 min to
remove cellular debris. The supernatant was then used to determine the
total protein concentration via the BCA method (Pierce).

2.7. Western blot

For western blotting, 15 pg of proteins were resolved on a Criterion
TGX Stain-Free 4-15 % 18-well gel (#5678084, Bio-Rad Laboratories)
and 26-well gel (#5678085, Bio-Rad Laboratories) using a Criterion
large electrophoresis cell (#1656001, Bio-Rad Laboratories) in Tris/
Glycine/SDS (TGS) running buffer (#1610772, Bio-Rad Laboratories).
Immediately after electrophoresis, the gel was placed on a Chemi/UV/
Stain-Free tray and then inserted into a ChemiDoc MP imaging system
(#17001402, Bio-Rad Laboratories). The gel was UV-activated using
Image Lab Software (Bio-Rad Laboratories) to capture images of the
total protein load. Following electrophoresis and gel imaging, proteins
were transferred onto nitrocellulose membranes (#162-0115, Bio-Rad
Laboratories) using the TransBlot Turbo semidry blotting system
(#1704150, Bio-Rad Laboratories). The membranes were blocked with
3 % bovine serum albumin in 0.5 % Tween-20/Tris-buffered saline
(TTBS) and incubated overnight at 4 °C with the following primary
antibodies: O-GIcNAc CTD110.6 (1:500; SC-59623, Santa Cruz
Biotechnology), O-GlcNAc RL2 (1:1000; MABS157, Sigma-Aldrich),
OGT (1:500; SC-74546, Santa Cruz Biotechnology), OGA (1:1000; SAB
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4200267, Sigma-Aldrich), pS2**GFAT1 (1:1000; S343C, MRC-PPU),
GFAT1 (1:1000; 28121, IBL), p"*72AMPK (1:1000; GTX52341, Gene-
Tex), AMPKa1l/2 (1:500; SC-74461, Santa Cruz Biotechnology), CaMKIIL
(1:1000; ab175459, Abcam), LKB1 (1:1000; 3047, Cell Signaling Tech-
nology), p>*?®LKB1 (1:1000; 3482, Cell Signaling Technology), HO-1
(1:1000; ADI-SPA-895-F, Enzo Life Sciences), NQO1 (1:1000; 15926,
Invitrogen/Thermo Fisher Scientific), OXPHOS (1:3000; Ab011413,
Abcam), PGC-1a (1:1000; sc-518025, Santa Cruz Biotechnology), NRF1
(1:500; MA5-32782, Invitrogen), mt-TFA (1:500; sc-166965, Santa Cruz
Biotechnology), VDAC1 (1:500; sc-390996, Santa Cruz Biotechnology),
SOD2 (1:500; sc-137254, Santa Cruz Biotechnology), pS616pRP]
(1:1000; #3455, Cell Signaling Technology) and PS*’DRP1 (1:1000;
#4867, Cell Signaling Technology). After three washes with TTBS, the
membranes were incubated for 1 h at room temperature with an HRP-
conjugated secondary antibody: anti-rabbit IgG (1:10000; A6154,
Sigma-Aldrich), anti-mouse IgG (1:10000; A9044, Sigma-Merk). The
membranes were developed using Clarity ECL substrate (Bio-Rad Lab-
oratories, #1705061. Western blot signals were acquired and imaged
using a ChemiDoc MP imaging system (Bio-Rad Laboratories) with
automatic exposure settings to ensure detection within the linear dy-
namic range and to exclude signal saturation. Quantitative densito-
metric analysis was performed, incorporating membrane background
subtraction and normalization to stain-free total lane protein. Samples
derived from independent experiments and acquired on different
membranes were included in the analysis following normalization to
stain-free total lane protein to allow comparison across blots. In
particular, when assessing global protein modifications such as O-
GlcNAcylation, signal quantification was performed using a whole-lane
approach rather than individual band analysis. This whole-lane
approach is performed using rigorous software-aided analysis in Image
Lab software (Bio-Rad Laboratories), incorporating peak-area integra-
tion across high-, mid-, and low-molecular-weight regions, normaliza-
tion to stain-free total protein load, and correction for membrane
background, which is essential to avoid false-positive or visually driven
interpretations.

2.8. Slot blot analysis

To evaluate total protein-bound (i) 4-hydroxy-2-nonenal (4-HNE)
and (ii) 3-nitrotyrosine (3-NT) levels, 3 pl of hippocampal protein ho-
mogenate was incubated with 6 pl of Laemmli buffer (0.125 M Tris base,
pH 6.8; 4 % (v/v) SDS; and 20 % (v/v) glycerol) for 20 min at room
temperature, then loaded onto a nitrocellulose membrane as described
below. For protein carbonyl (PC) detection, 3 pl of hippocampal protein
homogenate was derivatized at room temperature for 20 min in 10 mM
DNPH, followed by the addition of 5 pl of 12 % sodium dodecyl sulfate
(SDS). The samples were then neutralized with 7.5 pl of neutralization
solution (2 M Tris in 30 % glycerol). Proteins (250 ng) were loaded into
each well on a nitrocellulose membrane under vacuum using a slot blot
apparatus. The membranes were blocked for 1 h at room temperature
with 3 % bovine serum albumin (SERVA Electrophoresis GmbH) in Tris-
buffered saline (TBS) containing 0.01 % Tween 20, then incubated at
room temperature for 2 h with primary antibodies: anti-4-HNE (1:2000,
Nb-10063093, Novus Biologicals),anti-3-NT (1:1000; N5538, Sigma-
—Aldrich) or anti-2,4-DNP (1:5000; MAB2223, Merk Millipore). After-
ward, the membranes were washed three times with TBS containing
0.01 % Tween 20 and incubated for 1 h at room temperature with
appropriate alkaline phosphatase-conjugated secondary antibodies:
anti-rabbit IgG (1:5000; A9919, Sigma-Aldrich) and anti-mouse IgG
(1:5000; A3688, Sigma-Aldrich). The membranes were then washed
three more times with TBS containing 0.01 % Tween 20 and developed
with Sigma Fast BCIP/NBT (5-Bromo-4-chloro-3-indolyl phosphate/
Nitro blue tetrazolium substrate). The blots were dried and imaged using
a ChemiDoc MP system (17001402, Bio-Rad Laboratories). The images
were then analyzed with Image Lab 6.0 software (Bio-Rad Laboratories).
No nonspecific antibody binding to the membrane was observed.
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2.9. ATP quantification

Intracellular ATP levels were measured in the left cryopreserved
hemisphere from WT and MeCP2-308 mice treated with either OSMI-1
or Veh (n = 7 WT Veh, n = 8 WT OSMI-1, n = 8 MeCP2-308 Veh, n
= 8 MeCP2-308 OSMI-1) using the ATP Assay Kit (MAK473, Sigma-
Aldrich) according to the manufacturer’s instructions with minor mod-
ifications. Briefly, the left hemisphere was dissected and cryopreserved
in a medium consisting of an ice-cold solution of 50 mM K-Mes (pH =
7.1), 3 mM KyHPOy, 9.5 mM MgCly, 3 mM ATP plus 20 % glycerol and
10 mg/mL bovine serum albumin (BSA), as in Ref. [45] and stored at
—80 °C. For ATP measurement, tissues were homogenized in the
kit-provided assay buffer and centrifuged to remove insoluble material.
The resulting supernatants were transferred to white, opaque,
flat-bottom 96-well plates (#3917, Corning Costar). The plates were
then incubated with the reaction mixture at room temperature, and
luminescence was recorded using a SpectraMax I3X (Molecular De-
vices). ATP concentrations were calculated based on a standard curve
provided in the assay protocol.

2.10. Peripheral oxidative stress evaluation

Trunk blood from a subset of WT and MeCP2-308 treated with either
OSMI-1 or Veh (n =7 WT Veh, n = 6 WT OSMI-1, n = 6 MeCP2-308 Veh,
n = 5 MeCP2-308 OSMI-1) was collected in heparinized tubes on day 8
of the experimental schedule, 6 h from the last i.p. injection, to evaluate
OSMI-1 effects on reactive oxidizing species (ROS) levels as in Ref. [45].
The spin probe 1-hydroxy-3-carboxy-pyrrolidine (CPH; 0.5 mM) was
incubated in 100 pL of mouse whole blood for 20 min at 37 °C. Samples
were loaded into gas-permeable Teflon tubes (internal diameter of 0.81
mm; wall thickness of 0.05 mm; Zeuss Industrial Products), which were
folded four times, inserted into a quartz tube, and placed in the cavity
(4108 TMH) of a Bruker ECS 106 Electron Paramagnetic Resonance
(EPR) spectrometer equipped with a variable temperature unit
(ER4111VT). The intensity of the 3-line-composed spectrum corre-
sponding to the nitroxyl 3-carboxy-proxyl radical (CPe) was recorded.
The spectrometer conditions were as follows: modulation frequency,
100 kHz; microwave frequency, 9.4 GHz; microwave power, 20 mW;
gain, 1 x 10* modulation amplitude, 1 G; conversion time, 20.5 ms;
time constant, 82 ms; scan time, 21 s; and number of scans, 1. CPe
formation of is not specific to a singular oxidant, but it reflects the to-
tality of ROS content, including superoxide anion, nitrogen dioxide,
peroxynitrite, and products of transition metal-catalyzed reactions. A
significant increase in CPe signal intensity indicates a pro-oxidant status
in the analyzed samples.

2.11. Statistical analysis

Statistical analyses were conducted using Student’s t-test to compare
WT controls with either the MeCP2-BIRD or MeCP2-308 groups. Cor-
relation analyses for both MeCP2-BIRD and MeCP2-308 were performed
using Pearson correlations. The study of the observed correlations was
conducted by controlling the false discovery rate at 0.1 according to the
Benjamini—Hochberg approach. Data obtained from pharmacologically
treated groups were analyzed by one-way ANOVA followed by Bonfer-
roni’s post hoc test for multiple group comparisons. Normality was
evaluated with the Shapiro-Wilk test prior to parametric analyses. A
two-way ANOVA was employed to assess the effects of genotype (WT vs.
MeCP2-308) and treatment (Veh vs. OSMI-1) as between-subject factors,
followed by Tukey’s test for post hoc comparisons. For data on peripheral
oxidative stress, which did not follow a normal distribution, we used the
Kruskal-Wallis test and Dunn’s test for post hoc comparisons. A one-
sample Student’s t-test was also used to compare the experimental
group’s mean to the 50 % chance level in the NOR test. Data are pre-
sented as mean + SEM. A p-value of less than 0.05 was considered sta-
tistically significant. All statistical analyses were performed using
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GraphPad Prism 10.0 software.

3. Results

3.1. O-GIcNAc levels and cycling are altered in the hippocampus of RTT
female mice

The analysis of total protein O-GlcNAc levels in the hippocampus of
two well-established mouse models revealed a significant increase in
both RTT models compared to their WT controls (MeCP2-308: +22 %, p
= 0.03; MeCP2-BIRD: +37 %, p = 0.04; Fig. 1A, B, and 1G, H). To
explore the mechanisms underlying the aberrant protein O-GlcNAc
levels, we analyzed the gene expression and protein levels of OGA and
OGT in the hippocampi of RTT mice. This analysis enables us to deter-
mine whether the regulation of these enzymes is disrupted and whether
the OGA/OGT cycle is altered in the RTT mouse brain. An increase in
OGT gene expression and protein levels was observed in the hippo-
campus of MeCP2-308 mice (transcript: +0.32-fold, p = 0.01; protein:
+32 %, p = 0.001) (Fig. 1C and D). Conversely, OGA gene expression
remained unchanged, though OGA protein levels were significantly
decreased (—26 %, p = 0.01) (Fig. 1E and F). Interestingly, in the
MeCP2-BIRD model, changes in the gene expression of both OGT and
OGA were detected (OGT: +0.23-fold, p = 0.02; OGA: —0.17-fold, p =
0.01) (Fig. 1I and K) despite these transcriptional alterations did not
correspond to changes in protein levels (Fig. 1J and L).

The AMPK-GFAT1-dependent nutrient-sensitive signaling pathway is
defective in the hippocampus of RTT female mice.

The proper balance of OGA/OGT cycling enzymes is one of the
numerous regulatory mechanisms that fine-tune protein O-GlcNAc
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levels in response to nutrient availability and cellular metabolic status
[4]. To further explore the mechanisms underlying the increased
O-GlcNAc levels in the RTT mouse hippocampus, we focused on a reg-
ulatory process that controls the production of the OGT substrate via the
HBP, by modulating the nutrient sensor AMPK (Fig. 2A-D). GFAT1, the
rate-limiting enzyme of the HBP, is negatively regulated by the inhibi-
tory phosphorylation of S243 by AMPK [46,47]. Phosphorylation of
GFAT1 at S243 was significantly reduced in the hippocampus of both
MeCP2-308 (—23 %, p = 0.03) (Fig. 2B) and MeCP2-BIRD (—30 %, p =
0.03) (Fig. 2E) compared to WT. No significant differences in GFAT1
protein levels were detected between the RTT mouse models (Fig. 2B-E).

To confirm whether altered AMPK signaling might contribute to the
reduced GFAT1 inhibitory phosphorylation in the hippocampus of RTT
mice, we analyzed the mechanism of AMPK activation [48,49]. We
consistently observed a significant reduction in AMPK activatory phos-
phorylation (p™72/AMPK) in both MeCP2-308 (—56 %, p = 0.02) and
MeCP2-BIRD (—31 %, p = 0.02) mutants compared with their WT
counterparts (Fig. 2C and F). No changes in total protein levels were
observed (Fig. 2C and F). Overall, our findings suggest that alterations in
AMPK-mediated regulatory mechanisms of GFAT1 may affect the HBP
rate, thereby explaining the elevated O-GlcNAc levels of proteins
observed in the RTT mouse hippocampus.

We also examined the mechanisms behind the reduced activation of
AMPK in the RTT mouse hippocampus by analyzing the induction of the
main kinases involved in triggering AMPK phosphorylation: Ca%*/
calmodulin-dependent protein kinase II (CaMKII) and liver kinase Bl
(LKB1) [50] (Fig. 3A and D). We found that CaMKII levels were signif-
icantly lower (—21 %, p = 0.04) in the MeCP2-308 mouse brain
compared to the WT mouse brain (Fig. 3B). At the same time, no
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Fig. 1. Aberrant O-GlcNAc levels and cycling occur in the hippocampi of female MeCP2-308 and MeCP2-BIRD mice. Changes in O-GlcNAc, OGT, and OGA
levels were examined in the hippocampi of WT/MeCP2-308 (n = 8 samples) and WT/MeCP2-BIRD (n = 6 samples) mice. (A and G) Representative Western blots and
densitometric analyses of (B and H) O-GlcNAc, (D and J) OGT, and (F and L) OGA. (C and I) Gene expression data for OGT in WT/MeCP2-308 (n = 4) and WT/
MeCP2-BIRD (n = 4) mice. (E and K) Gene expression data for OGA in WT/MeCP2-308 (n = 4) and WT/MeCP2-BIRD (n = 4) mice. Protein levels were normalized to
total protein. Densitometric values are expressed as percentages of WT, which is set at 100 %. Gene expression data were normalized to GAPDH levels. Fold change
was calculated using the 2(-AACt) method. Data are shown as means + SEMs. (*p < 0.05, **p < 0.01).
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Fig. 2. The AMPK-GFAT1-dependent nutrient-sensitive signaling pathway is impaired in the hippocampi of female mice of MeCP2-308 and MeCP2-BIRD
mouse models. Changes in AMPK and GFAT1 activation were examined in the hippocampi of WT/MeCP2-308 (n = 8 samples) and WT/MeCP2-BIRD (n = 6
samples) mice. (A and B) Representative Western blot images, along with densitometric analysis of (C and D) GFAT1 protein levels, GFAT152*® phosphorylation, and
GFAT1 activation (measured as the $>*3/GFAT1 ratio), and (E and F) AMPK protein levels, AMPK 72 phosphorylation, and AMPK activation (measured as the T*72/
AMPK ratio). Protein levels were normalized to total protein load. All densitometric values are expressed as a percentage of WT, which was set as 100 %. Data are

shown as mean + SEM. (*p < 0.05).

significant differences were observed in the MeCP2-BIRD model
(Fig. 3E). Additionally, no differences in LKB1 activation (pS428/LKB1)
were detected between the MeCP2-308 and MeCP2-BIRD models
(Fig. 3C-F). These findings suggest that the decreased AMPK phos-
phorylation in the RTT mouse brain may be due to alterations in
CaMKII-dependent mechanisms, specifically in the MeCP2-308 model.

3.2. Increased oxidative damage in RTT female mice

Evidence indicates that O-GlcNAc regulates stress-response signaling
and that impaired activation of these pathways may contribute to the
establishment of a pro-oxidant environment [51-53]. We therefore
assessed whether increased protein oxidative damage occurs in RTT
mouse models using three different markers of protein oxidation:
protein-bound 3-nitrotyrosine (3-NT), protein-bound 4-hydroxynonenal
(4-HNE), and protein carbonyls (PC). An increase in 4-HNE levels (+30
%, p 0.04) was observed in the hippocampal homogenates of
MeCP2-308 mice (Fig. 3G), while there were no changes in 3-NT or PC
levels. In contrast, the MeCP2-BIRD model exhibited a pronounced
oxidative damage profile, characterized by significant increases in both
3-nitrotyrosine (3-NT) levels (+231 %, p = 0.002) and 4-HNE levels
(+33 %, p = 0.04) (Fig. 3H). However, protein carbonyl (PC) levels did
not show significant changes.

3.3. Correlational analyses for MeCP2-308 and MeCP2-BIRD data

To further support our findings, we analyzed the relationships among
the examined proteins (Fig. 4A and B, and 4C). Although no changes in
the protein levels of both OGT and OGA were observed in the MeCP2-
BIRD model, a significant negative correlation between OGT and OGA
was found (Fig. 4C). This suggests that, in both RTT mouse models, al-
terations in the OGT/OGA expression ratio may influence O-GlcNAc
cycling, albeit to different extents. Interestingly, in the MeCP2-BIRD

model, the analysis also revealed a significant positive correlation be-
tween the reduced active form of AMPK (pTln/AMPK) and the inhibi-
tion of GFAT1 (Fig. 4C), suggesting that the loss of AMPK-mediated
regulation of GFAT1 may be relevant in this RTT mouse model. Addi-
tionally, the correlation matrix revealed a significant negative correla-
tion between lower levels of the inhibited form of GFAT1 (p5243/GFAT1)
and increased O-GlcNAc levels in MeCP2-308 mice (Fig. 4A), supporting
a role for GFAT1 in elevating O-GlcNAc levels.

3.4. OGT inhibition by OSMI-1 restores aberrant O-GIcNAc cycling in the
brain of MeCP2-308 mice

To support the potential relevance of pharmacological approaches
targeting altered O-GlcNAc in the hippocampus, we daily treated
MeCP2-308 female mice with the OGT inhibitor OSMI-1 for 8 days. This
well-validated model of RTT was chosen because it shows pronounced,
consistently measurable alterations in pathways relevant to our thera-
peutic hypothesis, including mitochondrial dysfunction and redox
imbalance [34,54,55]. This existing body of work provides a strong
mechanistic foundation, making the MeCP2-308 model appropriate for
the initial testing of this treatment strategy. Protein levels of O-GIcNAc,
OGT, and OGA were assessed by WB analysis to confirm treatment ef-
fects on O-GlcNAc homeostasis in the hippocampi of MeCP2-308 mice
(Fig. 5A). As shown in Fig. 5B, OSMI-1 administration significantly
reduced O-GlcNAc levels in MeCP2-308 mice, bringing them to values
similar to those of the MeCP2-308 Veh group (—41 %, p = 0.04). No
changes were observed in WT OSMI-1 mice. Two-way ANOVA
confirmed that the impact on O-GlcNAc levels was mainly driven by the
interaction between genotype and treatment (Table 1). Along with the
increase in O-GlcNAc levels, MeCP2-308 Veh mice showed increased
OGT expression (+228 % vs. WT Veh, p = 0.007) (Fig. 5C), which was
reduced after OSMI-1 treatment (—193 % vs. MeCP2-308 Veh, p =
0.047), reaching levels comparable to those in WT animals.



C. Sette et al.

A B
kDa WT MeCP2-308

50 [ e pSEKBT
50- | =] kBt z
50- [w | Camkil =

BEEREESESREREREE | Totl oad

KDa wT MeCP2-BIRD

50 - |"-'-----.-_..--—I| pS42BLKB1

50 - i-“--------—" LKB1

Camkll

Total load

3-NT  4-HNE PC

Free Radical Biology and Medicine 245 (2026) 1-17

CamKIl LKB1 pS#8  psi2s) KB1

250
= 200
s 150
= 100

CamkKII LKB1 pS428  ps428)] KB1

3NT  4-HNE PC

s WT
] MeCP2-308
B WT
[ MeCF2-BIRD

Fig. 3. Activation levels of CaMKII and LKB1 proteins, along with oxidative damage marker levels in the hippocampi of female mice of MeCP2-308 and
MeCP2-BIRD mouse models. Changes in CaMKII and LKB1 activation were assessed in the hippocampi of WT/MeCP2-308 (n = 8 samples) and WT/MeCP2-BIRD (n
= 6 samples) mice. (A) Representative blots, and (B and C) densitometric analysis of CaMKII and LKB1 proteins, including LKB154?® and LKB1 activation (measured
as the S*?8/LKB1 ratio) in WT/MeCP2-308. (D) Representative blots, and (E and F) densitometric analysis of CaMKII and LKB1 proteins, including LKB1%4?® and
LKB1 activation in WT/MeCP2-BIRD. (G and H) Slot blot analysis of 3-NT, 4-HNE, and PC levels in WT/MeCP2-308 and WT/MeCP2-BIRD animals. Protein levels
were normalized to total protein content. All densitometric results are expressed as a percentage of WT levels, which serve as the baseline at 100 %. Data are shown as

means = SEM. (*p < 0.05, **p < 0.01).

Consistently, OSMI-1 treatment did not significantly affect OGT levels in
WT mice. Two-way ANOVA revealed that OGT levels were significantly
influenced by both genotype and the interaction between genotype and
treatment, indicating a genotype-dependent response to the treatment
(Table 1). Conversely, OSMI-1 treatment did not significantly affect
OGA expression in either treated or untreated MeCP2-308 and WT mice
(Fig. 5D). Two-way ANOVA revealed that OGA levels were influenced
only by genotype (Table 1).

3.5. OGT inhibition reduces oxidative stress in the brain and periphery of
MeCP2-308 mice

Considering the relationship between O-GlcNAc and redox re-
sponses, as well as the prooxidant phenotype observed in transgenic
mouse models of RTT, we aimed to determine whether an 8-day sys-
temic treatment with OSMI-1 could reduce blood oxidative stress status
and oxidative damage in the hippocampus [53,56]. Consistent with
earlier findings [54], MeCP2-308 Veh mice showed increased CP e in-
tensity compared to WT Veh (p < 0.01 after post hoc comparisons on
group effect: H3 = 14.066 (p < 0.003; Fig. 5E and Table 1), confirming a
prooxidant state in the blood. The treatment with OSMI-1 significantly
lowered these levels in MeCP2-308 mice, bringing them back to WT Veh
levels (p < 0.05 after post hoc comparison; Fig. 5E). Analysis of the
hippocampus revealed that OSMI-1 treatment significantly reduced
3-NT levels in both genotypes (Fig. 5F): in WT mice, OSMI-1 caused a
substantial reduction of 3-NT levels (—53 % vs. WT Veh, p = 0.005), and
a similar decrease was observed in MeCP2-308 mice (—43 % vs.
MeCP2-308Veh, p = 0.04). Two-way ANOVA revealed that 3-NT levels

were influenced by the treatment (Table 1). These results suggest that
OGT inhibition by OSMI-1 reduces 3-NT levels independently of geno-
type, indicating a general attenuation of nitrosative stress. Likewise,
OSMI- significantly decreased 4-HNE accumulation in MeCP2-308 mice
(—53 % vs. MeCP2-308 Veh, p = 0.04), whereas no significant differ-
ences were found between the treated and untreated WT groups
(Fig. 5G). The two-way ANOVA demonstrated that 4-HNE levels were
influenced by both genotype and treatment (Table 1). In contrast,
OSMI-1 treatment did not reduce PC accumulation in either MeCP2-308
or WT animals (Fig. 5H). Additionally, we assessed the induction of the
NRF2-related antioxidant response following OSMI-1 administration by
analyzing the protein expressions of HO-1 and NQO1 (Fig. 5I). Our data
show an increase of NQO1 expression in the MeCP2-308 OSMI-1 group
compared to MeCP2-308 Veh (+52 %, p = 0.017) (Fig. 5J) and elevated
HO-1 levels compared to MeCP2-308 Veh (+81 %, p = 0.021) and WT
OSMI-1 (+76 %, p = 0.042) (Fig. 5K). These findings imply that OGT
inhibition with OSMI-1 enhances redox responses and reduces ROS
production and oxidative damage in RTT mice, consistent with previous
findings [53,56,571.

3.6. Systemic treatment with OSMI-1 improves the cognitive performance
of the MeCP2-308 female mice in the novel object recognition test

Since aberrant brain O-GlcNAc has been reported to be associated
with cognitive dysfunction [17,58], we asked whether the restoration of
O-GlcNAc normal brain levels in the hippocampus of RTT female mice
was accompanied by an improvement in RTT-related cognitive defects
in the MeCP2-308 mouse model. To this aim, we assessed recognition



C. Sette et al.

Free Radical Biology and Medicine 245 (2026) 1-17

A MeCP2 models MeCP2-308
- = ¥ -
308 BIRD & E Ex - B3
! ! 'z: E - 5 % ¥ E g i g
O-GlcNac 4 031 | 043 OS5 SIS BS E
[ K] Omg.t.')“n."n.d"n. n._ngu % I o
OGA -« -0.42 0.04 0-GlcNac
oGT - 036 | 0.24 e
pS#3GFAT1 - -0.42 | -0.47 | prcaraT
GFAT1 4 031 | -0.23 psijjfziim i
p
p5243 IGFAT1 AMPK
- T"zJ'AMPK
p“?zAMPK -1 pp5428LKB1 [ |
LKB1 .
AMPK ps428 LKB1| |
pT1 T2IAMPK 0B CamKIl
= 3NT 1 ¥
S428 KB1 4 -0.03 | 0.01 HNE o
P Pl I H S N
LKB1 4 0.10 | -0.14
pS428)LKB1 -{ 0.03 | 0.14 MeCP2-BIRD
= - - x -
CamKll o £ X S B
3NT - g B8z .33 33
935 SIEEE§BS Ey
HNE -4 038 | 041 0060%6%03 053558
0-GicN S]
pc < 008 | 0.00 oA
OGT]
pS243GFAT1
Log, [
psi‘::szFAﬁ
pT172AMPK
1 0 1 AMPK
pT172 JAMPK
pS428LKB1
LKB1
pS428 [ KB1
CamKIll
3NT o
HNE =] m
PC 5

Fig. 4. Pearson correlation analyses and schematic data presentation. Pearson correlation analyses were conducted to examine relationships among the data
collected in our study. Correlations are displayed as a correlation matrix. (A) Heatmap based on data from the two murine models of RTT. The values represent the
Log, fold changes in MeCP2-308/WT and MeCP2-BIRD/WT. (B) Pearson r values are shown for MeCP2-308. (C) Pearson r values are shown for MeCP2-BIRD. The
matrix illustrates changes in correlation (bottom section, red and blue) and significance (top section, p < 0.05 in yellow). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

memory in the NOR test after 7 days of treatment (Fig. 6A), a cognitive
domain that it is highly affected in RTT models. WT Veh mice demon-
strated a preference index significantly above the 50 % chance level (WT
Veh vs. 50 % chance: t12 = 2.284; p = 0.041; Fig. 5B and Table 2),
confirming preserved recognition memory. By contrast, MeCP2-308
mice did not show a preference for the novel object, thus confirming
impaired novelty recognition (Fig. 6B). Consistent with our hypothesis,
OSMI-1 treatment improved NOR performance in MeCP2-308 mice, as
shown by the increased preference index in OSMI-1-treated MeCP2-308
mice (MeCP2-308 Veh vs. 50 % chance: tg = 2.787; p = 0.021; Fig. 6B
and Table 2), reaching levels similar to those of WT Veh mice. No dif-
ferences in the total object exploration were observed among experi-
mental groups (Table S1), suggesting comparable exploratory
motivation.

Mice were tested in the OPF test to confirm that locomotion, anxiety-
like behaviour, and spontaneous activity are not compromised in the
MeCP2-308 mice and evaluate treatment effects thereon, to exclude that
these alterations might have affected the cognitive performance in the
NOR test. No significant differences in total distance traveled were
found among the groups, confirming that MeCP2-308 mice did not
exhibit significant locomotor impairments (Fig. 6C) and that OSMI-1 did
not influence locomotor activity. Moreover, no genotype nor treatment

differences were found in the time spent in the central/intimidating
zone of the arena (Table S1), which is considered an index of anxiety-
like behaviour. On the last day of the experiment, the effects of OSMI-
1 on GH conditions were also evaluated to rule out the potential side
effects of the treatment. Consistent with previous findings, MeCP2-308
mice exhibited higher GH scores compared to WT mice (main effect of
genotype; Fig. 6D and Table 2), confirming impaired GH conditions
relative to controls. The 8-day-long systemic OSMI-1 treatment did not
alter the GH profile of the experimental mice (Fig. 6D). Body weight
analysis showed that MeCP2-308 mice weighed more than WT controls,
with no treatment effects observed [main effect of genotype: Mean +
standard error (SEM) — WT Veh = 25.192 + 0.299 g; WT OSMI-1 =
25.783 + 0.293 g; MeCP2-308 Veh = 28.100 + 0.818 g; MeCP2-308
OSMI-1 = 28.992 + 1.107 g].

3.7. OSMI-1 enhances the expression of mitochondrial respiratory chain
complexes III and V and boosts ATP production in MeCP2-308 mice

Accumulating evidence indicates that dynamic changes in O-
GlcNAcylation play a crucial role in regulating mitochondrial homeo-
stasis and bioenergetics [13,16,51]. To assess the impact of OGT inhi-
bition on mitochondrial respiratory function, we measured the protein
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Fig. 5. OSMI-1 rescues O-GlcNAc signaling and oxidative stress levels in the hippocampus and blood of RTT female mice. (A) Representative Western blot
images and densitometric analysis of total O-GlcNAcylation (O-GlcNAc), OGT, and OGA protein levels from hippocampal lysates of WT and MeCP2-308 mice treated
with Veh or OSMI-1 (WT n = 8, WT OSMI-1 n = 8, MeCP2-308 n = 9, MeCP2-308 OSMI-1 n = 8). (B-D) Quantification of total O-GlcNAc levels (B), OGT (C), and
OGA (D) expression normalized to WT Veh. OSMI-1 treatment significantly reduced O-GlcNAc and OGT levels in MeCP2-308 mice, with a stronger effect observed in
MeCP2-308 mice. OGA levels were significantly elevated in MeCP2-308 mice and were not altered by treatment. (E) Nitroxyl 3-carboxy-proxyl radical (CPe) intensity
was measured in whole blood by electron paramagnetic resonance and considered as an index of ROS production; data are normalized to WT Veh values. n = 5-7
(F-H) Slot blot quantification of oxidative stress markers in peripheral tissue: 3-NT (F), 4-HNE (G), and PC (H) levels from hippocampal lysates of WT and MeCP2-
308 mice treated with Veh or OSMI-1 (WT n = 8, WT OSMI-1 n = 8, MeCP2-308 n = 9, MeCP2-308 OSMI-1 n = 8). MeCP2-308 mice showed significantly elevated
levels of 4-HNE and PC. OSMI-1 treatment significantly reduced both 3-NT and 4-HNE levels in MeCP2-308 mice. (I-K) Representative Western blot images and
densitometric analysis of NQO1 and HO-1 protein levels in the four comparison groups. Protein levels were normalized by total protein load. Densitometric values are
expressed as a percentage of the WT Veh set at 100 %. Data are shown as means + SEM. (*p < 0.05; **p < 0.01, ***p < 0.001). Data of (E) are shown as boxplots
displaying the 10th, 25th, 50th (median), 75th, and 90th percentiles (*p < 0.05, **p < 0.01).

levels of mitochondrial complexes (Fig. 7A). Complex I (NDUFB8 sub- differentially affected mitochondrial complex expression. A significant
unit) and Complex II (SDHB subunit) showed a trend toward reduced main effect of genotype was observed for Complex IV, indicating that the
expression in MeCP2-308 Veh mice compared to WT Veh, indicating a MeCP2 mutation influences this complex independently of treatment
mild impairment in the initial steps of the respiratory chain. However, (Table 1). Complex III levels were significantly affected by treatment
these differences were not statistically significant (Fig. 7B-C). Similarly, alone, suggesting an effect independent of genotype. In contrast, Com-
OSMI-1 treatment did not significantly affect the expression of Complex plex V expression was influenced by the genotype x treatment inter-

I and II in MeCP2-308 mice. Complex III (UQCRC2 subunit) expression action, showing a genotype-dependent response to OSMI-1 (Table 1). To
showed a mild, non-significant reduction in MeCP2-308 Veh mice evaluate whether OSMI-1 effectively restored OXPHOS function, we
compared with WT controls. OSMI-1 treatment significantly increased measured ATP production across all groups. As shown in Fig. 7G,
Complex III levels in MeCP2-308 mice (438 %, p = 0.03), restoring them MeCP2-308 Veh mice exhibited a trend of decreased ATP levels
to WT values (Fig. 7D). Complex IV (MTCO1) expression was signifi- compared to WT Veh mice, suggesting impaired mitochondrial bio-
cantly reduced in MeCP2-308 Veh mice (—32 %, p = 0.03), with a slight, energetics. Significantly, OSMI-1 treatment consistently increased ATP
non-significant increase after OSMI-1 treatment (Fig. 7E). Complex V levels in MeCP2-308 mice compared to their Veh counterparts (+1.231
(ATP5F1A) levels were modestly decreased in MeCP2-308 Veh mice but pM; p = 0.001), restoring values to WT Veh levels. No significant dif-
significantly increased following OSMI-1 treatment, reaching values ferences in ATP content were observed between WT groups.
comparable to WT (+34 %, p = 0.04) (Fig. 7F). Two-way ANOVA

analysis showed that genotype, treatment, and their interaction
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Table 1
Two-way ANOVA analysis and heat map for biochemical analysis in OSMI-1-treated animals. The two-way ANOVA examines the effects of
genotype (MeCP2-308 Veh vs. WT Veh) and treatment (MeCP2-308 OSMI-1 vs. MeCP2-308) on data from WB and SB analyses. The table presents
F-values and p-values for the main effects of each factor and their interaction. The heat map illustrates changes (Log2) of targets related to O-
GlcNAcylation, oxidative stress, mitochondrial biogenesis, and respiratory chain complexes in MeCP2-308 Veh vs. WT Veh (genotype-driven) and
in MeCP2-308 OSMI-1 vs. MeCP2-308 Veh (treatment-driven). (*p < 0.05; **p < 0.01, ***p < 0.001).

Target of Analysis

Treatment in 308
Veh  OSMI-1

Treatment
(308-Veh, 308-08MI-1)
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Genotype

(WT Veh, 308 Veh)

Interaction

0

0-GIcNAc | 051 | 049 | F(1,28)=0.55p=0.46 F(1,28)= 0.81 p=0.37 F(1,28)= 9.53 p=0.004 **
0oGT F(1,26)= 2.48 p=0.12 F(1,26)= 5.32 p=0.02 * F(1,26)= 5.74 p=0.02*
0GA 0.72 F(1,26)= 3.69 p=0.06 F(1,26)= 4.37 p=0.04 * F(1,26)= 2.30 p=0.13
3-NT -0.04 || F(1,26)= 20 p=0.0001 *** F(1,26)= 0.07 p=0.79 F(1,26)= 0.20 p=0.65
4-HNE 0.84 -0.51 F(1,26)= 6.01 p=0.02 * | F(1,26)= 18.70 p=0.0002 *** F(1,26)= 1.82 p=0.18
PC 0.65 0.01 F(1,26)= 0.047 p=0.82 | F(1,26)= 16.90 p=0.0004 *** F(1,26)=0.11 p=0.73
mt-TFA -0.38 0.75 F(1,27)= 4.68 p=0.03 * F(1,27)= 10.84 p=0.002 ** F(1,27)= 2.90 p=0.09
VDAC1 I 0.74 F(1,26)= 5.78 p=0.02 * F(1,26)= 0.50 p=0.48 F(1,26)= 3.58 p=0.06
NRF1 -0.09 0.71 F(1,29)= 5.96 p=0.02 * F(1,29)= 1.17 p=0.28 F(1,29)=2.16 p=0.15
PGC1a 0.62 0.79 F(1,29)= 9.86 p=0.003 ** | F(1,29)= 16.86 p=0.0003 *** F(1,29)= 6.98 p=0.01"*
soD2 0.15 0.00 F(1,29)= 0.22 p=0.63 F(1,29)=0.18 p=0.67 F(1,29)= 0.19 p=0.66
NQO1 -0.42 0.20 F(1,29)= 2.31 p=0.14 F(1,29)= 0.10 p=0.75 F(1,20)= 7.88 p=0.009 **
HO-1 -0.12 0.79 F(1,29)= 4.07 p=0.05 * F(1,29)= 3.08 p=0.09 F(1,29)= 4.69 p=0.04*
PS618 DRP1 0.08 0.67 F(1,29)= 3.73 p=0.06 F(1,29)= 7.35 p=0.01 ** F(1,29)= 9.94 p=0.003 **
PSS7DRP1 0.73 F(1,28)= 2.89 p=0.10 F(1,28)= 1.77 p=0.19 F(1,28)= 5.33 p=0.03 *
PSE1DRP1/ PSE37DRP1 -0.51 F(1,27)=8.06 p=0.008 ** | F(1,27)= 8.27 p=0.007 ** F(1,27)= 11.45 p=0.002 **
Complex | (NDUFB8) -0.45 0.12 F(1,20)=0.81 p=0.37 F(1,29)= 1.06 p=0.30 F(1,20)= 2.52 p=0.12
Complex Il (SDHB) -0.22 017 F(1,29)=0.46 p=0.49 F(1,29)= 4.00 p=0.06 F(1,29)=0.12 p=0.72
Complex Il (UQCRC2) -0.18 0.51 F(1,26)=6.90 p=0.01 * F(1,26)= 0.01 p=0.90 F(1,26)= 1.7 p=0.20
Complex IV (MTCO1) -0.64 0.24 F(1,28)=0.15 p=0.69 F(1,28)= 4.2 p=0.04 * F(1,28)= 3.4 p=0.07
Complex V (ATP5F1A) -0.15 0.45 F(1,28)= 2.26 p=0.14 F(1,28)= 1.8 p=0.19 F(1,28)= 5.53 p=0.02 *
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Fig. 6. OSMI-1 improves recognition memory in RTT female mice at an advanced stage of the disease. A) Timeline of OSMI-1 treatment. MeCP2-308 mice and
wild-type (WT) controls were intraperitoneally (i.p.) injected with either OSMI-1 (100 pg/kg) or the Veh solution (0.1 % DMSO in saline). Starting on day 5 of the
treatment schedule, experimental animals underwent a battery of behavioral tests to evaluate the effects of OSMI-1 treatment on RTT-related phenotypes. The open
field (OPF) test was performed on day 5 to assess locomotor activity, while cognitive abilities were evaluated on day 7 through the novel object recognition (NOR)
test. The general health (GH) scoring, followed by the collection of brain and blood samples, was conducted on day 8 of treatment. Behavioral tests were performed
during OSMI-1 treatment in WT/MeCP2-308 groups (n = 10-14). (B) The preference index was calculated as the time spent exploring the novel object divided by the
total time spent exploring both familiar and novel objects, serving as a measure of novelty discrimination in the object recognition test. The dashed line represents the
chance level (50 %). (C) In the OPF test, the distance traveled in the arena was used as a measure of the mice’s locomotor activity in a new environment. (D) The GH
status was qualitatively assessed by assigning a score (ranging from 0 = normal appearance to 4 = highly compromised) for each of the following categories: gait,
mobility, breathing, kyphosis, fur condition, hindlimb clasping, tremors, seizure occurrence, and overall condition. The individual scores for each category were
averaged to produce a semiquantitative measure of symptom severity, called the GH score (measured in average units, AU). Data are shown as means + SEM. (***p
< 0.001. *p < 0.05 versus chance level set at 50 %).
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Table 2

Two-way ANOVA analysis for behavioral and biochemical parameters in
OSMI-1-treated animals. The two-way ANOVA analysis examines the effects of
genotype (MeCP2-308 Veh vs. WT Veh) and treatment (MeCP2-308 OSMI-1 vs.
MeCP2-308 Veh) on behavioral and biochemical outcomes.The table presents F-
values and p-values for the main effects of each factor and their interaction.
Behavioral parameters include performance in the novel object recognition
(NOR) and open field (OPF) tests, general health status (GH assestement), and
body weight. Biochemical parameters include blood reactive oxygen species
(ROS) and ATP levels. (*p < 0.05; **p < 0.01, ***p < 0.001, ****p < 0.0001.

Target of Analysis

Preference index
(NOR TEST)

Distance traveled
(OPF test)

GH score
(GH assestement)

Body weight

ROS blood level

ATP
quantification

Treatment
(308-Veh, 308-
OSMI-1)

F(1,44) = 0.088;
p=0.768
F(1,47) = 0.604;
p = 0.441
F(1,47) = 0.427;
p =0.516

F(1,48) = 1.012;
p=10.319

F(1,20) = 44.90;
P<0.0001 ****
F(1,25) = 12.23;
p = 0.0018 **

Genotype

(WT Veh, 308
Veh)

F(1,44) = 0.041;
p=0.841
F(1,47) = 2.481;
p=0.121
F(1,47) =
28.923; p<0.001

F(1,48) =
17.206; p<0.001
F(1,20) = 54.19;
P<0.0001 *#**
F(2,25) =
0.0057; p = 0.94

Interaction

F(1,44) = 5.979;
p=0.018 *
F(1,47) = 2.09 x
10°%; p = 0.996
F(1,47) = 3.002;
p = 0.089

F(1,48) = 0.042;
p = 0.839

F(1,20) = 63.09;
P<0.0001 *¥**
F(2,25) = 2,37; p
=0.11

3.8. Systemic treatment with OSMI-1 restores mitochondrial integrity in
MeCP2-308 mice by coordinating the regulation of biogenesis and
dynamics

O-GlcNAcylation regulates mitochondrial dynamics by modulating
fusion and fission proteins and influences oxidative phosphorylation by
modifying respiratory chain components [57,59-61]. Additionally,
O-GIcNAc of antioxidant enzymes and metabolic regulators helps
maintain redox balance and promotes mitochondrial biogenesis [16,62,
63]. Through these mechanisms, O-GlcNAc significantly influences
neuronal energy metabolism, synaptic plasticity, and ultimately brain
function and cognition. To investigate whether a normalization of
mitochondrial homeostasis may account for the beneficial effects exer-
ted by the pharmacological OGT inhibition in a RTT mouse model, we
assessed the expression levels of several mitochondrial markers related
to biogenesis, membrane integrity, redox homeostasis, and dynamics in
hippocampal samples from OSMI-1-treated RTT mice (Fig. 8A). As
shown in Fig. 8B, OSMI-1 administration caused a notable increase in
peroxisome proliferator-activated receptor gamma coactivator 1-alpha
(PGC-1a) in MeCP2-308 mice (+147 % vs. MeCP2-308 Veh, p =
0.001). PGC-1a is a key regulator of mitochondrial biogenesis, func-
tioning as a transcriptional coactivator that integrates metabolic and
stress signals to enhance the expression of genes involved in mito-
chondrial replication, transcription, and activity [64]. Two-way ANOVA
analysis revealed that PGC-la levels depend on treatment, genotype,
and their interaction (Table 1). This transcriptional activation was
associated with changes in key regulators of mitochondrial DNA repli-
cation and transcription, including nuclear respiratory factor 1 (NRF1)
and mitochondrial transcription factor A (mt-TFA) (Fig. 8C-D). While
NRF1 levels showed a trend toward an increase in OSMI-1-treated
MeCP2-308 mice (+37 % vs. MeCP2-308 Veh), this change did not reach
statistical significance (Fig. 8C). In contrast, mt-TFA levels were signif-
icantly increased following OSMI-1 treatment (428 % vs. MeCP2-308
Veh, p = 0.04) (Fig. 8D). Two-way ANOVA indicated that NRF1 levels
are significantly affected by treatment, while mt-TFA levels are influ-
enced by both treatment and genotype (Table 1). To further examine
how OSMI-1 impacts mitochondrial function, we investigated the
expression of voltage-dependent anion channel 1 (VDAC1), a critical
protein located on the outer mitochondrial membrane that regulates
metabolite exchange between mitochondria and the cytosol, and plays a
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vital role in maintaining mitochondrial permeability and energy ho-
meostasis [65]. In MeCP2-308 Veh mice, VDACI levels show a trend
toward reduction compared to WT mice (Fig. 8E), suggesting compro-
mised mitochondrial membrane integrity in RTT models. Notably,
OSMI-1 treatment restored VDAC1 levels to those observed in WT mice,
indicating that OGT inhibition effectively rescues the structural and
functional integrity of the mitochondrial network (+60 % vs.
MeCP2-308 Veh, p = 0.02). Two-way ANOVA confirmed a significant
treatment effect on VDAC1 levels (Table 1). Superoxide dismutase 2
(SOD2) showed a mild, non-significant increase in MeCP2-308 mice vs
WT mice, and no difference was observed after treatment (Fig. 8F).
Although this trend reflects a compensatory enhanced mitochondrial
antioxidant capacity, further research is needed to determine the func-
tional significance of this change. Next, we assessed the activity of
Dynamin-related protein 1 (DRP1) following OSMI-1 treatment. Its ac-
tivity is regulated through phosphorylation at two key serine residues:
S616, which promotes fission, and S637, which inhibits it and favors
mitochondrial elongation [66]. In MeCP2-308 mice, OSMI-1 caused a
significant increase in pS616 DRP1 (+79 % vs. MeCP2-308 Veh, p =
0.004) (Fig. 8G), indicating increased DRP1 activation and mitochon-
drial fission. Additionally, pS616 levels were significantly higher in
OSMI-1-treated MeCP2-308 mice than in OSMI-1-treated WT mice (+92
%, p = 0.001) (Fig. 8G), suggesting a stronger effect of OSMI-1 under
pathological conditions. Inhibitory phosphorylation at S637 was
elevated but not significantly in MeCP2-308 Veh mice vs WT mice
(Fig. 8H). OSMI-1 treatment significantly reduced pS637-DRP1 levels
(—86 % vs. MeCP2-308 Veh, p = 0.03), suggesting a reversal of the
inhibitory restraint on DRP1 mitochondrial translocation and GTPase
activity. Consequently, the ratio of pS616 to pS637 was increased in
MeCP2-308 mice treated with OSMI-1 (+388 % vs. MeCP2-308 Veh, p
= 0.0007) (Fig. 8I), indicating a shift toward mitochondrial fission.
Two-way ANOVA revealed significant effects of genotype, treatment,
and their interaction on DRP1 phosphorylation (pS616 and pS637) and
on the pS616/pS637 ratio (Table 1), indicating that OSMI-1 modulates
DRP1 activation in a genotype-dependent manner (Table 1).

4. Discussion

The results of this study provide the first evidence that the molecular
machinery responsible for protein O-GlcNAc is significantly altered in
the hippocampus of RTT mice across two well-validated mouse models
of the disease. Elevated O-GIcNAc levels and molecular changes in O-
GlcNAc-dependent pathways also occur. Notably, pharmacological in-
hibition of OGT was associated with normalization of O-GlcNAc ho-
meostasis and with improvements in markers of mitochondrial
biogenesis, energy production, redox regulation, and recognition
memory, supporting the potential therapeutic relevance of modulating
abnormal O-GlcNAc profiles in RTT. These findings offer new insights
into the molecular basis of RTT pathology, emphasizing previously un-
explored mechanisms associated with brain dysfunction in RTT and
could serve as future therapeutic targets (Fig. 9).

One of the main conclusions of the present study is that the nutrient-
sensing protein O-GlcNAc is increased in the hippocampus of murine
models of RTT, a neurological and intellectual disability disorder char-
acterized by metabolic dysfunction at both central and peripheral levels.
These findings expand the list of neurological disorders that exhibit an
imbalance of this PTM [67]. Notably, whereas most neurological dis-
orders studied to date display decreased protein O-GlcNAc levels in the
central nervous system [23], our data reveal an increase in O-GlcNAc
levels in the RTT brain. In addition, our results are consistent with
previous research showing that abnormal increases in this PTM lead to
neuronal dysfunction and are associated with neurological phenotypes
throughout life. Indeed, hyper-O-GlcNAcylation during early brain
development results in delayed brain growth, along with growth defects
and metabolic irregularities resembling those observed in RTT [8].
Additionally, higher protein O-GlcNAc levels are observed in aged mice,
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Fig. 7. OSMI-1 restores expression of mitochondrial respiratory chain Complexes III and V in the hippocampus of MeCP2-308 mice. (A) Representative
Western blot images and densitometric analysis of mitochondrial oxidative phosphorylation (OXPHOS) expression levels in hippocampal lysates from WT and
MeCP2-308 mice treated with Veh or OSMI-1 (WT n = 8, WT OSMI-1 n = 8, MeCP2-308 n = 9, MeCP2-308 OSMI-1 n = 8). (B-F) Quantification of Complex I (B),
Complex II (C), Complex III (D), Complex IV (E), and Complex V (F) levels. Protein levels were normalized to total protein load. All densitometric values are
expressed as a percentage of the WT Veh, which is 100 %. Data are shown as means &+ SEM. Columns illustrate differences among groups. Each dot represents one
animal. Statistical analysis: one-way ANOVA followed by Bonferroni’s multiple comparisons post hoc test (*p < 0.05; **p < 0.01; ***p < 0.001). (G) Quantification
of intracellular ATP levels in hippocampal lysates from WT and MeCP2-308 mice treated with Veh or OSMI-1 (WT n = 7, WT OSMI-1 n = 8, MeCP2-308 n = 8,
MeCP2-308 OSMI-1 n = 8). ATP levels are expressed as a percentage relative to those of WT Veh-treated animals, which are set as 1. Data are presented as mean +

SEM. (*p < 0.05; **p < 0.01).

suggesting a link between increased O-GlcNAc and age-related cognitive
decline [68]. Taken together, these findings suggest that both elevated
and low levels of O-GlcNAc may be associated with similar neurological
changes, stressing the relevance of the homeostatic regulation of this
PTM for disorders of the central nervous system [23,69].

Interestingly, previous results have shown that O-GlcNAc specifically
regulates MeCP2 function during neurodevelopment and synaptic
plasticity [70]. These findings imply that changes in this PTM may lead
to MeCP2-related neurobiological issues, even in conditions where this
gene appears to be fully functional. Our results extend current knowl-
edge by demonstrating that the MeCP2-dependent alterations in hip-
pocampal O-GlcNAc levels are not limited to a small number of proteins
but rather alter functional and regulatory mechanisms, causing a
widespread effect that could impact brain development, maturation, and
function. Indeed, disorders displaying abnormal brain protein O-GlcNAc
levels share similar pathological mechanisms and cognitive changes [17,
69,711, highlighting the translational potential of therapeutic ap-
proaches targeting OGT and aberrant brain O-GlcNAc.

Remarkably, we found that an 8-day-long systemic administration of
the OGT inhibitor OSMI-1 restored enzymatic balance within the O-
GlcNAc cycle, reducing brain hyper-O-GlcNAcylation in the hippocam-
pus of RTT mice. In support of the need to preserve an appropriate O-
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GlcNAc balance in the brain to guarantee proper brain function, we also
observed that the normalization of O-GlcNAc levels was associated with
the rescue of RTT-related neurobehavioral defects. Present results sup-
port a functional connection between elevated O-GlcNAc and RTT
pathogenesis and suggest that, by reestablishing O-GlcNAc homeostasis,
the systemic treatment with OSMI-1 may have affected signals that are
compromised in RTT [41,45,54,72], thus improving mitochondrial
bioenergetics, redox regulation, and recognition memory [51,73]. This
is consistent with previous studies demonstrating that O-GlcNAcylation
modulates mitochondrial biogenesis, respiratory chain efficiency, anti-
oxidant signaling, and neuronal plasticity [13,16,51]. Furthermore,
numerous studies have highlighted a close link between protein
O-GlcNAc levels and learning and memory [38,58]. The correlative
nature of our results, however, does not allow us to rule out the possi-
bility that O-GlcNAc alterations in RTT brain may initially serve a
compensatory purpose that becomes maladaptive when chronically
dysregulated, and that an increase in this PTM could exacerbate existing
metabolic vulnerabilities rather than play a pathogenic role. Further
studies using genetic approaches are required to establish the patho-
genic relevance of the reported alterations.

Interestingly, in the RTT mouse brain, the disruption of the O-
GlcNAc cycle appears to occur at multiple levels of the redundant
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Fig. 8. OSMI-1 improves mitochondrial biogenesis, membrane integrity, and dynamic balance in the hippocampus of MeCP2-308 mice. (A) Representative
Western blot images and densitometric analysis of mitochondrial biogenesis regulators (PGC-1a, NRF1, mt-TFA), outer membrane marker (VDAC1), antioxidant
enzyme (SOD2), and phosphorylated forms of DRP1 (pS616 and pS637) expression levels in hippocampal lysates from WT and MeCP2-308 mice treated with Veh or
OSMI-1 (WT n = 8, WT OSMI-1 n = 8, MeCP2-308 n = 9, MeCP2-308 OSMI-1 n = 8). (B-F) Densitometric quantification of PGC-1a (B), NRF1 (C), mt-TFA (D),
VDAC1 (E), SOD2 (F) levels. (G-I) Densitometric quantification of DRP1 phosphorylation status at serine 616 (G) and serine 637 (H) and pS616/pS637 ratio (I).
Protein levels were normalized per total protein load. All densitometric values are expressed as a percentage of the WT Veh, which is 100 %. Data are presented as
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regulatory mechanisms that have evolved to maintain O-GlcNAc ho-
meostasis. On the one hand, changes in the OGT/OGA ratio at either the
gene or protein level could impair the enzymatic processes responsible
for adding or removing O-GlcNAc from target proteins. Additionally,
since RTT mice show decreased AMPK activation and reduced inhibitory
phosphorylation of GFAT1, conditions predicted to increase HBP flux
and UDP-GlcNAc availability, the disruption of AMPK/GFAT1 signalling
may be a mechanism underlying metabolic changes and elevated protein
O-GlcNAc levels in RTT. The latest possibility, however, is challenged by
the observation that, in the two mouse models, different CaMKII in-
duction patterns were observed, as already reported by other re-
searchers [74-76]. Data on MeCP2-308 mice, in fact, support a role for
CaMKII reduction in sustaining lowered AMPK activation. However,
CaMKII hypoactivity was not observed in the hippocampus of the
MeCP2-BIRD mouse. To note, differences between these models support
previous findings that various mutations in MeCP2 transgenic mice can
have significant neurobiological, structural, and metabolic effects [77].
However, the analysis of O-GlcNAc cycling, its regulatory pathways, and
downstream effects revealed similar changes in both MeCP2-308 and
MeCP2-BIRD mice, underscoring the potential significance of the re-
ported alterations for RTT pathology. In fact, although we acknowledge
that the increase of O-GlcNAcylation alone does not allow to establish
whether elevated O-GlcNAc acts as a causal driver of pathology, these
converging observations provide a strong scientific rationale for further
examining O-GlcNAc dysregulation as a contributor to RTT-related
impairments.

Although there is substantial consensus that O-GlcNAc cycling is a
prominent metabolism-dependent regulator of neural function, the un-
derlying mechanisms remain debated [4,8,78]. These mechanisms may
involve changes in redox balance and modulation of mitochondrial
function [13,51,59], both of which are known to play significant roles in
RTT-related brain dysfunctions [33,34,79]. We demonstrate that altered
O-GlcNAc levels are associated with increased oxidative stress and
protein oxidation in agreement with previous studies [52,80]. However,
the severity of these effects varied across RTT models. The treatment of
MeCP2-308 mice with OSMI-1 re-tuned protein O-GlcNAcylation levels
and reduced oxidative damage in both the brain and the periphery. This
may reflect a direct role of OGT in regulating redox-sensitive pathways
by decreasing the production and detoxification of nitrosative products
and lipid-derived reactive aldehydes under physiological and patho-
logical conditions [53,56,57]. Additionally, we demonstrate the induc-
tion of NRF2 antioxidant pathways, but not SOD2, following OSMI-1
administration. OSMI-1-induced NRF2 activation may thus have sup-
ported cell survival mechanisms during the restoration of O-GlcNAc
homeostasis [16,53]. Furthermore, considering mitochondria’s vulner-
ability to oxidative insults and their critical roles in energy homeostasis
and neurological impairments, it is possible to hypothesize that
OSMI-1’s antioxidant effects may have contributed to the improved
mitochondrial function in the RTT mouse brain. Mitochondrial
dysfunction is a hallmark of RTT, involving abnormal morphology,
disrupted membrane potential, impaired respiratory chain activity,
reduced ATP production, and increased oxidative stress [31,32,34,81].
Consistently, RTT models show marked alterations in the mitochondrial
proteome, particularly affecting oxidative phosphorylation and mito-
chondrial quality control pathways [54,82,83]. Emerging evidence in-
dicates that restoring O-GlcNAc levels may alleviate these defects by
regulating proteins involved in mitochondrial dynamics, energy meta-
bolism, and antioxidant defenses [13,16,59,61].

As regards energy production, our results demonstrated that OSMI-1
selectively increased the expression of key mitochondrial respiratory
complexes that are altered in RTT mouse brain, particularly subunits of
Complexes III and V, thereby facilitating the recovery of electron
transport and ATP synthesis. This effect on the distal parts of the res-
piratory chain probably explains the enhanced mitochondrial function
observed in RTT mice, without disturbing respiratory balance under
normal conditions. Consistent with this, measurements of intracellular
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ATP confirmed a significant increase in ATP production in the RTT
model after OGT inhibition. Interestingly, ATP levels mirrored the
expression patterns of OXPHOS complexes, which were reduced in Veh-
treated MeCP2-308 mice compared to WT and restored by OSMI-1
treatment, indicating a direct link between complex expression and
energy output.

The evaluation of mitochondrial markers related to biogenesis,
membrane integrity, and dynamics revealed a coordinated upregulation
of the PGC-1a/NRF1/mt-TFA axis, suggesting that OSMI-1 reactivated
the mitochondrial renewal machinery in MeCP2-308 mice. This acti-
vation is meaningful: PGC-1a is a master regulator of mitochondrial
biogenesis and has been implicated in neurodevelopmental and neuro-
degenerative conditions. Simultaneously, the normalization of VDAC1
indicates broader stabilization of mitochondrial architecture, poten-
tially enhancing organelle communication and metabolic efficiency in
the RTT hippocampus. Furthermore, our analysis of DRP1, which me-
diates mitochondrial fission via GTP hydrolysis, revealed that OSMI-1
increased DRP1 expression/activation in MeCP2-308 mice. While
excessive fission is often associated with pathology, a controlled in-
crease in DRP1 activity during mitochondrial dysfunction, such as RTT,
may help remove damaged mitochondria, improve their distribution
within neurons, and support biogenesis [84]. Overall, the concurrent
activation of the PGC-la/NRF1/mt-TFA axis, VDAC1, and DRP1,
together with the expression and activity of essential respiratory chain
complexes, supports the notion that OSMI-1 may promote mitochondrial
health by enhancing ATP production and regulating both mitochondrial
dynamics and biogenesis.

5. Conclusions and limitations of the study

In conclusion, the current results reveal novel molecular and meta-
bolic alterations in the RTT mouse brain, providing fresh insights into
the mechanisms underlying hippocampal dysfunction in RTT. Notably,
this study is the first to report an increase in O-GlcNAc levels linked to
altered OGT/OGA cycling in this disorder, uncovering a previously un-
known aspect of its molecular pathology.

While our study provides promising evidence for altered O-GlcNAc
modification in murine RTT models, several limitations remain. Defin-
itive validation of the pathogenic role of increased O-GlcNAc will
require genetic manipulation of OGT/OGA and direct metabolic flux
analyses. Larger sample sizes, additional RTT models, and broader
cognitive testing are needed to establish causality and generalize
treatment effects. To enhance translational relevance, analyses of
human brain or peripheral samples from individuals with RTT are also
necessary. Another limitation is the age of the mice, which prevents
assessment of early O-GlcNAc dysregulation during RTT development, a
key factor for understanding disease onset and progression. In addition,
the lack of spatial and cell-type-specific analyses limits insight into
localized O-GlcNAc regulation. Finally, although OSMI-1 is a widely
used and relatively selective OGT inhibitor, potential off-target effects
cannot be entirely excluded [39].

Although we cannot undoubtedly prove the pathogenic role of
abnormal O-GlcNAc in RTT pathology, our data provide new insights for
therapeutic intervention. Indeed, by pharmacologically targeting OGT
through systemic administration, we achieved normalized brain O-
GlcNAc levels, along with improvements in recognition memory per-
formances, redox responses, and brain mitochondrial health. Overall,
these findings highlight the translational potential of targeting O-
GlcNAc in RTT.
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MeCP2  Methyl-CpG-binding protein 2

MeCP2-308 Female mice carrying a Mecp2 late truncating mutation

MeCP2-BIRD Female mice carrying a Mecp2 null mutation

MTCO1 Cytochrome c oxidase subunit 1

mt-TFA  Mitochondrial transcription factor A

NDUFB8 NADH dehydrogenase (ubiquinone) 1 beta subcomplex
subunit 8

NOR novel object recognition test

NRF1 Nuclear Respiratory Factor 1

NRF2 Nuclear factor erythroid 2-related factor 2

NQO1 NAD(P)H: quinone oxidoreductase 1
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benzeneacetamide)
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Ser serine

SOD2 Manganese Superoxide Dismutase

SR Sexually receptive

Thr threonine

UDP Uridine diphosphate

UQCRC2 Ubiquinol-cytochrome c reductase core protein 2

VDAC1 Voltage-Dependent Anion-Selective Channel 1

Veh vehicle solution

WB Western Blot
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