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Abstract

Diabetes has been associated with an increased risk of cognitive decline and dementia. However, the mechanisms underlying
this association remain unclear and no effective therapeutic interventions exist. Accumulating evidence demonstrates that
mitochondrial defects are a key feature of diabetes contributing to neurodegenerative events. It has also been demonstrated
that the putative tumor suppressor WW domain-containing oxidoreductase 1 (WWOX) can interact with mitochondria in
several pathological conditions. However, its role in diabetes-associated neurodegeneration remains unknown. So, this study
aimed to evaluate the role of WWOX activation in high glucose-induced neuronal damage and death. Our experiments were
mainly performed in differentiated SH-SYS5Y neuroblastoma cells exposed to high glucose and treated (or not) with Zfral-
31, the specific inhibitor of WWOX. Several parameters were analyzed namely cell viability, WWOX activation (tyrosine
33 residue phosphorylation), mitochondrial function, reactive oxygen species (ROS) production, biogenesis, and dynam-
ics, autophagy and oxidative stress/damage. The levels of the neurotoxic proteins amyloid  (Ap) and phosphorylated Tau
(pTau) and of synaptic integrity markers were also evaluated. We observed that high glucose increased the levels of activated
WWOX. Interestingly, brain cortical and hippocampal homogenates from young (6-month old) diabetic GK rats showed
increased levels of activated WWOX compared to older GK rats (12-month old) suggesting that WWOX plays an early role
in the diabetic brain. In neuronal cells, high glucose impaired mitochondrial respiration, dynamics and biogenesis, increased
mitochondrial ROS production and decreased mitochondrial membrane potential and ATP production. More, high glucose
augmented oxidative stress/damage and the levels of AP and pTau proteins and affected autophagy, contributing to the loss
of synaptic integrity and cell death. Of note, the activation of WWOX preceded mitochondrial dysfunction and cell death.
Importantly, the inhibition of WWOX with Zfral-31 reversed, totally or partially, the alterations promoted by high glucose.
Altogether our observations demonstrate that under high glucose conditions WWOX activation contributes to mitochondrial
anomalies and neuronal damage and death, which suggests that WWOX is a potential therapeutic target for early interven-
tions. Our findings also support the efficacy of Zfral-31 in treating hyperglycemia/diabetes-associated neurodegeneration.
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Introduction

Diabetes is a metabolic disorder with an estimate incidence
of over 537 million of people in 2021 according to Interna-
tional Diabetes Federation [1]. Around 90% of all diabetes
cases are type 2 diabetes (T2D) and more than 374 millions
of people present a high risk to develop this metabolic dis-
ease [2]. The uncontrolled raise in diabetes pandemic carries
with it enormous health costs due to its complications that
include central nervous system damage and an increased risk
for cognitive decline and dementia (e.g., vascular dementia
and Alzheimer’s disease; AD) [3-7]. To find effective thera-
peutic targets and strategies, it is crucial to clarify the mech-
anisms underlying diabetes-associated neurodegeneration.

Previous studies from us and others clearly demonstrate
that mitochondria are a mechanistic link between diabe-
tes and brain damage [4, 7-12]. Studies from our labo-
ratory showed that T2D and AD mouse models present
similar profiles of cognitive, vascular and mitochondrial
abnormalities [4, 13] supporting the hypothesis that T2D
enhances the risk of developing AD. More, mitochondrial
dysfunction and redox imbalance have been observed in
primary cultures of cortical neurons and NT2 neuron-like
cells exposed to glucose variations (high/low glucose) and
high glucose, respectively [14], as well as in the hippocam-
pus of chemically induced diabetic rats [9]. Nevertheless,
mechanistic gaps persist in hyperglycemia/diabetes-asso-
ciated neurodegeneration hampering the development of
effective therapies to prevent this complication.

Besides being a tumor suppressor, WW domain-con-
taining oxidoreductase 1 (WWOX) is a functional partici-
pant in molecular interactions, signaling, and apoptosis in
many diseases [15]. During apoptosis or stress responses,
the cytosolic expression of WWOX increases followed by
its translocation to mitochondria and/or nucleus, a process
that requires the phosphorylation of WWOX at tyrosine
33 residue [16]. The involvement of WWOX in neuro-
degenerative conditions has been suggested, however,
with contradictory roles [17-20]. For example, a previous
study demonstrated that WWOX mediates 1-methyl-4-phe-
nylpyridinium (MPP*)-induced neuronal death, a model of
Parkinson’s disease (PD) [18]. In contrast, decreased levels
of WWOX were observed in hippocampal neurons of AD
human subjects [17]; although an increase in the levels of
WWOX phosphorylated at serine 14 residue was associ-
ated with AD development [21]. Alterations in WWOX
gene (e.g., null and missense mutations) are believed to
be involved in the development of severe neural diseases
and metabolic disorders [19, 20, 22-25]. However, and
as far as we know, there is no published evidence about
the involvement of WWOX in hyperglycemia-associated
mitochondrial and neuronal damage.
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In this line, this study aimed to demonstrate the involve-
ment of activated WWOX in mitochondrial defects observed
in neuronal cells exposed to high glucose. In addition, the
therapeutic potential of Zinc finger-like protein that regu-
lates apoptosis 31-amino-acid protein (Zfral-31), the spe-
cific inhibitor of WWOX, was also assessed. The experi-
ments were carried out in differentiated SH-SY5Y human
neuroblastoma cells exposed to high glucose treated (or
not) with Zfral-31, at two different time points: 3 h (early
intervention) and 24 h (late intervention) after glucose expo-
sure. Several parameters were analyzed namely cell viability,
WWOX activation (tyrosine 33 residue phosphorylation),
mitochondrial membrane potential (AWm), mitochondrial
respiratory chain parameters, ATP and reactive oxygen spe-
cies (ROS) production, oxidative stress and damage, mito-
chondrial biogenesis and dynamics and autophagy-related
protein markers. The levels of amyloid B (AP) peptide,
phosphorylated tau (ptau), synaptic integrity markers and
apoptotic cell death were also assessed. The levels of acti-
vated WWOX were also determined in brain cortical and
hippocampal samples from T2D rats. Overall, our findings
show that WWOX activation is a key and early player in
high glucose/diabetes-induced neuronal damage and death.
Our results also support the therapeutic potential of Zfral-
31 in the treatment of hyperglycemia/diabetes-associated
neurodegeneration.

Material and methods
Chemicals

Tetramethylrhodamine methyl ester (TMRM) was obtained
from Invitrogen Molecular Probes (Portugal). Protease and
phosphatase inhibitors were obtained from Roche Applied
Science (Portugal). Substrate for Western blotting, ECF™
and RPN5785 were obtained from GE Healthcare, Portugal.
Antibodies manufacturers and dilutions used are described
in Table 1. All the other chemicals were of the highest grade
of purity commercially available.

Animals’ maintenance and characterization

6- and 12-month-old male Wistar and Goto-Kakizaki (GK)
rats were housed in our animal colony (Animal Facility, Fac-
ulty of Medicine/Center for Neuroscience and Cell Biol-
ogy, University of Coimbra). The GK rat is a spontaneous,
non-obese model of T2D. Rats were maintained under con-
trolled light (12 h day/night cycle) and humidity with free
access (except in the fasting period) to water and powdered
rodent chow (URF1; Charles River). Animals were anes-
thetized with ketamine/chlorpromazine [ketamine chloride
(75 mg/kg, im, Parke-Davis, Ann Arbor, MI, USA) and
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Table 1 Antibodies list

Dilution Source Company/reference

Alexa Fluor 488 anti-rabbit IgG conjugate 1:100 Goat Life technologies (A11008)
Alexa Fluor 594 anti-mouse IgG conjugated 1:100 Goat Life technologies (A11005)
B-Actin 1:5000 Mouse Sigma (A5441)
Autophagy Related 7 (Atg7) 1:1000 Rabbit Cell Signaling (2631)
B-cell lymphoma 2 (Bcl-2) (50E3) 1:1000 Rabbit Cell Signaling (2870)
Beclin 1:750 Mouse BD Transduction (612113)
Dynamin Like Protein-1 (DRP1) 1:1000 Mouse BD Biosciences (611113)
Phospho-DRP1 (Ser616) 1:1000 Rabbit Cell Signaling (3455)
Fisl 1:1000 Rabbit Novus Biologicals (NB100-56646)
LAMP 1 (C54H11) 1:1000 Rabbit Cell Signaling (3243)
LC3 1:1000 Rabbit Cell signaling (3868)
MAP2 1:200 Mouse Millipore (MAB3418)
-3 Tubulin 1:200 Rabbit Sigma (T2200)
Minl 1:1000 Rabbit Santa Cruz Biotechnology (sc-50330)
Mfn2 1:1000 Mouse Santa Cruz Biotechnology (sc-100560)
Mitochondrially encoded cytochrome c¢ oxidase I (COX1/ 1:1000 Rabbit Cell signaling (62101)

MT-CO1)
p-mTOR (Ser2448) 1:1000 Rabbit Cell Signaling (2971)
mTOR 1:1000 Mouse Cell Signaling (4517)
NADH dehydrogenase subunit 1 (ND1) (C-18) 1:750 Goat Santa Cruz Biotechnology (sc-20493)
Nuclear factor E2-related factor 1 (NRF1) 1:750 Rabbit Santa Cruz Biotechnology (sc-33771)
OPA1 1:1000 Mouse BD Biosciences (612607)
P53(1C12) 1:1000 Mouse Cell Signaling (2524)
p62 1:1000 Rabbit Sigma (P0067)
PI3K (class III-D9AS) 1:1000 Rabbit Cell Signaling (4263S)
PI3K (p110-alpha-C73F8) 1:1000 Rabbit Cell Signaling (4249S)
Parkin (Prk8) 1:1000 Mouse Cell Signaling (4211S)
VDAC/porin 1:750 Rabbit abcam(ab34726)
Anti-WWOX (phospho Y33) 1:750 Rabbit Abcam (ab193624
WWOX 1:1000 Rabbit Merck Millipore (ABN413)
Post synaptic density 95 (PSD95) 1:1000 Rabbit Cell Signaling (D27E11)
Synaptophysin 1:1000 Mouse Sigma (S5768)
Synaptosomal-Associated Protein, 25 kDa (SNAP25) 1:750 Mouse Sigma(S5187)
Succinate Dehydrogenase Subunit A (SDHA) 1:1000 Rabbit Cell signaling (5839)
p-Tau Antibody (Ser 396) 1:1000 Rabbit Santa Cruz Biotechnology (sc-101815)
Abeta (6E10) 1:1000 Mouse Covance (SIG-39300)

chlorpromazine chloride (2.65 mg/kg, im, Lab. Vitéria, Por-
tugal)] and sacrificed by decapitation. Immediately before
animals’ sacrifice, body weight was evaluated, blood glucose
levels were determined by a glucose oxidase reaction, using
a commercial glucometer (Glucometer—Elite Bayer, Portu-
gal) and compatible reactive tests (Ascencia Elite Bayer,
Portugal). Animals’ experimentation was performed in
accordance with the ARRIVE guidelines, and the European
Union and Portuguese legislation (Directive 2010/63/EU;
DL113/2013, August 7, respectively), upon approval by the
Ethics Committee of the Center for Neuroscience and Cell
Biology and Faculty of Medicine, University of Coimbra.

Rats’ manipulation was performed by qualified persons
(accredited by Federation of Laboratory Animal Science
Association (FELASA) and Direcdo Geral de Alimentagao
e Veterinaria, DGAV).

Cells culture, differentiation, and treatment

Human neuroblastoma SH-SY5Y (ECACC; Sigma
Aldrich) cells were cultured in 75 cm? flasks in Dulbecco’s
Modified Eagle’s medium: nutrient mixture F-12 (DMEM-
F12; Gibco-Invitrogen, UK) supplemented with 10%
heat-inactivated fetal bovine serum (FBS), 1.2 g/l sodium
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bicarbonate; 50 U/ml penicillin and 50 pg/ml streptomy-
cin, in humidified air with 5% CO2 at 37°C. To perform
the experiments, cells were trypsinized (Sigma-Aldrich,
USA), counted in a Neubauer chamber using trypan blue
and seeded at a density of 50 x 103 cells/well for cell
viability and mitochondrial ROS production assays or at
250 % 10* cells/well for Western blot analyses. To obtain
cells with morphological and biochemical characteristics
of mature neurons, after 24 h of seeding, the cells’ medium
was renewed to DMEM-F12 supplemented with 1% FBS,
50 U/ml penicillin, 50 pg/ml streptomycin, 50 pg/ml of
uridine and 0.11 g/l sodium pyruvate freshly supplemented
with 10 pM retinoic acid (RA) for 10 days (Fig. 1) as
previously described [26]. In the first set of experiments,
differentiated cells were exposed to DMEM-F12 medium
supplemented with 10- or 25-mM glucose during 24 h or
48 h. Differentiated cells exposed to DMEM-F12 medium
without glucose supplementation were used as control
cells. In the second set of experiments, differentiated
cells were incubated with 25 mM glucose for 48 h and
exposed to 20 pM Zfral-31 peptide (Genemed synthesis,

A
DayO0 Day1 Day 4
T 1 |
Seeding RA RA

mssrrsssckyceqdfrahtqknaatpfla n >95%) 3 h (early inter-
vention; EI) or 24 h (late intervention; LI) after glucose
incubation (Fig. 1) after the beginning of glucose incu-
bation. Cells not exposed to Zfral-31 were also used as
control cells.

MTT assay for cell viability

After the appropriate incubations, cells seeded in 24-mul-
tiwell plates were incubated with 3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide (MTT) substrate
for 2 h [27]. Viable cells with active metabolism converted
MTT into an insoluble purple colored formazan product,
which was solubilized by acidified isopropanol. The quan-
tity of formazan was measured by recording changes in
absorbance at 570 nm using a spectrophotometer Spec-
traMax Plus 384, being the quantity of formazan directly
proportional to the number of viable cells. The results
were expressed as percentage of control absorbance for
each individual experiment.

Glucose 10mM or 25mM

Day 10
Experiments

Day 7

1 I 1

Day 8 Day 9

RA Glucose  Zfra1-31
25mM (24hours
+ after)
Zfra1-31

(3hours after)

Fig. 1 Experimental design and characterization of differentiated SH-
SYSY cells. A Timeline of experimental protocol; B.1 B-III tubulin
(microtubule element of the tubulin family found almost exclusively
in neurons); B.2 Hoechst (used for specifically staining the nuclei of
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living or fixed cells or tissues); B.3 MAP2 (neuron-specific cytoskele-
tal proteins enriched in dendrites and perikaryal); B.4. Representative
images of 3 independent experiments. MAP2 microtubule-associated
protein 2, RA retinoic acid
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Measurement of mitochondrial membrane potential

Mitochondrial membrane potential (A¥Ym) was deter-
mined using the cationic fluorescent probe tetrameth-
ylrhodamine methyl ester (TMRM™, #T668; Molecular
probes), which accumulates predominantly in polarized
mitochondria [28]. After treatments, differentiated SH-
SYS5Y cells were washed with phosphate buffer saline
(PBS) and incubated with DMEM phenol free medium
(Gibco-Invitrogen, UK) supplemented with 3.15 g/I glu-
cose, 1% heat-inactivated FBS, 1.2 g/l sodium bicarbo-
nate, 1% penicillin/streptomycin, 0.11 g/l sodium pyru-
vate and 50 pg/ml uridine containing 300 nM TMRM™ for
1 h at 37 °C. Basal fluorescence (540 nm excitation and
590 nm emission wavelengths, with a cutoff at 590 nm)
was measured using a SpectraMax GEMINI EM fluo-
rometer (Molecular Devices) every 30 s for a total of
3 min. After, carbonilcyanide p-triflouromethoxyphe-
nylhydrazone (FCCP; 1 pM) and oligomycin (2 pg/ml)
were added to the medium, which contributed to maximal
mitochondrial depolarization. Fluorescence (540 nm exci-
tation and 590 nm emission wavelengths, with a cutoff at
590 nm) was measured once more, every 30 s for a total
of 3 min. The difference between the increase of TMRM™
fluorescence upon addition of FCCP plus oligomycin and
basal fluorescence values was used to evaluate A¥Ym. The
results were expressed as percentage of control fluores-
cence for each individual experiment.

Measurement of mitochondrial reactive oxygen
species

The presence of hydrogen peroxide (H,0,) within the
mitochondria was determined using the selective mito-
chondrial fluorescent probe MitoPY1 (Tocris Biosci-
ence™, #44-281-0), which allows to detect the presence
of H,0, within the mitochondria [29]. Briefly, 1 h before
the end of the incubation period, cells were incubated
with 10 pM MitoPY1 at 37 °C. After the incubation, cells
were washed with warm PBS and placed in DMEM phe-
nol free medium (Gibco-Invitrogen, UK) supplemented
with 3.15 g/l glucose, 1% heat-inactivated FBS, 1.2 g/l
sodium bicarbonate, 1% penicillin/streptomycin, 0.11 g/1
sodium pyruvate and 50 pg/ml uridine, and the fluores-
cence was read for 30 min (excitation 503 nm, emission
540 nm) using a microplate reader spectrofluorometer
Gemini EM (Molecular Devices, USA). MitoPY1 fluo-
rescence was expressed as percentage of control for each
individual experience. The mitochondrial complex III
inhibitor, antimycin A (AA), was used as positive control
for mitochondrial ROS production.

Evaluation of carbonyl groups levels

Carbonyl groups were determined according to Colombo
et al. [30], with slight modifications. Briefly, 50 ug of each
sample were incubated with 10 mM 2,4 dinitrophenylhydra-
zine (DNPH) solution, vortex-mixed and incubated in the
dark at room temperature (RT) for 60 min, with vortex-mix-
ing every 10-15 min. At the end of the incubation period,
20% of trichloroacetic acid (TCA) solution was added to the
protein samples and incubated on ice for 15 min. Then, sam-
ples were centrifuged at 10,000xXg in a tabletop microcentri-
fuge for 5 min, at 4 °C. Then, supernatants were discarded
and protein pellets were washed with 1 ml of 20% TCA
vortex-mix, and centrifuged at 10,000xg for 5 min, at 4 °C.
Supernatants were discarded and protein pellets were washed
with 1 ml of 1:1 (v/v) ethanol:ethyl acetate and mix by to
remove any free DNPH. Those wash steps were repeated at
least twice until the supernatants were completely transpar-
ent and then, the pellets were collected by centrifugation at
10,000xg for 5 min, at 4 °C. The final pellets were left to
dry for about 5 min to allow complete solvent evaporation
and then they were resuspended in 1 ml of 6 M guanidine
hydrochloride (dissolved in 50 mM phosphate buffer, pH
2.3) and incubated at 37 °C for 15-30 min with vortex mix-
ing. The carbonyl content was evaluated from the maximum
absorbance, at 360 nm, measured in a SpectraMax Plus 384
multiplate reader, and calculated using a molar absorption
coefficient (¢) at 360 nm=22x 103 M~!' cm~!. The results
were expressed as pmol/mg protein.

Nitrite levels

Nitrite levels were determined indirectly in the samples
through the nitric oxide (NOe) production upon reaction
with the Griess reagent, according to Green et al. [31].
Briefly, 125 pl of the cells’ medium were incubated, for
10 min, in 125 pl Griess reagent (containing 1% sulfanila-
mide in 2.5% phosphoric acid, plus 0.1% nr-(1-naphthyl)
ethylenediamine dihydrochloride), protected from light.
Then, the absorbance of the medium was read at 550 nm, in
a SpectraMax Plus 384 multiplate reader. The nitrite con-
tent was calculated using a standard curve of sodium nitrite.
Results were expressed as pM.

Measurement of thiobarbituric acid reactive
substances (TBARS) levels

TBARS levels were determined using the thiobarbituric acid
(TBA) assay, according to a modified procedure described by
Ernster and Nordenbrand [32]. Briefly, 50 pug of each sample
were incubated in 250 pl of reaction medium (175 mM KCI;
10 mM Tris—HCI; pH 7.4), at 37 °C. The reaction was started
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with the addition of 1 mM ADP/0.1 mM Fe?* and stopped
after 15 min with the addition of 250 ul of 40% TCA. Then,
1 ml of 0.67% TBA was added to each sample, vortex-mixed
and boiled for 15 min, at 100 °C. Samples were centrifuged
at 18,000xg for 10 min and the absorbance of the superna-
tants were measured at 530 nm. The amount of TBARS was
calculated using a molar coefficient of 1.56x 105 M~ cm™!
and expressed as nmol TBARS/mg protein.

Seahorse XF24 extracellular flux analyzer
measurements

Mitochondria oxygen consumption rate (OCR) was evalu-
ated by seeding approximately 15,000 cells per well in the
24-well cell culture microplates provided by the manufac-
turer (Agilent, Santa Clara, CA, USA; Cat. No. 100777-
004), as previously described [33]. Briefly, after cells
differentiation and treatments, and 1 h before placing the
culture microplates in the Seahorse analyzer, the cells were
washed in unbuffered DMEM from Sigma Chemical Co
(St. Louis, MO, USA; Cat. No. 5030) supplemented with
25 mM glucose, 1.82 mM sodium pyruvate, and 0.2 mM
L-glutamine, without HEPES and sodium bicarbonate, at
pH7.4. OCR measurements were made using a 1 min mix,
30 s wait, and 3 min read cycling protocol. During the first
3 reading periods, basal OCRs were determined. After the
third reading, 1 pM of oligomycin was injected to the wells
and the resulting OCR was measured over 3 reading cycles.
After this, two injections of 2 pM FCCP were performed
and for each injection the OCR was recorded over 3 cycles.
Finally, a mixture of rotenone (2 pM) and AA (2 pM) was
injected into the wells and the resultant OCR was measured
over 3 reading cycles. Rotenone (a mitochondrial complex
I inhibitor) and AA (a mitochondrial complex III inhibitor)
were used to inhibit mitochondrial respiration allowing the
determination of the non-mitochondrial OCR. To calculate
the basal mitochondrial OCR, the non-mitochondrial OCR
is subtracted from the OCR obtained before the addition
of oligomycin (inhibits the mitochondrial ATP synthase).
To evaluate the maximal respiratory capacity, we subtracted
the non-mitochondrial OCR from the OCR following FCCP
addition (disrupts ATP synthesis by dissipating the proton
gradient). To obtain the spare respiratory capacity, we sub-
tracted the basal mitochondrial OCR from the maximal res-
piratory capacity. The mitochondrial ATP production was
assessed after oligomycin addition, by subtracting the non-
mitochondrial OCR from the OCR value after oligomycin
addition.

Caspase 3 activity

Caspase 3 activity was measured using a colorimetric
method, as previously described [34]. Briefly, 25 pg of total
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protein lysate were incubated, at 37 °C for 2 h, in 25 mM
Hepes, pH 7.5 containing 0.1% CHAPS, 10% sucrose, 2 mM
DTT, and 40 pM Ac-DEVD-pNA. Caspase 3-like activity
was determined by measuring substrate cleavage at 405 nm
in a microplate spectrophotometer SpectraMax Plus 384
(Molecular Devices, USA). Values were expressed as per-
centage of control for each individual experiment.

Cells’ protein extraction for Western blot analysis

After the proper incubations, cells were lysed by adding
50 pl lysis buffer (Cell Signaling #9803) supplemented with
protease inhibitors (cOmplete™, Mini, EDTA-free Protease
Inhibitor Cocktail from Roche, #04693159001), phosphatase
inhibitors (commercial phosphatase inhibitor cocktail,
PhosSTOP™, from Roche, #4906837001), 0.1 M phenyl-
methanesulfonyl fluoride (PMSF) (Sigma, #10837091001)
and 0.2 M dithiothreitol (DTT) (Sigma, #D9163). The
mixture was frozen 3 times in liquid nitrogen to favor cells
disruption, centrifuged at 18,000xg (Eppendorf centrifuge
5415C) for 10 min, at 4 °C, as previously described [35].
The supernatants represent the cytosolic fractions and the
resulting pellets the membrane fractions. The protein con-
centration of the samples was determined with the Pierce ™
BCA Protein Assay Kit (Thermo Fisher, #23227).

Brain tissue processing for Western blot analysis

After the sacrifice of the animals, the brains were quickly
removed, and the cerebral cortexes were dissected on ice,
flash-frozen using liquid nitrogen and stored at — 80 °C [35].
For the Western blot analysis, a small portion of the brain
cortex and hippocampus was homogenized in 1 X lysis buffer
(Cell Signaling # 9803), supplemented with 0.1 M PMSF,
0.2 M DTT, and protease and phosphatase inhibitors (Roche
Applied Science). Samples were then incubated on ice for
15 min, frozen and defrozen 3 times to favor disruption,
centrifuged at 18,000g (Eppendorf centrifuge 5415C) for
10 min, at 4 °C, and the resulting supernatants were col-
lected, and protein concentration was determined with the
Pierce ™ BCA Protein Assay Kit (Thermo Fisher, #23227).

Western blot analysis

As previously described [35], samples (30-50 pg/lane),
obtained from total lysate extracts or brain cortical and hip-
pocampal homogenates, were resolved by electrophoresis in
8-15% SDS—polyacrylamide gels and transferred to previ-
ously activated polyvinylidene difluoride (PVDF) membranes
(Merck Millipore Ltd., #1IPVH00010), for 2 h at 0.75 mA.
Afterwards, non-specific binding was blocked by gently agi-
tating the membranes for 1 h in 5% BSA and 0.1% Tween in
TBS (TBS-T), at RT, and incubated overnight at 4 °C with
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the specific primary antibodies (Table 1). After washing three
times (5 min each) with TBS-T, each membrane was incu-
bated with secondary antibodies for 1 h, at RT. Finally, and
after washing three times (5 min each) with TBS-T, mem-
branes were incubated for a maximum period of 5 min with
the enhanced chemifluorescent (ECF) detection system (GE
Healthcare, #GEHERPN5785), and the immunoreactive bands
were visualized using a Chemidoc Imaging System (Bio-Rad).
[B-actin was used as a loading control, and bands density was
evaluated with the Quantity One Software (Bio-Rad).

Membranes re-probing

In some cases, membranes were re-probed instead of run-
ning and blotting multiple gels, to maximize sample yield
(e.g., loading control probes). Briefly, membranes were
washed for 30 min with 40% methanol for ECF removal fol-
lowed by a 30 min washing in TBS-T. The stripping protocol
was performed with a 5 min wash with pure water followed
by 10 min stripping with 200 mM NaOH. Next, membranes
were washed for 5 min with pure water and then the non-spe-
cific binding was blocked by gently agitating the membranes
for 1 hin 5% BSA in TBS-T, at RT, and incubated overnight,
at 4 °C, with the specific primary antibodies. Then, the last
steps of Western blot protocol were performed as described
above.

Statistical analysis

The statistical analysis was performed using the GraphPad
Prisma 8.0.2 software (San Diego, CA, USA) and presented
as mean =+ standard error of the mean (SEM). All the experi-
ments were performed in 4-8 independent assays. Normal-
ity tests were performed using the Shapiro—Wilk test. The
statistical significance was determined using the one-way
ANOVA when normal distribution was observed or using
the Kruskal-Wallis test, in the remaining cases. Statistical
significance was considered at p <0.05.

Results
Characterization of diabetic rats

GK rats presented a significant decrease in body weight
(~20%) and a significant increase in occasional blood glu-
cose (~85%) levels (Table S.1) compared to the respective
control counterparts.

Increased levels of activated WWOX in brain cortex
and hippocampus of diabetic rats and neuronal cells
exposed to high glucose

We evaluated the levels of WWOX phosphorylated at
tyrosine 33 residue (tyr33; activated WWOX) in brain cor-
tex and hippocampus from 6- and 12-month-old GK and
age-matched control rats. A significant increase in brain
cortical (~20%) and hippocampal (twofold) pWWOX
(tyr33) levels was observed in 6-month-old GK rats,
when compared with age-matched control rats (Fig. 2A,
B). However, in 12-month-old GK rats, a decrease (~20%)
in pWWOX (tyr33) levels is observed in brain cortex
(Fig. 2A) while no significant differences were detected in
the hippocampus (Fig. 2B), when compared to the younger
GK rats. These observations suggest that WWOX is acti-
vated at early ages and before overt mitochondrial defects,
as previously reported [10, 36].

In neuronal cells exposed to 25 mM glucose we
observed a significant increase (~79%) in pWWOX (tyr33)
levels at 24 h of incubation (Fig. 2C), being this increase
maintained at 48 h of incubation. A ~60% increase in
pWWOX (tyr33) levels was also observed in cells exposed
to 10 mM glucose however, this increase was only statisti-
cally significant after 48 h of incubation. Interestingly, the
alterations in pWWOX levels occurred before the decrease
(~15%) in cell viability, which occurred only at 48 h of
incubation in the presence of both glucose concentrations
(Fig. 2D). Additionally, WWOX activation preceded mito-
chondrial dysfunction and the increased production of
ROS (SFig. 1). Together, these results suggest that WWOX
activation is an early event in neuronal dysfunction associ-
ated to hyperglycemia/diabetes.

The inhibition of WWOX activation by Zfra1-31
protects against high glucose-induced cell death

Based on the observations described above, we decided
to perform the subsequent experiments in neuronal cells
incubated with 25 mM glucose for 48 h. To test the effi-
cacy of the pharmacological inhibition of WWOX by
Zfral-31, we selected two time-points to mimic an early
intervention (EI—Zfral-31 was incubated 3 h after high
glucose exposure) and a late intervention (LI—Zfral-31
was incubated 24 h after high glucose exposure; Fig. 1).
We observed that Zfral-31 diminished (~ 64%) the lev-
els of activated WWOX (pWWOX tyr33) (Fig. 3A) and
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from 6- and 12 month-old Wistar control and GK rats and in cells
extracts (C), with representative blots, and cell viability of neuronal
cells exposed to high glucose (D). Data represent mean+ SEM from

significantly increased cell viability (~ 16%; Fig. 3B). It
was previously described that pWWOX (tyr33) can form
a complex with p53 that migrates to mitochondria causing
caspases activation [16]. Accordingly, we observed that
high glucose significantly increased p53 levels (~58%) as
well as caspase 3 activity (~44%), being these alterations
reduced by Zfral-31 (~34 (L1)—47(EI) % and 21 (LI)—50
(EI) %, respectively) (Fig. 3C, D). Concerning Zfral-31
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time-points, as noted above, the EI condition seems to be
more effective than the LI condition.

The inhibition of WWOX activation by Zfra1-31
protects against high glucose-induced
mitochondrial dysfunction

Mitochondria are crucial for the generation of energy
(ATP) required for the normal functioning of neuronal
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cells. As demonstrated in Fig. 4A, B, high glucose caused
a significant decrease (~34%) in mitochondrial mem-
brane potential (A¥m) and a significant increase (~50%)
in mitochondrial ROS production. The Seahorse analy-
ses revealed that cells exposed to high glucose presented
a decrease (~35%) in basal mitochondrial respiration
(Fig. 4C), as demonstrated by OCR in the absence of
mitochondrial inhibitors, a decrease (~31%) in maximal
O, consumption (Fig. 4D), which indicates the maximal
O, consumption rate attained by adding the uncoupler
FCCP, and a decrease (~50%) in spare respiratory capacity
(Fig. 4G), described as the amount of extra ATP that can
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for Western blot experiments). Statistical significance: *p <0.05 and;
**p <0.01 when compared with respective control condition. WWOX
putative tumor suppressor WW domain-containing oxidoreductase 1,
EI early intervention; LI- late intervention

be produced by OXPHOS in case of a sudden increase in
energy demand. More, we observed a significant increase
(~40%) in proton leak (Fig. 4E), which was determined
in the presence of the ATP synthase inhibitor oligomycin;
in this situation the mitochondrial oxygen consumption
is due to ATP synthase-independent leakage of protons
from the intermembrane space to the mitochondrial matrix
causing a decrease (~24%) in mitochondrial coupling effi-
ciency (Fig. 4H) and, consequently, a decrease (~42%) in
ATP production (Fig. 4F). Interestingly, Zfral-31, in both
EI and LI conditions, normalized mitochondrial proton
leak by decreasing it ~65-70%, respectively (Fig. 4E). In
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the EI condition, Zfral-31 also increased A¥Ym (~ 15%)
(Fig. 4A), spare respiratory capacity (~30%) (Fig. 4G) and
mitochondrial coupling efficiency (~39%) (Fig. 4H). The
remaining parameters were also improved by Zfral-31, in
both EI and LI conditions, but those effects did not achieve
statistical significance (Fig. 4).

The inhibition of WWOX activation by Zfra1-31
protects against high glucose-induced oxidative
stress and damage

Neuronal cells are highly sensitive cells and even slight
changes in mitochondrial function may have a profound
impact on cellular homeostasis. Under our experimental
conditions, we observed a~90% increase in the levels of
carbonyl groups in cells exposed to high glucose (Fig. SA).
Protein carbonyl groups, a marker of protein oxidation, are
considered sensitive and reliable biomarkers of oxidative
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experiments. Statistical significance: *p <0.05; **p <0.01 when com-
pared with respective condition. WWOX putative tumor suppressor
WW domain-containing oxidoreductase 1, EI early intervention, LI/
late intervention, A¥m mitochondrial membrane potential, O, oxy-
gen, FCCP carbonyl cyanide-p-trifluoromethoxyphenylhydrazone,
AA antimycin A, Rot rotenone, OCR oxygen consumption rate

stress and damage due to their early formation and to the
relative stability of carbonylated proteins [37]. TBARS are
a by-product of lipid peroxidation, and their measurement is
generally used to evaluate lipid oxidation in cells and tissue
extracts. Under our experimental conditions, high glucose
promoted a~ 10% increase in TBARS levels when compared
with the control condition (Fig. 5B). Furthermore, a slight
increase in nitrite levels (Fig. 5B), a marker of nitrosative
stress, was observed under high glucose conditions. Inter-
estingly, Zfral-31, in both EI and LI conditions, reduced
high glucose-induced alterations, being this reduction more
pronounced in the EI condition (Fig. 5). Indeed, in EI con-
dition we observed a twofold reduction in carbonyl group
levels when compared with high glucose condition. LI con-
dition was also able to reduce the levels of carbonyl groups,
although it did not reach statistical significance. Regarding
TBARS levels, the EI condition promoted a twofold reduc-
tion in the levels of this lipid peroxidation marker. A slight
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reduction of TBARS levels was also observed in LI condi-
tion. Also, Zfral-31 in both EI and LI conditions, caused a
non-statistical reduction in nitrite levels.

The inhibition of WWOX activation by Zfra1-31
restores mitochondrial dynamics under high
glucose conditions

The maintenance of a healthy pool of mitochondria results
from a complex interplay and strict balance between several
mechanisms. This balance is necessary to protect mitochon-
dria against stress, to regulate mitochondrial shape, function,
and mass, to monitor mitochondrial damage and to ensure
the selective removal of dysfunctional mitochondrial pro-
teins or entire organelles [38]. In this context, we evalu-
ated the levels of key proteins involved in mitochondrial
biogenesis, and fusion/fission and autophagic clearance
under high glucose conditions and in the presence of Zfral-
31. Concerning fission/fusion events, which are essential

Control

[} }

Zfra 1-31 20uM

Gluc 25 mM

tistical significance: *p <0.05 when compared with respective condi-
tion. TBARS- Thiobarbituric acid reactive substances

to modulate mitochondrial shape, we observed that high
glucose caused an imbalance in these events. In relation to
mitochondrial fusion, a significant decrease (~34%) in mito-
fusin (Mfn) 1 (Fig. 6A) and a significant increase (~41%)
in optic atrophy 1 (Opa-1) levels (Fig. 6C) were observed.
Concerning mitochondrial fission, a significant decrease
(~34%) in phospho-dynamin-related protein 1 (pDRP1)/
DRP1 (Fig. 6D) was observed. Also, a non-statistically sig-
nificant increase in mitochondrial fission 1 protein (Fis1)
and Mfn2 (Fig. 6B, E) levels were observed in cells exposed
to high glucose. These results suggest that hyperglycemia/
diabetes causes an imbalance in mitochondrial dynamics.
Importantly, the inhibition of pWWOX (tyr33) by Zfral-31
in EI condition normalized the levels of pDRP1/DRP1, by
increasing it~35% (Fig. 6D), and of OPA1, by decreasing
it~27% (Fig. 6C), when compared with high glucose con-
dition. Importantly, Zfra-131 in LI condition also caused
a~15% increase in pDRP1/DRP1 and ~25% decrease in
OPA1 levels, when compared with high glucose condition.
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and representative Western blot image and; E Fisl levels and repre-
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In relation to the other parameters, Zfral-31 in both EI and
LI conditions, partially normalized the levels of the proteins
(Fig. 6).

The inhibition of WWOX activation by Zfra1-31
restores mitochondrial biogenesis under high
glucose conditions

It was previously shown that under diabetic conditions an
increase in mitochondrial biogenesis seems to occur [39].
Indeed, increased mitochondrial biogenesis represents a
cellular response against elevated oxidative stress aiming
to attenuate damage through the regulation of mitochon-
drial metabolism and ROS production [40]. Accordingly,
in the presence of high glucose we observed a significant
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from 4/6 independent experiments. Statistical significance: *p <0.05;
*#p<0.01 when compared with respective condition. WWOX puta-
tive tumor suppressor WW domain-containing oxidoreductase 1,
EIl early intervention, LI late intervention, Mfn mitofusin, DRPI
dynamin-related protein 1, Fis/ mitochondrial fission 1 protein, Opa-
1 optic atrophy type 1

increase in the levels of biogenesis-related proteins
namely in the nuclear respiratory factor 1 (NRF1; ~28%)
(Fig. 7E), in the mitochondrially encoded subunits
cytochrome C oxidase I (MTCO1;~53%) (Fig. 7A) and in
the succinate dehydrogenase complex flavoprotein subu-
nit A (SDHA; ~69%) (Fig. 7D). Functional mitochondria
rely on the proper assembly of different subunits and our
results show that this may not occur under high glucose
conditions. Indeed, it was observed a decrease in the lev-
els of mitochondrial encoded NADH-ubiquinone oxidore-
ductase chain 1 (ND1;~41%) and of voltage-dependent
anion channel (VDAC; ~47%) (Fig. 7B, C), essential pro-
teins in the formation of the mitochondrial respiratory
chain complexes. Together, these observations suggest
a mitochondrial network imbalance in cells exposed to
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Fig.7 pWWOX (tyr33) inhibition by Zfral-31 partially rescues mito-
chondrial biogenesis. A MTCO1 levels and representative Western
blot image; B ND1 levels and representative Western blot image; C
VDAC levels and representative Western blot image; D SDHA lev-
els and representative Western blot image; E NRF1 levels and rep-
resentative Western blot image. Data shown represent mean +SEM
from 4/6 independent experiments. Statistical significance: *p <0.05;

high glucose. Again, Zfral-31 normalized the alterations
caused by high glucose. Particularly, in both EI and LI
conditions, Zfral-31 significantly reduced (~ 52 and 64%,
respectively) the levels of MTCO1 (Fig. 7A) and, in LI
condition, Zfral-31 significantly increased (42%) ND1
and reduced (~62%) NRFI1 levels. In relation to the other
proteins, a partial recovery (ranging from 20 to 40%)
was observed in the presence of Zfral-31 (Fig. 7) sug-
gesting that this compound contributes to mitochondrial
homeostasis.

*#p <0.01 when compared with respective condition. WWOX puta-
tive tumor suppressor WW domain-containing oxidoreductase 1,
EI early intervention, L/ late intervention, MTCOI mitochondrially
encoded cytochrome C oxidase I, NDI NADH-ubiquinone oxidore-
ductase chain 1, VDAC voltage-dependent anion channel, SDHA suc-
cinate dehydrogenase complex flavoprotein subunit A, NRFI nuclear
respiratory factor 1

The inhibition of WWOX activation by Zfra1-31
tends to normalize mito/autophagy under high
glucose conditions

The accumulation of dysfunctional mitochondria can result
from a defective clearance by autophagy. We observed
that autophagy is compromised in several steps. Although
we did not observe significant alterations in the levels of
phosphorylated mammalian target of rapamycin (pmTOR)/
mTOR (Fig. 8A), a significant decrease (~35%) in the
levels of phosphatidylinositol-4,5-bisphosphate 3-kinase
(PI3K) (p110), a kinase responsible for the phosphoryla-
tion of mTOR, was observed under high glucose conditions
(Fig. 8B). Regarding the nucleation phase of autophagy,
which relies in the formation of a beclin/parkin/PI3K
class III complex, some disturbances were also observed.
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In particular, a moderate increase in B-cell lymphoma 2
(BCL2) (Fig. 8C), a significant decrease (~43%) in PI3K
class III, and a non-statistically significant decrease in Par-
kin levels (Fig. 8D, F) were observed in cells exposed to
high glucose. In relation to Beclin levels, no significant
alterations were observed in cells exposed to high glucose
(Fig. 8E). Together, these observations suggest that the
initiation complex is not being properly assembled. The
following steps of the autophagic process were also com-
promised by high glucose as shown by a decrease (~39%)
in autophagy related 7 (Atg7) and a significant increase
(~58%) in p62 levels (Fig. 8G, H) suggesting an impair-
ment of the elongation phase of autophagy. More, high glu-
cose significantly decreased (~ 52%) the autophagic p62 flux
(Fig. 8J) leading to an increase (~38%) in the accumula-
tion of microtubule-associated protein 1A/1B-light chain 3
(LC3)-II (Fig. 8I). Interestingly, Zfra 1-31, in EI condition,
significantly increased (~50%) Atg7 levels and, in the LI
condition, it significantly increased (~79%) PI3K class III
levels (Fig. 8D, G). Zfral-31 tended to normalize the levels
of the other proteins analyzed (Fig. 8A-J). Altogether these
observations suggest that Zfral-31 is capable of partially
restoring the autophagic process.
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from 4/6 independent experiments. Statistical significance: *p <0.05;
**p<0.01 when compared with respective condition. WWOX puta-
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early intervention, LI late intervention, mTOR mammalian target of
rapamycin, PI3K phosphoinositide 3-kinase, BCL2 B-cell lymphoma
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The inhibition of WWOX activation by Zfra1-31
avoids the increase in the levels of neurotoxic
proteins and the loss of synapse integrity
under high glucose conditions

It has been previously reported that hyperglycemia/diabetes
increases the risk of dementia, particularly vascular demen-
tia and AD, due to several cellular and molecular alterations
including the increase in the levels of neurotoxic proteins
namely phosphorylated Tau (pTau) and amyloid  (AP)
proteins [4]. In our experimental conditions, high glucose
promoted a twofold increase in pTau (ser396) and a threefold
increase in AP levels (Fig. 9D, E). Interestingly, Zfral-31
was able to normalize Ap protein levels by causing a~60%
decrease in the EI condition and a~58% decrease in LI
condition (Fig. 9D, E). Zfral-31 also promoted a~73% and
a~52% decrease in the pTau (ser396) protein levels in EI
and LI conditions, respectively, supporting the therapeutic
effectiveness of Zfral-31 against hyperglycemia/diabetes-
induced neurodegeneration.

Knowing that neuronal cells are highly reliant on mito-
chondria and sensitive to stress, alterations in cell and mito-
chondrial homeostasis will have a profound impact on cells’
integrity and function. To evaluate synaptic integrity, we
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Fig.9 pWWOX (tyr33) inhibition by Zfral-31 reduces the levels
of neurotoxic proteins and increases synaptic integrity. A SNAP25
levels and representative western blot image; B PSD95 levels and
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resentative western blot image; D ptau protein levels and represent-
ative Western blot image; E A protein and representative Western
blot image. Data shown represent mean + SEM from 4/6 independent

measured the levels of the presynaptic proteins synaptoso-
mal-associated protein, 25 kDa (SNAP25) and synaptophy-
sin and the postsynaptic protein postsynaptic density pro-
tein 95 (PSD95). High glucose caused a significant decrease
(~20%) in the levels of SNAP25 (Fig. 9A) and did not alter
significantly PSD95 or synaptophysin levels (Fig. 9B, C).
Zfral-31, in both EI and LI conditions (Fig. 9A) tended to
normalize the levels of these proteins suggesting that Zfral-
31 contributes to the maintenance of synaptic integrity.

Discussion
In this study we show for the first time that WWOX activa-

tion, through tyrosine 33 residue phosphorylation, is an early
event in diabetic/hyperglycemic conditions and its activation

[0 8 & 8 100-130KDa
AB 6E10
40-68KDa

B-Actin - ‘ - ‘7 42KDa

experiments. Statistical significance: *p <0.05 when compared with
respective condition. WWOX putative tumor suppressor WW domain-
containing oxidoreductase 1, EI early intervention, L/ late interven-
tion, SNAP25 synaptosomal-associated protein, 25 kDa, PSD95
postsynaptic density protein 95, ptau phosphorylated tau protein, Af
amyloid p protein

is closely associated with mitochondrial and cellular dys-
homeostasis. More, we demonstrate that the inhibition of
WWOX activation by its specific inhibitor Zfral-31 reverses
diabetes/hyperglycemia-associated deleterious effects in
mitochondria and neuronal cells. These observations support
the involvement of WWOX in neurodegeneration-associated
to diabetes and the therapeutic potential of Zfral-31 in this
complication (Fig. 10).

The literature clearly shows that mitochondrial dysfunc-
tion is a strong player in the connection between diabetes-
associated neuronal/brain defects and neurodegenerative
disorders [4, 9-11, 35, 41, 42]. However, the mechanisms
underlying this connection are not fully elucidated. As pre-
viously described, the brain requires a constant supply of
energy to maintain normal neuronal and synaptic activities
[43, 44]. In neuronal cells mitochondria are the main source
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Fig. 10 Proposed mechanism of action. High glucose increases cel-
lular stress activating WWOX through the phosphorylation of tyros-
ine 33 residue. Phosphorylated WWOX can bind to p53 in the cytosol
and the complex can migrate to mitochondria decreasing their func-
tion, increasing ROS production and oxidative damage and leading
to an energy crisis. Moreover, increased activation of WWOX (tyr33
phosphorylation) also seems to interfere with cell and mitochondrial
quality control mechanisms leading to an accumulation of dam-
aged mitochondria and neurotoxic proteins. Together, such altera-

of energy so, alterations in these organelles will severely
impact neurons, compromising cognitive function [45, 46].
Although the involvement of WWOX in brain development
and pathology was already described [45], scarce evidence
exists concerning the interaction between WWOX and mito-
chondria in brain cells.

Using brain cortical and hippocampal homogenates,
we observed that young animals (6-month-old) present
increased levels of pWWOX (tyr33), when compared to
age-matched control rats and to 12-month-old GK rats
(Fig. 2A, B). This observation is very interesting since we
have previously demonstrated that brain cortical mitochon-
dria from 6-month-old GK rats are preserved [10] while
those from 12-month-old GK rats are dysfunctional [46].
Others also showed that liver mitochondria from 6-month-
old GK rats function is slightly better than liver mitochon-
dria from control rats, which may result from compensa-
tory mechanisms [36]. Altogether, this evidence suggests
that pWWOX (tyr33) precedes mitochondrial dysfunction.
Accordingly, our in vitro studies revealed an increase in
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tions are responsible for the loss of synaptic integrity and cell death.
Zfral-31, by inhibiting WWOX can recover mitochondria and cellu-
lar homeostasis promoting neuronal viability and integrity. WWOX
putative tumor suppressor WW domain-containing oxidoreductase
1, ROS reactive oxygen species, MTCOI mitochondrially encoded
cytochrome C oxidase I, NDI NADH-ubiquinone oxidoreductase
chain 1, VDAC voltage-dependent anion channel, SDHA succinate
dehydrogenase complex flavoprotein subunit A, NRF1 nuclear respir-
atory factor 1, A¥m mitochondrial membrane potential

pWWOX (tyr33) levels 24 h after high glucose (25 mM)
exposure while mitochondrial dysfunction and subsequent
cell death were observed only at 48 h after high glucose
exposure (Fig. 2C, D). A study performed in a mouse model
of AD showed that WWOX is involved in the development
of the pathology [15]. Another study performed in MPP* rat
brains, a model of PD, showed increased levels of pWWOX
(tyr33) in the injured neurons of the striatum and cortex,
being this protein localized in damaged mitochondria of
degenerative neurons [18]. Furthermore, it was observed that
pWWOX decreased 1-2 months after injury [18], which is
in accordance with our observations. It was also previously
reported that under cellular stress WWOX undergoes tyros-
ine 33 residue phosphorylation [47]. However, with aging
a shift between phosphorylated residues occurs; tyrosine
33 residue phosphorylation decreases and serine 14 resi-
due phosphorylation increases, which seems to contribute
to neuronal degeneration [48]. It was also shown that the
complete loss of WWOX protein due to alterations in its
gene (missense or nonsense mutations and deletions) can
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lead to the development of neural disorders and metabolic
diseases including ataxia, epilepsy, dementia, neurodegen-
eration, growth retardation, abnormal high density lipopro-
teins (HDL) metabolism, and early death [22, 49]. Here we
present evidence that increased activation of WWOX also
plays a role in neuronal degeneration and death under hyper-
glycemic/diabetic conditions.

Previous studies from our laboratory show a close asso-
ciation between T2D and AD. Using mouse models of the
two diseases we observed that these two pathological condi-
tions share several mechanisms, including defects in mito-
chondria and redox imbalance, which culminate in synaptic
alterations and cognitive defects [4, 13]. Using a rat model
of T1D, we also demonstrated that mitochondrial dysfunc-
tion and oxidative stress play a key role in brain damage [8,
9, 14]. Since we observed that enhanced WWOX activation
is involved in mitochondrial dysfunction and brain/neuronal
damage under diabetic/hyperglycemic conditions (Figs. 4,
9), we hypothesized that Zfral-31 is a potential therapeutic
agent for diabetes-associated neurodegeneration. Accord-
ingly, we observed that Zfral-31 was capable of reverting
pWWOX (tyr33)-mediated mitochondrial dysfunction and
cell death (Fig. 4A, 3B).

It has been widely described that hyperglycemia is
responsible for mitochondrial dysfunction, increased ROS
production and oxidative stress/damage [50], as observed
in this study (Figs. 4, 5). Importantly, our study shows that
the inhibition of WWOX under high glucose conditions can
revert mitochondrial dysfunction (Fig. 4), including their
capacity to produce ATP (Fig. 4F, H) and oxidative damage
(Fig. 5). pWWOX (tyr33) under stress conditions interacts
with p53 forming a protein complex that migrates to mito-
chondria activating the pro-apoptotic pathway [16]. Accord-
ingly, increased p53 protein levels and caspase 3 activity
were observed in cells exposed to high glucose (Fig. 3C,
D), which contributes to mitochondrial dysfunction and
oxidative stress/damage (Figs. 4, 5). Moreover, it was pre-
viously shown that inhibition of tyr33 phosphorylation by
a dominant-negative WWOX was able to abolish apoptotic
cell death in a MPP* rat model for PD, indicating a criti-
cal role of WWOX phosphorylation in apoptosis [18]. p53
has been shown to play a pivotal role in evoking apoptotic
cell death in conditions of genotoxic stress as an attempt to
maintain cellular integrity [51]. p53 can also act as a repres-
sor of autophagy in different cell types [51] and mitophagy
(the selective mitochondrial engulfment and digestion by
autophagy) is compromised in brain tissue from diabetic
animals as well as in neuronal cells exposed to high glu-
cose [35, 52, 53]. We have previously reported the existence
of alterations in autophagy in T2D animal models [10, 11,
35, 54]. And, anomalies in autophagy have been associated
with the accumulation of mutant/misfolded and aggregated
proteins and dysfunctional organelles within cells, which

occur in several pathologies including neurodegenerative
diseases [55]. In the present study we also observed an
altered autophagic process in neuronal cells exposed to high
glucose (Fig. 8). In more detail, high glucose decreased the
levels of key executer proteins of the autophagic process
namely PI3K p110 (insulin-dependent autophagy regula-
tion), PI3K class III and Atg7 as well as p62 flux (Fig. 8).
And, the inhibition of WWOX by Zfral-31 partially restored
this process (Fig. 8). Although we did not observe alterations
in mTOR activation (Fig. 8A), one of the main autophagic
regulators in the initiation phase of the process, it is impor-
tant to mention that mTOR activation can also occur through
the phosphorylation of one of three residues and, in this
case, only serine 2448 residue (the most analyzed residue)
was evaluated, So, we cannot exclude possible alterations in
other residues. Defects in cell quality control mechanisms
can also be responsible for the accumulation of neurotoxic
proteins such as AP and pTau proteins, as observed in our
study (Fig. 9D, E). In accordance with our observations,
previous in vivo/ex vivo studies demonstrated that diabetes
increases the levels of AP and pTau proteins [4, 5, 56-59].
Zfral-31 was able to reduce the levels of these neurotoxic
proteins (Fig. 9D, E), as previously demonstrated in a mouse
model of AD [20].

The coordination of mitochondrial fission/fusion pro-
cesses lowers the amount of defective mitochondria and
ensures cell homeostasis [60] whereas the occurrence of
mitochondrial dynamics distortion (excessive fragmentation
or fusion) results in cells functioning anomalies and, eventu-
ally, death [61]. In our study, the imbalance of mitochondrial
fission/fusion-related proteins occurred in neuronal cells
exposed to high glucose, characterized by an increase in
protein levels of Fis1 and OPA-1 and a decrease in Mfn1 and
pDRP1/DRP1 (Fig. 6). DRP1 is considered the main media-
tor of mitochondrial fission and Fisl is one of its main mito-
chondrial receptors, which recruits DRP1 to mitochondrial
membranes where it assembles into a ring-like structure to
constrict the membranes [55]. Mitochondrial morphology
results from a strict balance between fission and fusion [62]
and is considered a major process for adaptation of mito-
chondrial bioenergetic efficiency and energy substrates oxi-
dation regulating cellular metabolism and fine-tuning energy
levels [55]. Interestingly, here we show that WWOX inhibi-
tion by Zfral-31 tended to reestablish fission/fusion balance
(Fig. 6) under hyperglycemic conditions.

It is far known that cells respond to different physiologi-
cal, metabolic, and pathological changes by regulating mito-
chondrial morphology and function; being mitochondrial
biogenesis one of the processes involved in this regulation
[63]. The fine-tuning from protein synthesis to the nascent
assembly of OXPHOS complexes requires strict regulatory
mechanisms that coordinate mitochondrial translation to
ensure correct and efficient synthesis, transport, localization,
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and assembly of the mitochondrial complexes [64]. Here we
observed that the increased protein levels of NRF1, MTCO1
and SDHA (Fig. 7A, D, E) under high glucose conditions
was not accompanied by increased levels of other mito-
chondrial proteins (Fig. 7B, C) suggesting a defective mito-
chondrial assembly. It was previously reported that under
high glucose conditions, mitochondria undergo biogenesis
however, the increased biogenesis is insufficient to accom-
modate the metabolic load, which exacerbates mitochon-
drial fission resulting in smaller and damaged mitochondria
[39]. Accordingly, we observed that the imbalance in mito-
chondria biogenesis is associated with other mitochondrial
anomalies affecting their function. Again, the inhibition
of WWOX by Zfral-31 partially recovered high glucose-
induced mitochondrial biogenesis anomalies (Fig. 7).

Because the integrity of synapses is crucial to maintain
normal function of neuronal cells, we evaluated the levels
of some markers of synaptic integrity. High glucose caused
a decrease in the presynaptic marker SNAP25 protein levels
but did not significantly alter the levels of the postsynaptic
marker PSD95 and the presynaptic marker synaptophysin
(Fig. 9). It is known that SNAP2S5 participates in docking
and/or fusion of synaptic vesicles with the plasmalemma, a
process essential for synaptic vesicle exocytosis [65]. PSD95
seems to be involved in synapse maturation wielding a major
influence on synaptic strength and plasticity [66]. Concern-
ing synaptophysin, its function remains uncertain, although
it seems to be necessary for kinetically efficient endocytosis
of synaptic vesicles in neurons [67]. So, our observations
suggest that high glucose interferes with synaptic integrity
by decreasing vesicle exocytosis. These results are in agree-
ment with previous studies showing a decrease in SNAP25
protein levels without significant changes in PSD95 or
synaptophysin protein levels in brain samples from T1D
and T2D animal models [9, 35]. Neuronal cells exposed to
high glucose and treated with Zfral-31 show normalized
SNAP2S protein levels and a slight increase in both PSD95
and synaptophysin protein levels suggesting that Zfral-31
improves synaptic function and possibly ameliorates learn-
ing and memory, which are impaired under diabetic condi-
tions [13].

Conclusions

In sum, our results show that WWOX activation through
tyr33 phosphorylation occurs prior to mitochondrial dys-
function and cell death suggesting that hyperglycemia-
induced neuronal damage and death involves WWOX-medi-
ated mitochondrial dysfunction and apoptosis activation.
Moreover, we showed that pWWOX (tyr33) inhibition by
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Zfral-31 peptide ameliorates hyperglycemia-associated neu-
rodegeneration by acting upstream mitochondrial dysfunc-
tion. There is an increased realization by the pharmaceutical
industry that every drug design for the treatment of diverse
pathologies must be tested at an early stage for adverse
effects on mitochondria [65] to obtain the most physiologi-
cally relevant, unambiguous and informative results [66].
Our observations revealed that Zfral-31, besides being effec-
tive against high glucose-induced mitochondrial defects,
does not affect mitochondria and cells function under control
conditions (data not shown). So, we believe that WWOX is a
new therapeutic target to have in consideration in diabetes-
associated neurodegeneration and that Zfral-31 is a possible
therapeutic agent to treat this complication.

In vitro studies have several advantages such as the
tight control of cells’ environment, reduced costs, and high
throughput. However, a major weakness of the in vitro stud-
ies is that they fail to replicate the conditions of the cells
in an organism including the crosstalk that exists between
the various cell types. Although our study presents robust
data supporting the therapeutic potential of Zfral-31, the
efficacy of the compound must be assessed in vivo which
will allow to understand how Zfral-31 modulates peripheral
and central metabolism and cognitive function, among other
things. Future studies must also focus on specific regions of
the brain (e.g., specific brain cortical areas and substantia
nigra) to identify which brain regions are more suscepti-
ble to WWOX-mediated neurodegenerative events. Due to
the limited amount of rat brain samples, we were unable to
perform key experiments done in neuronal cells such as the
evaluation of the levels of neurotoxic proteins and synaptic
integrity markers. Nevertheless, previous studies from our
laboratory and others demonstrated that GK rats present
AD-like features including an increase in pTau and Ap pro-
tein levels and cognitive dysfunction [5, 56-59].
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