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Abstract: Astaxanthin, a natural compound of Haematococcus pluvialis, possesses antioxidant, anti-
inflammatory, anti-tumor and immunomodulatory activities. It also represents a potential therapeutic
in Alzheimer’s disease (AD), that is related to oxidative stress and agglomeration of proteins such
as amyloid-beta (Aβ). Aβ is a neurotoxic protein and a substrate of tissue transglutaminase (TG2),
an ubiquitary protein involved in AD. Herein, the effect of astaxanthin pretreatment on olfactory
ensheathing cells (OECs) exposed to Aβ(1–42) or by Aβ(25–35) or Aβ(35–25), and on TG2 expression
were assessed. Vimentin, GFAP, nestin, cyclin D1 and caspase-3 were evaluated. ROS levels and the
percentage of cell viability were also detected. In parallel, delayed luminescence (DL) was used to
monitor mitochondrial status. ASTA reduced TG2, GFAP and vimentin overexpression, inhibiting
cyclin D1 levels and apoptotic pathway activation which induced an increase in the nestin levels.
In addition, significant changes in DL intensities were particularly observed in OECs exposed to
Aβ toxic fragment (25–35), that completely disappear when OECs were pre-incubated in astaxantin.
Therefore, we suggest that ASTA pre-treatment might represent an innovative mechanism to contrast
TG2 overexpression in AD.

Keywords: astaxanthin; tissue transglutaminase; olfactory ensheathing cells; amyloid-beta; self-
renewal; delayed luminescence

1. Introduction

Growing evidence highlights that oxidative damage to the brain represents an early
event of neurodegenerative diseases, including Alzhèimer’s disease (AD), that is char-
acterized by progressive cognitive impairment, behavior alterations and loss of memory.
Oxidative stress, due to an imbalance between oxidants and antioxidants species, induces
several changes in various pathways, leading to cellular control loss and cell death in AD.

It has been reported that dietary supplementation with antioxidants could play an
important role in reducing oxidative stress, contributing to the onset responsible of AD
progression. In particular, astaxanthin (ASTA; the Figure S1 shows its structural confor-
mation) a carotenoid from microalga Haematococcus pluvialis present in freshwater areas
and produced by marine microorganisms, might represent a therapeutic potential for
AD [1–3]. In AST is able to cross the blood–brain barrier (BBB), exerting positive effects on
neurodegenerative diseases. ASTA might also prevent the formation of intracellular and
extracellular protein aggregates formation induced by microtubule-associated protein tau
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and aberrant amyloid-beta (Aβ) products responsible for oxidative stress, neurotoxicity
and inflammation, typical features of AD.

Previous reports have demonstrated that the treatment both in vitro and in vivo in AD
experimental models with natural antioxidants was able to modulate the intracellular levels
of tissue transglutaminase (TG2) and its isoforms [4–6]. TG2 is an ubiquitarian calcium-
dependent protein responsible for cross-linking reactions, that lead to Aβ oligomerization
and aggregation typical signs of AD [7]. Furthermore, TG2 possesses disulfide isomerase,
GTPase and kinase activities [8]. Depending on intracellular localization, TG2 exerts
different functions: when the protein is localized in the cytosol, it is involved in the
apoptotic pathway and it possesses transamidating activity essential for its pro-apoptotic
effect [9,10]. In contrast, TG2 localized in the nucleus shows kinase activity [11]. In addition,
it shows two isoforms with different cellular functions: TG2-Long (TG2-L) and TG2-Short
(TG2-S). In physiological conditions, TG2 presents a “closed conformation”, catalytically
inactive, that is related to low intracellular Ca2+ levels accompanied by high GTP or GDP
levels and promotes cell growth and survival. During pathological conditions, oxidative
stress induced an enhancement of intracellular Ca2+ levels and a decrease of GTP/GDP
binding to TG2, that shows “open conformation”, that it is catalytically active and involved
in apoptosis and cell death. When the intracellular Ca2+ levels extend lengths of time, TG2
presents a “splice variant” lacking of carboxy-terminal portion that permits it to assume
no “closed conformation”, inducing apoptosis [12]. In addition, findings indicated that
TG2 plays a modulatory role in mitochondrial function in neurodegenerative diseases,
including AD [13]. In particular, in AD, TG2 levels and its activity in the cerebral cortex are
higher than those found in the controls and the protein colocalized with Aβ aggregates.

We previously demonstrated that olfactory ensheathing cells (OECs) peculiar olfactory
glial cells used because of an early sign of neurodegeneration that is related with function-
ally reduced olfactory performance [14] exposed to full native peptide Aβ(1–42) and to
its fragments Aβ(25–35) and Aβ(35–25), induced a significant increase of TG2 expression
levels [4]. Furthermore, we showed that pre-treatment with Indicaxanthin, a natural an-
tioxidant from Opuntia ficus-indica, L. Mill. [15,16] of Aβ exposed OECs, was able to reduce
TG2 and its isoforms expression levels, counteracting the effect of Aβ [5]. In addition, it has
been demonstrated that the delayed luminescence (DL), a phenomenon of photo-induced,
ultra-weak and prolonged in time emission of optical photons, is able to verify the origin
and possible changes attributed to the presence and alterations of ordered structures [17,18].
The investigations until now performed in in vivo and in vitro models, have shown DL
emission with different intensities and different spectral components contribution, whose
kinetics can be described as the sum of appropriately weighted compressed hyperbolas,
typical of complex systems [19,20]. In particular, the experiments carried out on cell cultures
of Jurkat-T cells [21,22], thyroid carcinoma [23] and glioblastoma [24], highlighted how DL
emission changes its intensity and/or kinetic when treatments were able to activate apop-
totic pathway and/or unbalance ROS levels and/or NAD+/NADH levels in mitochondria.
A correlation with the structure of complex I of the mitochondrial respiratory chain (MRC)
and with electron flow in MRC has been speculated [24,25].

In view of these considerations, we evaluated the effect of ASTA on TG2 localization
and expression levels in OECs exposed to Aβ(1–42) and its fragments Aβ(25–35) and
Aβ(35–25). Since AD is accompanied by gliosis [26], we also detected vimentin and glial
fibrillary acid protein (GFAP) expression, used as a typical cytoskeletal marker. In addition,
we assessed nestin, as cytoskeletal marker of neural precursors, and Cyclin D1 expression,
a cell proliferation marker, that is co-expressed with nestin [5,27]. The percentage of cell
viability, total reactive oxygen species (ROS) production and apoptotic pathway activation
were also tested. To monitor the mitochondrial assessment in OECs exposed to Aβ and its
fragments both with and without ASTA, DL emission intensity was also evaluated.



Antioxidants 2023, 12, 750 3 of 19

2. Materials and Methods
2.1. Materials

Aprotinin, leupeptin, Ethylenediaminetetraacetic Acid (EDTA) Phenylmethylsulfonyl
Fluoride (PMSF), Ethylene Glycol-bis(β-aminoethyl ether)-N,N,N′,N′-Tetraacetic Acid
(EGTA), Sodium Dodecyl Sulfate (SDS), cytosine arabinoside, phosphatase inhibitor cocktail
II, full native peptide of Aβ(1–42), fragment Aβ(25–35), fragment Aβ(35–25), Dimethyl sul-
foxide (DMSO), MTT Cell Viability Assay, Lab-Tek II Chamber-Slide Systems, paraformalde-
hyde and others materials were purchased from Sigma-Aldrich (Milan, Italy). Methanol and
acetic acid were of LC grade and purchased from Merck (Milan, Italy). Trypsin, antibiotics,
Fetal Bovine Serum (GIBCO), Normal Goat Serum (NGS, GIBCO), Phosphate Buffer Saline
solution (PBS), Modified Eagle Medium (MEM) added with 2 mM GlutaMAX (GIBCO),
Nitrocellulose Membrane Filter Paper Sandwich 0.45 µm pore size (Invitrogen), mouse
monoclonal antibody against β-tubulin, anti-rabbit IgG horseradish peroxidase-conjugated
and anti-mouse IgG horseradish peroxidase-conjugated were from Thermo Fisher Scientific
(Milan, Italy). Bicinconinic acid method was bought from Pierce/Thermo-Scientific (Rock-
ford, IL, USA). Mini-PROTEAN® TGX™ Precast Protein Gels (4–15%), Mini Trans Blots
Filter Paper, 10× Tris/Glycine/SDS buffer, 10× Tris/Glycine buffer, 4× Laemmli Sample
Buffer, 2-mercaptoethanol and Precision Plus ProteinTM Standard Dual Color were from
Bio-Rad Laboratories Srl (Milan, Italy). Mouse monoclonal antibody against TG2 (Neomark-
ers), mouse monoclonal antibody against nestin and cellular ROS/Superoxide Detection
Assay were from Abcam (Milan, Italy). Rabbit monoclonal antibody against cyclin D1
was from Millipore (Milan, Italy). Mouse monoclonal antibody against GFAP and mouse
monoclonal antibody against vimentin were from DAKO. Mouse monoclonal antibody
against caspase-3 was from Becton-Dickinson (Milan, Italy). Cy3 goat anti-mouse and Fluo-
rescein Isothiocyanate (FITC)-conjugated goat anti-mouse IgG antibody were from Jackson
Immunological Research Laboratories Inc. (West Grove, PA, USA) Western Lightning Plus
Enhanced Chemiluminescence Substrate was from Perkin-Helmer (Monza, Italy).

2.2. Methods
2.2.1. OEC Cultures

OECs were obtained from 2-day-old mouse olfactory bulbs following experimental
procedures on animal care according to the Italian law (no. 116/1992), the European Com-
munity Council Directive (86/609/EEC) and approved by the Ethical Committee (Catania
University, Catania, Italy) and National Ministry of Health (permit number 174/2017-PR).
Animals were kept in a controlled environment (23 ± 1 ◦C, 50 ± 5% humidity) with a 12 h
light/dark cycle with food and water available ad libitum. The number of animals was
reduced and their sufferance was minimal.

Olfactory bulbs were removed from mice and processed in according with the method
used by Pellitteri [28]. Tissue was digested with collagenase and trypsin. Successively,
DMEM supplemented with 10% FBS (DMEM/FBS) was added in order to stop trypsization.
Cells were plated in flasks and fed with complete DMEM/FBS. To reduce the number of
dividing fibroblasts, an antimitotic agent, cytosine arabinoside (10−5 M), was added 24 h
after initial plating; in addition, to reduce contaminating fibroblasts, OECs were transferred
from one flask to a new one, following the method by Chuah and Au [29]. Confluent OECs
were removed by trypsin and transferred in flasks and fed with DMEM/FBS at 37 ◦C in
humidified 5% CO2–95% air mixture. Purified OECs were grown in DMEM/FBS both on
glass coverslips and on 96 multiwells at a final density of 1 × 104 cells/coverslip and on
25 cm2 flasks at a final density of 1 × 106.

2.2.2. Treatment of OECs

OEC cultures were separated in four different groups: (a) was considered as a con-
trol (CTR), both with the treatment and with the corresponding volume of DMSO (final
concentration 0.02% v/v) used to solubilize full native peptide Aβ; (b) was exposed for
24 h to 10 µM Aβ(1–42) or Aβ(25–35) or Aβ(35–25), as reported in our previous work [4];
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(c) in another group of OECs, ASTA (100 µM) was added in the medium for 24 h; (d) some
OEC cultures were pre-treated with ASTA (100 µM) for 30 min and subsequently were
exposed to 10 µM both of native peptide Aβ(1–42) and its fragments. Previous studies
were performed in order to select the optimal concentration of astaxanthin through MTT.
Cells were exposed at different concentrations of ASTA (50 and 100 µM) for 12, 24 and 48 h
both in the absence of and in the presence of 10 µM Aβ(1–42) or Aβ(25–35) or Aβ(35–25).
We chose, as the optimal concentration, 100 µM for 24 h.

2.2.3. MTT Test

For all different conditions, the viability of OECs was evaluated by a quantitative col-
orimetric method, 3-[4,5-dimethylthiazol-2-yl)-2,5-diphenyl] tetrazolium bromide (MTT) re-
duction assay [18]. Briefly, 1.0 mg/mL of MTT was added to each multiwell for 2 h at 37 ◦C.
Successively, the supernatant was gently removed and MTT solvent (acid-isopropanol/SDS)
was added, the cells were put on an orbital shaker for 10 min. The optical density was
evaluated through a microplate spectrophotometer reader (Titertek Multiskan; Flow Labo-
ratories, Helsinki, Finland) at λ = 570 nm in each well sample. Data were expressed as the
percentage MTT reduction when compared with control cells.

2.2.4. Total ROS

In all experimental conditions, the production of total ROS was tested through Cellular
ROS Detection Assay, as suggested by the manufacturer’s instructions. The fluorescent
products generated by the dye green for total intracellular ROS was visualized using a
wide-field Zeiss fluorescent microscope (Zeiss, Germany) equipped with a standard green
(λEx/λEm = 490/525 nm) filter set.

2.2.5. Immunocytochemistry and CLSM Analysis

The expression of vimentin, glial fibrillary acid protein (GFAP), nestin, caspase-3 and
TG2 in OECs was identified through immunocytochemical techniques. After 24 h, all cells
were fixed through 4% paraformaldehyde in 0.1 M PBS for 30 min and then were incu-
bated overnight at 4 ◦C in the following primary antibodies: mouse monoclonal antibody
against GFAP (diluted 1:1000), mouse monoclonal antibody against vimentin (1:50), mouse
monoclonal antibody against nestin (1:200), mouse monoclonal antibody against TG2
(1:200) and mouse monoclonal antibody against caspase-3 (1:500). Secondary antibodies
used were: FITC anti-mouse (diluted 1:200) and Cy3 anti-mouse (diluted 1:500) for 1 h at
room temperature and in dark conditions. Successively, immunostained coverslips were
analysed on a Zeiss fluorescent microscope (Zeiss, Germany) and images were captured
with an Axiovision Imaging System. The immunostained for TG2 was obtained using a
Confocal Laser Scanning Microscope (CLSM) 510 Meta (Zeiss, Germany) and captured
with an Axiovision Imaging System [4,30]. For the acquisition with CLSM, we used an
Apo 63 X/1.4 oil immersion objective and the Argon (λ = 488 nm) and HeNe (λ = 543 nm)
lasers. Images were acquired at the pixel resolution of 1024 × 1024 and processed in order
to enhance brightness and contrast using the software ZEN2009 (version no 5.5.0.452).

In OECs where primary antibodies were omitted, no specific staining was observed.

2.2.6. Isolation of Total Protein and Western Blot Analysis

All OEC cultures were collected in PBS, centrifugated and resuspended in lysis buffer
composed of 150 mM NaCl, 50 mM Tris-HCl (pH 6.8), 1 mM EDTA, 0.1 mM PMSF,
10 µg/mL of aprotinin, pepstatin, leupeptin, incubated at 4 ◦C for 30 min, centrifuged
at 12,000× g for 10 min at 4 ◦C and the supernatants containing total cell proteins were
collected [5,18]. Extracted proteins were frozen at −80 ◦C, and the bicinchoninic acid
method was used for quantitation. Total proteins (40 µg) were divided through 4–15%
precast SDS–polyacrylamide gels and transferred to nitrocellulose membranes. Filters were
then incubated with the following primary antibodies (diluted 1:1000): mouse monoclonal
antibody against TG2 isoforms, cyclin D1 mouse monoclonal antibody against β-tubulin.
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Anti-rabbit and anti-mouse IgG horseradish peroxidase-conjugated were used as secondary
antibodies. Western Lightning Plus-ECL Enhanced Chemiluminescence Substrate was
used to employ each protein. Each blot was then scanned through ChemiDoc Imaging
System (Bio-Rad, Milan, Italy) to visualize it. The integrated software was used to perform
a densitometric analysis. Data obtained were normalized with β-tubulin.

2.2.7. Delayed Luminescence Spectroscopy

DL from cell cultures was measured by using a suitable equipment operating in
single photon counting mode [31]. Briefly, each sample was illuminated by a laser pulse
(Laser Photonics LN 230 C) at wavelength λexc = 337 nm, pulse-width 0.6 ns and energy
13 ± 0.2 µJ/pulse. The DL emission in the wavelength range 350–850 nm was detected by a
photomultiplier tube (Hamamatsu R7206-01 SEL), cooled at temperature −10 ◦C to reduce
thermal noise, and recorded by using a Multi-Channel Scaler (ORTEC, Ametek, Berwyn,
PA, USA) with 2 µs dwell time. To avoid photomultiplier blinding during illumination, an
electronic shutter was used, imposing 10 µs time lag in acquisition after the laser pulse.
To increase the DL signal, the same run was repeated 100 times. Spectral measurements
were performed by using broadband interferential filters (Edmund Optics) at the central
wavelengths 450 nm, 550 nm and 650 nm (50 nm FWHM), respectively. After treatments,
the cells were detached by using trypsin/EDTA solution and incubated for 7 min at 37 ◦C.
Then, 50% FBS was added in order to stop the trypsinization, and centrifuged at 200× g
for 10 min. The cells were suspended in PBS, centrifuged again (200× g for 10 min) and
resuspendend in PBS at the final cell density≥106 cell/mL. DL spectroscopy was performed
on 20 µL of single drops at room temperature (21 ± 1 ◦C).

For each treatment, DL measurements have been performed in triplicate.

2.2.8. Statistical Analysis

Statistical analysis was used to compare the data of different groups through a one-
way analysis of variance (one-way ANOVA), followed by post hoc Holm–Sidak test. Data
represent the mean ± S.D. of five separated experiments carried out in triplicate. Values
were considered statistically significant with *** p < 0.0001, ++ p < 0.001, $$ p < 0.001.

3. Results
3.1. Cell Viability

In order to evaluate the cell viability in all experimental conditions, the MTT test was
performed. The optimal concentration of Aβ(1–42), Aβ(25–35) and Aβ(35–25) was 10 µM
for 24 h, as reported in our previous studies [4]. Optimal ASTA concentration and time were
chosen at 100 µM and 30 min, respectively. DMSO-treated OECs were used as controls, as
no difference compared with OECs grown with only medium was detected. As showed by
phase-contrast image (Figure 1A) and through MTT test (Figure 1B) a significant decrease
in viability of OECs exposed to 10 µM Aβ(1–42) or Aβ(25–35) was found, while no effect
on cell viability was evident in the reverse sequence of Aβ(35–25), when compared with
controls. When OECs were pre-treated with 100 µM of ASTA and subsequently exposed to
10 µM Aβ(1–42) or Aβ(25–35) for 24 h, ASTA was able to prevent loss of cell viability as
showed in the Figure 1A,B. In addition, in OECs pre-treated with ASTA and then stressed
with Aβ(35–25) fragment no significant change was found.

3.2. Expression of Markers by Immunofluorescence

Different expression of markers through immunofluorescence was tested in OECs at
each stage in controls and in culture exposed and not exposed to Aβ, with and without
ASTA pre-treatment. Some proteins such as GFAP, a glial marker of growth, astrogliosis
and differentiation; vimentin, a cytoskeleton marker and substrate of TG2; nestin, a marker
expressed in stem cells; caspase-3 cleavage, an apoptotic marker and TG2 expression
were investigated. No cell-specific staining was observed when all primary antibodies
were omitted.
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Figure 1. Phase-contrast images (A) and percentage of cell viability (B) in OECs performed through
MTT test. OECs were exposed to Aβ(1–42) or Aβ(25–35) or Aβ(35–25) for 24 h; OECs pre-treated with
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the mean ± S.D. of five separated experiments in triplicate. * p < 0.05 significant differences vs. CTR.
Scale bars 50 µm.

3.2.1. GFAP and Vimentin Expression

GFAP and vimentin expression was evaluated in order to identify glial reactivity and
differentiation in OECs exposed to Aβ(1–42) or to Aβ(25–35) or Aβ(35–25) fragments with
and without ASTA pre-treatment. As showed in Figures 2 and 3, Aβ(1–42) or Aβ(25–35)
exposure to OECs induced a remarkable increase in GFAP and vimentin, respectively,
with respect to controls and to cells treated with the fragment Aβ(35–35); both markers
appeared more evident in OECs exposed to Aβ(25–35) with respect to Aβ(1–42) ones.
OECs treated with ASTA did not show any modification in GFAP and vimentin expression
when compared with controls (Figure 3). Those pre-treated with ASTA and subsequently
Aβ(1–42) or Aβ(25–35) exposure induced a decrease of the GFAP and vimentin expression,
making them similar to that detected in the controls. The results highlight that ASTA is
able to counteract Aβ(1–42) and fragment Aβ(25–35) stress in OECs.
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Figure 2. Immunocytochemistry for GFAP in OECs. Images show the ASTA effect in OEC treated
to different conditions. The treatment of cultures with ASTA did not induce changes for the cells
positivity for GFAP. The pre-treatment with (ASTA) restored the levels of the protein to control values,
modified by the exposure to Aβ(1–42) or Aβ(25–35). Scale bar 20 µm.

Figure 3. Immunocytochemistry for vimentin. Images show ASTA effect in OEC treated to different
conditions. ASTA pre-treatment in cultures did not induce changes for the positivity of the cells for
vimentin. The pre-treatment with ASTA restored the levels of the protein to control values, modified
by Aβ(1–42) or Aβ(25–35) exposure. Scale bar 20 µm.
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3.2.2. TG2 Expression

Immunocytochemical procedures and CLSM analysis showed a different localization
of TG2 positivity OECs depending on the growing conditions. A low staining for TG2 was
found in the cytosol of control cells, while an intense staining was revealed in the OEC
cytosol in the Aβ(1–42) and Aβ(25–35)-treated, even if more marked in Aβ(25–35)-treated
cells. When the OECs were exposed to Aβ(35–25), a light increase for TG2 cell positivity
was revealed to be prevalently localized in the cytosol. In 100 µM ASTA-treated cells,
TG2 staining was similar to the controls. In the cells exposed to Aβ(1–42) and Aβ(25–35),
ASTA provoked a decrease on the TG2-positive cell number. When the OECs were treated
with ASTA and exposed to Aβ(1–42), TG2 was localized into the nucleus, while it was
prevalently localized in the cytosol when exposed to Aβ(25–35) and pre-treated with ASTA
(Figure 4). In the ASTA pre-treated OECs that were then exposed to the fragment Aβ(35–25),
a weak staining for TG2 was found.

Figure 4. CLSM analysis of labeling immunocytochemistry for TG2 in OECs. Images show a different
protein localization and positivity depending on the growing conditions. Scale bar 20 µm.

3.2.3. Nestin Expression

As shown in Figure 5, we found a significant reduction of nestin-positive cells when
exposed to Aβ(1–42) and Aβ(25–35), while in Aβ(35–25)-exposed cells, nestin immunola-
beling was increased. The pre-treatment of ASTA (100 µM) for 24 h did not induce any
changes related to the number of nestin positivity, which was very similar to the levels
observed in the controls. A considerable increase of OECs pre-treated with ASTA and
subsequently exposed to Aβ(1–42) or Aβ(25–35) was reported compared with Aβ(1–42)
and Aβ(25–35)-exposed cells (Figure 4). A light nestin positivity in ASTA pre-treated cells
and then stressed to Aβ(35–35) was detected.

This result highlights that ASTA pre-treatment is able to stimulate TG2 repair activity
in OECs when exposed to Aβ, activating also the stem self-renewal through the augment
of the positivity for nestin.
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Figure 5. Immunocytochemistry for nestin in OECs. Images show ASTA effect in OECs treated to
different conditions. The pre-treatment with 100 µM ASTA for 24 h restored the levels of the protein
to control values, modified by the exposure to 10 µM Aβ(1–42) or Aβ(25–35). Scale bar 20 µm.

3.2.4. Caspase-3 Cleavage Immunolabeling

We evaluated the caspase-3 cleavage immunocytochemically to verify the TG2-mediated
apoptotic pathway in OECs stressed to Aβ(1–42) or Aβ(25–35). The results obtained demon-
strated that cell positivity for caspase-3 was almost absent in PBS, DMSO and Aβ(35–25)-
treated cells; however, on the contrary, in cell Aβ(1–42) or Aβ(25–35) exposed, an increased
activation of their positivity for caspase-3 with a major distribution into cytoplasm, and an
increase in cell size was detected. In addition, in OEC pre-treated with 100 µM ASTA, no
cell resulted as immunolabeled with caspase-3. When OECs were ASTA pre-treated and
subsequently exposed to Aβ(1–42) or Aβ(25–35), the caspase-3 positivity was very reduced
reaching expression levels similar to the controls (Figure 6). No positivity for caspase-3
was detected in OECs pre-treated with ASTA and then exposed to the fragment Aβ(35–25).
These results highlight how TG2 is able to control the activation of apoptotic pathway in
both Aβ-exposed OECs and those pre-treated with ASTA.

3.3. Total ROS Generation

The staining of total intracellular ROS levels was performed to monitor the intracellular
oxidative status, in OECs pre-treated and untreated with ASTA exposed for 24 h to Aβ(1–42)
or Aβ(25–35) or to Aβ (35–25) as showed in the Figure 7. Aβ exposure caused a significant
increase in total ROS levels, when compared with the controls. ASTA pre-treatment
caused a strong decrease of total intracellular ROS levels production in OECs exposed to
Aβ(1–42) or to Aβ(25–35), when compared with the controls and Aβ(35–25). These results
demonstrated that Aβ(1–42) and Aβ(25–35) increased the levels of total ROS and that ASTA
pre-treatment counteracted the modification of the oxidative status modified by Aβ to
control values.
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Figure 6. Immunocytochemistry for caspase-3 in OECs exposed to different conditions. Effect of
100 µM ASTA in Aβ(1–42) or Aβ(25–35) or Aβ(35–25)-stressed cells for 24 h. Scale bar 20 µm.
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Figure 7. Total intracellular ROS levels generation in OECs in different conditions: PBS, DMSO,
100 µM ASTA, 10 µM Aβ(1–42) or Aβ(25–35) or Aβ(35–25) both in the absence and in the presence of
100 µM ASTA for 24 h. *** p < 0.0001 vs. CTR (PBS and DMSO); ++ p < 0.001 vs. Aβ(1–42); $$ p < 0.001
vs. Aβ(25–35).

3.4. TG2 Expression Levels Immunolabeling

To assess the effect of ASTA pre-treatment on OECs exposed to Aβ(1–42) or Aβ(25–35)
or Aβ(35–25) on the role played by TG2, we have evaluated its expression levels, through
Western blot and their relative densitometric analysis (Figure 8A,B). In cells treated with
PBS and DMSO, used as control, and in OECs exposed to 100 µM of ASTA, TG2 was
expressed at low levels. Aβ(1–42) and Aβ(25–35) treatments induced a significant increase
of protein expression levels when compared with PBS and DMSO. In cultures exposed
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to Aβ(35–25), no significant modification in TG2 expression was detected. ASTA pre-
treatment in OECs exposed to Aβ(1–42) caused a TG2 significant decrease, in comparison
to cells treated with Aβ(1–42) alone. Differently, the pre-treatment with ASTA in Aβ(25–35)-
exposed OECs showed a slight increase of TG2 expression, when compared with controls
(PBS and DMSO). In addition, ASTA pre-treatment provoked a significant decrease of the
TG2 expression when compared with the controls, with ASTA alone and with Aβ(35–25).
All results were confirmed, after normalization with β-tubulin, through densitometric
analysis performed in each condition. Our results showed that Aβ treatment both with and
without ASTA differently modulates TG2 acting on apoptotic pathway activation and cell
self-renewal capacity.
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Figure 8. (A) Immunoblots obtained through Western blotting analysis for TG2 expression in total
cellular lysate from OECs in different conditions: PBS, DMSO, 100 µM ASTA, 10 µM Aβ(1–42)
or Aβ(25–35) or Aβ(35–25) both in the absence and in the presence of 100 µM ASTA for 24 h;
(B) densitometric analysis of TG2 levels performed after normalization with β-Tubulin. The results
are expressed as the mean ± S.D. of the values of five separate experiments performed in triplicate.
*** p < 0.0001 vs. CTR (PBS and DMSO); ++ p < 0.001 vs. Aβ(1–42); $$ p < 0.001 vs. Aβ(25–35).

3.5. Cyclin D1 Expression Levels

Cyclin D1 expression was examined to verify the TG2 role played in the cellular repair
induced by ASTA on Aβ exposure in OECs.

Figure 9A,B represents the Western blot and densitometric analysis for cyclin D1 on
OECs exposed to Aβ(1–42), Aβ(25–35) and Aβ(35–25) in the absence and in the presence of
100 µM ASTA. In OECs exposed to Aβ(1–42) peptide, we found a significant decrease in cy-
clin D1 expression levels, when compared with the controls (PBS and DMSO). Furthermore,
the treatment of cells with the toxic Aβ(25–35) induced a very strong reduction of cyclin
D1 expression compared with Aβ(1–42) peptide, PBS and DMSO; while the treatment of
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OECs with no-toxic fragment Aβ(35–25) did not cause important modifications in cyclin D1
expression levels. When cells were pre-treated with ASTA, there was no significant change
of cyclin D1 expression levels. The pre-treatment of cells with ASTA and following exposed
to Aβ(1–42), highlighted an important increase of the cyclin D1 expression level when
compared with Aβ(1–42) treated ones and controls. In addition, we observed a significant
increase of cyclin D1 expression levels in OECs pre-treated with ASTA and Aβ(25–35), as
compared with cells treated with Aβ(25–35) alone.

Antioxidants 2023, 12, 750 13 of 20 
 

 
Figure 9. Western blotting analysis. (A) Representative immunoblot through Western blotting 
analysis for cyclin D1 expression levels in total cellular lysates from OECs in different conditions: 
control, DMSO, 100 µM ASTA, 10 µM Aβ(1–42) or Aβ(25–35) or Aβ(35–25) both in the absence and 
in the presence of 100 µM ASTA for 24 h. (B) Densitometric analysis of cyclin D1 expression levels 
carried out after normalization with β-tubulin. The results are expressed as the mean ± S.D. of the 
values of five separate experiments performed in triplicate. *** p < 0.0001 vs. CTR (PBS and DMSO); 
++ p< 0.001 vs. Aβ(1–42); $$ p< 0.001 vs. Aβ(25–35). 

3.6. DL Spectroscopy 
Spectroscopic studies of DL were conducted on untreated OEC cultures, used as 

controls, and on the OEC cultures exposed to 10µM of native Aβ peptide (1–42) or toxic 
Aβ fragments (25–35) or (35–25) for 24 h, respectively. The effects of pre-incubation for 30 
min in 100 µM of ASTA were also evaluated in all experimental conditions. DL emission 
was acquired in the time interval between 10 µs and 100 ms after the laser pulse was 
turned off, both in the visible spectrum, 350÷850 nm (λvis), and in the intervals 425 ÷ 475 
nm (λ450nm), 525 ÷ 575 nm (λ550nm) and 625 ÷ 675 nm (λ650nm) in which mitochondrial natural 
fluorescent molecules emit. Figure 10 shows DL time trend decays, that is DL intensity I(t) 
as function of discrete-time t, in the visible spectrum. It is possible to observe multimodal 
behaviours in DL kinetics as a function of the treatments. 

Figure 9. Western blotting analysis. (A) Representative immunoblot through Western blotting
analysis for cyclin D1 expression levels in total cellular lysates from OECs in different conditions:
control, DMSO, 100 µM ASTA, 10 µM Aβ(1–42) or Aβ(25–35) or Aβ(35–25) both in the absence and
in the presence of 100 µM ASTA for 24 h. (B) Densitometric analysis of cyclin D1 expression levels
carried out after normalization with β-tubulin. The results are expressed as the mean ± S.D. of the
values of five separate experiments performed in triplicate. *** p < 0.0001 vs. CTR (PBS and DMSO);
++ p < 0.001 vs. Aβ(1–42); $$ p < 0.001 vs. Aβ(25–35).

3.6. DL Spectroscopy

Spectroscopic studies of DL were conducted on untreated OEC cultures, used as
controls, and on the OEC cultures exposed to 10µM of native Aβ peptide (1–42) or toxic Aβ

fragments (25–35) or (35–25) for 24 h, respectively. The effects of pre-incubation for 30 min
in 100 µM of ASTA were also evaluated in all experimental conditions. DL emission was
acquired in the time interval between 10 µs and 100 ms after the laser pulse was turned
off, both in the visible spectrum, 350 ÷ 850 nm (λvis), and in the intervals 425 ÷ 475 nm
(λ450nm), 525 ÷ 575 nm (λ550nm) and 625 ÷ 675 nm (λ650nm) in which mitochondrial natural
fluorescent molecules emit. Figure 10 shows DL time trend decays, that is DL intensity I(t)
as function of discrete-time t, in the visible spectrum. It is possible to observe multimodal
behaviours in DL kinetics as a function of the treatments.
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control cells; (grey circle) OECs exposed to DMSO, (diamond) OECs exposed to Aβ(1–42), (square)
OECs exposed to Aβ(25–35); (triangle) OECs exposed to Aβ(35–25). Results are expressed as the
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The figure shows that the treatment of OECs with DMSO did not alter the decay
kinetics of the DL emission, when compared with the controls. OECs exposure to Aβ(1–42)
and its fragments altered the decay kinetics as a function of the used treatment. More
precisely, OEC exposure to Aβ(1–42) gave rise to a small change at long DL times, while
the use of the fragment, especially the toxic fragment Aβ(25–35), seemed to significantly
change the decay dynamics both in intermediate and long times. To compare the effects
induced by different treatments on the cells, DL integral emission, DLI, that is the total

number of photons emitted (DLI =
∫ t f

t0
I(t)dt), were evaluated. The measurements were

performed in different days. Thus, in order to remove the dependence on cell density, the
total counts from each sample (DLIs) were normalized to the total counts from untreated
OECs prepared at the same day and assumed as control (DLIc). Average values of such
normalized total emission, along with the corresponding standard error, are reported in
Figure 11. No effect on DL total emission was observed both in the controls and in the
native peptide stressed cells, while DL total emission was significantly affected by the
exposition to the fragments, especially to the toxic fragment Aβ(25–35).

Figure 11 also shows the effect of pre-incubation for 30 min in 100 µM of ASTA. A
drastic reduction in the total emission from samples exposed to Aβ(25–35) and Aβ(35–25)
fragments, after ASTA pre-incubation, to values comparable with the control can be ob-
served. To get more insight in the phenomenon, a spectral analysis of DL emission was
performed on sample exposed to Aβ peptide and fragments, before and after pre-incubation
with ASTA (100 µM, 30 min). As above said, the three spectral band centered at λem 450 nm,
550 nm and 650 nm were considered. Actually, these three components represent about 80%
of the entire emission spectrum 350 ÷ 850 nm that can be revealed by the experimental ap-
paratus. As reported in the Figure 12, no significant changes in the DL spectrum, in DMSO
and 10 µM Aβ(1–42)-treated cells were observed when compared with the controls. In
contrast, a significant decrease in the blue component (λem = 450 nm) and an increase in the
green/yellow (λem = 550 nm) and no significant change in red (λem = 650 nm) components
are evident when OECs were exposed to Aβ(25–35) and Aβ (35–25) fragments, the effect
being more pronounced in presence of the toxic Aβ(25–35) fragment, when compared with
the DMSO and Aβ(1–42)-treated OECs (Figure 12A). Such differences almost disappeared
in ASTA-treated cells, as shown in Figure 12B, even if the red component (λem = 650 nm) of
samples exposed to the toxic Aβ(25–35) fragment remains greater than the control one.
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Figure 11. DL integral emission of OECs exposed to: 100 µM ASTA, 10 µM Aβ(1–42) or Aβ(25–35) or
Aβ(35–25) both in the absence and in the presence of 100 µM ASTA for 24 h normalized to DL integral
emission in control cell cultures in the visible range (350 nm ÷ 850 nm). Results are expressed as the
mean ± S.E. of the values of at least three biological replicates in triplicate. Before (light grey) and
after (grey bar) pre-incubation with ASTA (100 µM, 30 min). ** p < 0.001 vs. CTR (PBS and DMSO);
++ p < 0.001 vs. CTR (PBS and DMSO).
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Figure 12. Delayed luminescence emission spectra, before (A) and after (B) pre-incubation with ASTA
(100 µM, 30 min). (A) (white bar) untreated OECs (CTR); (dark grey bar) OECs exposed to DMSO;
(squared bar) OECs exposed to Aβ(1–42); (hatched bar) OECs exposed to Aβ(25–35); (dotted bar)
OECs exposed to Aβ(35–25). ** p < 0.001 and ++ p < 0.001 vs. CTR. (B) (white bar) untreated OECs
(CTR), (dark grey bar) OECs pre-incubated with ASTA; (squared bar) OECs pre-incubated with ASTA
and exposed to Aβ(1–42); (hatched bar) OECs with ASTA and exposed to Aβ(25–35); (dotted bar)
OECs pre-incubated with ASTA and exposed to Aβ(35–25). Results are expressed as the mean ± S.E.
of the values of at least three biological replicates in triplicate.

4. Discussion

Several studies have shown that the oxidative damage in the brain of patients with
AD is correlated with the aberrant formation of Aβ [32], that represents the prevalently
component of senile plaques, neutrophil threads and neurofibrillary tangles [33]. Aβ is also
responsible of mitochondrial disfunctions and tau hyperphosphorylation contributing to
the pathology [34].

It has been reported that ASTA, an antioxidant, anti-apoptotic and anti-inflammatory
compound, has stronger neuroprotective effects in neurological diseases, including AD,
compared with other carotenoids, such as lutein, β-carotene, canthaxanthin, zeaxanthin [35],
counteracting oxidative stress and inhibiting apoptotic cell death [36]. In addition, it plays
a key role in the pathway of the PI3K/Akt down-regulating caspase-3 activation [37].

This research highlights the effect of ASTA on localization and expression levels of
TG2 in OECs exposed to Aβ(1–42) or its fragments. Since GFAP and vimentin, cytoskeleton
proteins, which are involved in AD and show an important role in astrogliosis, were
tested [38]. In addition, we assessed the effect played by ASTA on cellular repair and
self-renewal evaluating cyclin D1 and nestin expression [27,39]. Total ROS production and
the percentage of cellular viability were also tested in the same experimental conditions. To
monitor the mitochondrial assessment in Aβ-stressed OECs both in the absence and in the
presence of ASTA, DL emission intensity was also evaluated.

CLSM analysis showed that the TG2 was differently localized in OECs depending on
treatment type. In Aβ(1–42) and in Aβ(25–35)-treated cells, TG2 was prevalently localized
in the cytosol. This observation demonstrated that Aβ exposure, increasing intracellular
Ca2+ levels, induced the pro-apoptotic role exerted by TG2. In fact, in these conditions, we
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found a significant increase of the apoptotic pathway as revealed by the caspase-3 detection,
as showed in the Figure 6. In OECs exposed to Aβ(1-42), ASTA pre-treatment induced the
localization of TG2 prevalently in the nucleus. This effect might be due to the reparative role
played by nuclear TG2 stimulated by ASTA pre-treatment. In fact, ASTA is able improved
stem cell potency increasing neural proliferation, as confirmed by the increase of cyclin
D1 and nestin levels found in these experimental conditions, when OECs were exposed
with the Aβ(1–42) alone. In contrast, in ASTA pre-treated cells and those exposed to
Aβ(25–35), TG2 appears localized both in the cytosol and in the nucleus. This result could
be related to the role played by splice variant of TG2 (TG2-S) that is related to an excessive
enhancement of intracellular Ca2+ levels induced by the toxic Aβ(25–35) fragment. This
observation is supported by the low caspase-3 cleavage positivity in OECs pre-treated with
ASTA subsequently exposed to Aβ(25–35). In parallel, ASTA pre-treatment reduced the
expression of GFAP and vimentin in OECs exposed to Aβ subsequently, demonstrating
that it was able to reduce the gliosis induced by Aβ. This data is in agreement with other
observations showing that ASTA stimulates the expression of proteins involved in brain
repair, such as GFAP, promoting communication and nervous cell regeneration [40].

It was observed that ASTA, for its antioxidant ability, is able to re-establish the oxida-
tive status modified by Aβ exposure in OECs to the control levels. Recent experimental
work investigated the relationship between DL and mitochondrial status in Saccharomyces
cerevisiae [41], while the effects of different agents with mitochondrial target on DL from
different cells were also evaluated [21–25]. In the present study, the presence of Aβ peptide,
especially the toxic fragment, affects DL response. As showed in the Figure 11, an increase
(more than twice) in the DL emission yield on OECs exposed to the Aβ(25–35) fragment
when compared with the control and with the native peptide Aβ(1–42). This effect might be
related to the accumulation of extracellular Aβ, that is responsible for cell cycle alterations
and oxidative stress [42]. In particular, it has been demonstrated in neuron cultures that
Aβ(25–35) fragment, while mimicking the toxicological and aggregating properties of the
native peptide Aβ(1–42), is more toxic and causes greater oxidative stress at the level of
membrane proteins, and the formation of Aβ aggregates is faster than the native peptide
Aβ(1–42). In this regard, it has been investigated that the oxidative stress induced by the
toxic fragment of Aβ is different with respect to those caused by Aβ(1–42), also elucidating
the role of the C-terminal methionine Met-35 in the toxic properties of Aβ(25-35) [43]. Inter-
estingly, Varadarajan and coworkers revealed a robust increase (2.5 times control value) in
membrane protein oxidation due to the toxic fragment Aβ(25–35), by evaluating protein
carbonyl levels. We found that DL emissions showed a high sensitivity to the effect of the
toxic fragment Aβ(25–35) when compared with the other Aβ (Figure 11); therefore, we
can assess that its effect on DL emission could be related to the different mechanisms that
govern their toxicological properties.

Spectral emission showed that the most significant differences were observed in OECs
exposed to the toxic fragment Aβ(25–35), as reported in Figure 12A. This result can be
related to a decrease of reduced forms of nicotinamide adenine dinucleotide (NADH)
consumption/production and an increase of ROS production. Indeed, a similar spectral
emission with an increase of the green/yellow component, of the ultraweak photo-induced
delayed photoemission, when compared with the control, was observed in Jurkat cell
line treated with Rotenone, a familiar specific inhibitor of mitochondrial respiration chain
complex I with anticancer activity attributed to the induction of apoptosis [25]. In addition,
the same researchers considered flavin mononucleotide (FMN) as mostly involved in
green/yellow emission. On the other hand NAD(P)H and flavins are the main responsible
of the overall autofluorescence signal from single cells, being strictly involved in reaction
pathways of energy metabolism [44]. Indeed, it has been observed that the Aβ(25–35)
fragment induced mitochondrial damage that leads to cell death through the activation of
the apoptotic pathway, inhibiting mitochondrial respiration and inducting mitochondrial
swelling, for the opening of the mitochondrial permeability transition pore resulting in a
loss of the mitochondrial transmembrane potential [45].
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It is worth noting that ASTA pre-incubation of OECs induced a recovery in DL in-
tensities, both in the total and in the spectral components, versus control ones (Figures 11
and 12B). This result, supported by biochemical tests, highlighted that in OECs exposed
to Aβ(25–35) after pre-incubation with ASTA, the red component was reduced even if it
remained greater than the control one. In fact, the ROS level was reduced, but remained
greater when compared with the control value (Figure 7).

5. Conclusions

Taken together, our results highlight that ASTA in OECs exert a protective effect against
Aβ toxicity, and that they modulate the aberrant TG2 expression up-regulated by the Aβ

exposure of the cells. OECs, as cells capable of expressing and releasing neurotrophic
factors, might represent a promising tool for the regeneration of neural tissue of AD.
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Author Contributions: A.C. and R.P.: design of the study and writing of the first draft. G.S., R.G. and
R.P.: methodology, validation, data curation. R.G., G.S., R.P., M.S. and A.S.: acquisition and analysis
of data. R.G. and M.S.: statistical analysis. A.C., A.S., J.B., R.P. and G.R.: reviewed the manuscript for
important intellectual content. A.C.: for funding. All authors have read and agreed to the published
version of the manuscript.

Funding: This research supported by the University of Catania, Progetto PIA.CE.RI 2020-2022,
Dotazione Ordinaria, Linea di intervento 2, grant number 57722172121 “Effetto di antiossidanti
naturali sull’overespressione della transglutaminasi tissutale indotta da beta-amiloide: studi biologico-
molecolari e computazionali”.

Institutional Review Board Statement: Experiments were performed in compliance with the Italian
law on animal care no. 116/1992 and in accordance with the European Community Council Directive
(86/609/EEC) and were approved by the Ethical Committee at the University of Catania (Italy) and
Nation Ministry of Health (permit number 174/2017-PR).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Yuan, J.P.; Peng, J.; Yin, K.; Wang, J.H. Potential Health-Promoting Effects of Astaxanthin: A High-Value Carotenoid Mostly from

Microalgae. Mol. Nutr. Food Res. 2011, 55, 150–165. [CrossRef]
2. Galasso, C.; Corinaldesi, C.; Sansone, C. Carotenoids from Marine Organisms: Biological Functions and Industrial Applications.

Antioxidants 2017, 6, 96. [CrossRef]
3. Grimmig, B.; Kim, S.H.; Nash, K.; Bickford, P.C.; Douglas Shytle, R. Neuroprotective Mechanisms of Astaxanthin: A Potential

Therapeutic Role in Preserving Cognitive Function in Age and Neurodegeneration. GeroScience 2017, 39, 19–32. [CrossRef]
4. Pellitteri, R.; Bonfanti, R.; Spatuzza, M.; Cambria, M.T.; Ferrara, M.; Raciti, G.; Campisi, A. Effect of Some Growth Factors

on Tissue Transglutaminase Overexpression Induced by β-Amyloid in Olfactory Ensheathing Cells. Mol. Neurobiol. 2017, 54,
6785–6794. [CrossRef]

5. Campisi, A.; Raciti, G.; Sposito, G.; Grasso, R.; Chiacchio, M.A.; Spatuzza, M.; Attanzio, A.; Chiacchio, U.; Tesoriere, L.; Allegra, M.;
et al. Amyloid-Beta Induces Different Expression Pattern of Tissue Transglutaminase and Its Isoforms on Olfactory Ensheathing
Cells: Modulatory Effect of Indicaxanthin. Int. J. Mol. Sci. 2021, 22, 3388. [CrossRef]

6. Campisi, A.; Sposito, G.; Pellitteri, R.; Santonocito, D.; Bisicchia, J.; Raciti, G.; Russo, C.; Nardiello, P.; Pignatello, R.; Casamenti,
F.; et al. Effect of Unloaded and Curcumin-Loaded Solid Lipid Nanoparticles on Tissue Transglutaminase Isoforms Expression
Levels in an Experimental Model of Alzheimer’s Disease. Antioxidants 2022, 11, 1863. [CrossRef]

7. Lesort, M.; Tucholski, J.; Miller, M.L.; Johnson, G.V. Tissue Transglutaminase: A Possible Role in Neurodegenerative Diseases.
Prog. Neurobiol. 2000, 61, 439–463. [CrossRef] [PubMed]

8. Lee, M.Y.; Wu, M.F.; Cherng, S.H.; Chiu, L.Y.; Yang, T.Y.; Sheu, G.T. Tissue Transglutaminase 2 Expression Is Epigenetically
Regulated in Human Lung Cancer Cells and Prevents Reactive Oxygen Species-Induced Apoptosis. Cancer Manag. Res. 2018, 10,
2835–2848. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/antiox12030750/s1
https://www.mdpi.com/article/10.3390/antiox12030750/s1
http://doi.org/10.1002/mnfr.201000414
http://doi.org/10.3390/antiox6040096
http://doi.org/10.1007/s11357-017-9958-x
http://doi.org/10.1007/s12035-016-0152-4
http://doi.org/10.3390/ijms22073388
http://doi.org/10.3390/antiox11101863
http://doi.org/10.1016/S0301-0082(99)00052-0
http://www.ncbi.nlm.nih.gov/pubmed/10748319
http://doi.org/10.2147/CMAR.S155582
http://www.ncbi.nlm.nih.gov/pubmed/30197536


Antioxidants 2023, 12, 750 18 of 19

9. Aeschlimann, D.; Wetterwald, A.; Fleisch, H.; Paulsson, M. Expression of Tissue Transglutaminase in Skeletal Tissues Correlates
with Events of Terminal Differentiation of Chondrocytes. J. Cell Biol. 1993, 120, 1461–1470. [CrossRef] [PubMed]

10. Gundemir, S.; Colak, G.; Tucholski, J.; Johnson, G.V.W. Transglutaminase 2: A Molecular Swiss Army Knife. Biochim. Biophys.
Acta 2012, 1823, 406–419. [CrossRef]

11. Mehta, K.; Lopez-Berestein, G. Expression of Tissue Transglutaminase in Cultured Monocytic Leukemia (THP-1) Cells during
Differentiation. Cancer Res. 1986, 46, 1388–1394.

12. Singh, G.; Zhang, J.; Ma, Y.; Cerione, R.A.; Antonyak, M.A. The Different Conformational States of Tissue Transglutaminase Have
Opposing Affects on Cell Viability. J. Biol. Chem. 2016, 291, 9119–9132. [CrossRef]

13. Lai, T.S.; Lin, C.J.; Wu, Y.T.; Wu, C.J. Tissue Transglutaminase (TG2) and Mitochondrial Function and Dysfunction. Front. Biosci.
Landmark 2017, 22, 1114–1137. [CrossRef]

14. Woodhall, E.; West, A.K.; Chuah, M.I. Cultured Olfactory Ensheathing Cells Express Nerve Growth Factor, Brain-Derived
Neurotrophic Factor, Glia Cell Line-Derived Neurotrophic Factor and Their Receptors. Mol. Brain Res. 2001, 88, 203–213.
[CrossRef]

15. Mecocci, P.; Tinarelli, C.; Schulz, R.J.; Polidori, M.C. Nutraceuticals in Cognitive Impairment and Alzheimer’s Disease. Front.
Pharmacol. 2014, 5, 147–158. [CrossRef] [PubMed]

16. Allegra, M.; Tutone, M.; Tesoriere, L.; Almerico, A.M.; Culletta, G.; Livrea, M.A.; Attanzio, A. Indicaxanthin, a multi-target natural
compound from Opuntia ficus-indica fruit: From its poly-pharmacological effects to biochemical mechanisms and molecular
modelling studies. Eur. J. Med. Chem. 2019, 179, 753–764. [CrossRef] [PubMed]

17. Brizhik, L.; Scordino, A.; Triglia, A.; Musumeci, F. Delayed Luminescence of Biological Systems Arising from Correlated
Many-Soliton States. Phys. Rev. E Stat. Nonlin. Soft Matter. Phys. 2001, 64, 031902–031911. [CrossRef] [PubMed]

18. Scordino, A.; Grasso, R.; Gulino, M.; Lanzanò, L.; Musumeci, F.; Privitera, G.; Tedesco, M.; Triglia, A.; Brizhik, L. Delayed
Luminescence from Collagen as Arising from Soliton and Small Polaron States. Int. J. Quantum Chem. 2010, 110, 221–229.
[CrossRef]

19. Tudisco, S.; Musumeci, F.; Scordino, A.; Privitera, G. Advanced Research Equipment for Fast Ultraweak Luminescence Analysis.
Rev. Sci. Instrum. 2003, 74, 4485–4490. [CrossRef]

20. Lanzanò, L.; Scordino, A.; Privitera, S.; Tudisco, S.; Musumeci, F. Spectral Analysis of Delayed Luminescence from Human Skin
as a Possible Non-Invasive Diagnostic Tool. Eur. Biophys. J. 2007, 39, 823–829. [CrossRef]

21. Baran, I.; Ganea, C.; Scordino, A.; Musumeci, F.; Barresi, V.; Tudisco, S.; Privitera, S.; Grasso, R.; Condorelli, D.F.; Ursu, I.; et al.
Effects of Menadione, Hydrogen Peroxide, and Quercetin on Apoptosis and Delayed Luminescence of Human Leukemia Jurkat
T-Cells. Cell Biochem. Biophys. 2010, 58, 169–179. [CrossRef]

22. Baran, I.; Ganea, C.; Privitera, S.; Scordino, A.; Barresi, V.; Musumeci, F.; Mocanu, M.M.; Condorelli, D.F.; Ursu, I.; Grasso, R.;
et al. Detailed Analysis of Apoptosis and Delayed Luminescence of Human Leukemia Jurkat T Cells after Proton Irradiation and
Treatments with Oxidant Agents and Flavonoids. Oxid. Med. Cell. Longev. 2012, 2012, 498914. [CrossRef]

23. Scordino, A.; Campisi, A.; Grasso, R.; Bonfanti, R.; Gulino, M.; Iauk, L.; Parenti, R.; Musumeci, F. Delayed Luminescence to
Monitor Programmed Cell Death Induced by Berberine on Thyroid Cancer Cells. J. Biomed. Opt. 2014, 19, 117005–117016.
[CrossRef]

24. Grasso, R.; Dell’Albani, P.; Carbone, C.; Spatuzza, M.; Bonfanti, R.; Sposito, G.; Puglisi, G.; Musumeci, F.; Scordino, A.; Campisi,
A. Synergic Pro-Apoptotic Effects of Ferulic Acid and Nanostructured Lipid Carrier in Glioblastoma Cells Assessed through
Molecular and Delayed Luminescence Studies. Sci. Rep. 2020, 10, 4680–4693. [CrossRef]

25. Baran, I.; Ionescu, D.; Privitera, S.; Scordino, A.; Mocanu, M.M.; Musumeci, F.; Grasso, R.; Gulino, M.; Iftime, A.; Tofolean, I.T.; et al.
Mitochondrial Respiratory Complex I Probed by Delayed Luminescence Spectroscopy. J. Biomed. Opt. 2013, 18, 127006–127028.
[CrossRef]

26. Ganne, A.; Balasubramaniam, M.; Griffin, W.S.T.; Shmookler Reis, R.J.; Ayyadevara, S. Glial Fibrillary Acidic Protein: A Biomarker
and Drug Target for Alzheimer’s Disease. Pharmaceutics 2022, 14, 1354. [CrossRef] [PubMed]

27. Chen, C.L.; Wang, L.J.; Yan, Y.T.; Hsu, H.W.; Su, H.L.; Chang, F.P.; Hsieh, P.C.H.; Hwang, S.M.; Shen, C.N. Cyclin D1 Acts as a
Barrier to Pluripotent Reprogramming by Promoting Neural Progenitor Fate Commitment. FEBS Lett. 2014, 588, 4008–4017.
[CrossRef]

28. Pellitteri, R.; Spatuzza, M.; Russo, A.; Stanzani, S. Olfactory Ensheathing Cells Exert a Trophic Effect on the Hypothalamic
Neurons in Vitro. Neurosci. Lett. 2007, 417, 24–29. [CrossRef] [PubMed]

29. Chuah, M.I.; Au, C. Cultures of Ensheathing Cells from Neonatal Rat Olfactory Bulbs. Brain Res. 1993, 601, 213–220. [CrossRef]
[PubMed]

30. Campisi, A.; Spatuzza, M.; Russo, A.; Raciti, G.; Vanella, A.; Stanzani, S.; Pellitteri, R. Expression of Tissue Transglutaminase on
Primary Olfactory Ensheathing Cells Cultures Exposed to Stress Conditions. Neurosci. Res. 2012, 72, 289–295. [CrossRef]

31. Scordino, A.; Baran, I.; Gulino, M.; Ganea, C.; Grasso, R.; Niggli, J.H.; Musumeci, F. Ultra-Weak Delayed Luminescence in Cancer
Research: A Review of the Results by the ARETUSA Equipment. J. Photochem. Photobiol. B Biol. 2014, 139, 76–84. [CrossRef]
[PubMed]

32. Nakamura, A.; Kaneko, N.; Villemagne, V.L.; Kato, T.; Doecke, J.; Doré, V.; Fowler, C.; Li, Q.X.; Martins, R.; Rowe, C.; et al. High
Performance Plasma Amyloid-β Biomarkers for Alzheimer’s Disease. Nature 2018, 554, 249–254. [CrossRef] [PubMed]

http://doi.org/10.1083/jcb.120.6.1461
http://www.ncbi.nlm.nih.gov/pubmed/8095503
http://doi.org/10.1016/j.bbamcr.2011.09.012
http://doi.org/10.1074/jbc.M115.699108
http://doi.org/10.2741/4536
http://doi.org/10.1016/S0169-328X(01)00044-4
http://doi.org/10.3389/fphar.2014.00147
http://www.ncbi.nlm.nih.gov/pubmed/25002849
http://doi.org/10.1016/j.ejmech.2019.07.006
http://www.ncbi.nlm.nih.gov/pubmed/31284085
http://doi.org/10.1103/PhysRevE.64.031902
http://www.ncbi.nlm.nih.gov/pubmed/11580362
http://doi.org/10.1002/qua.22010
http://doi.org/10.1063/1.1611997
http://doi.org/10.1007/s00249-007-0156-0
http://doi.org/10.1007/s12013-010-9104-1
http://doi.org/10.1155/2012/498914
http://doi.org/10.1117/1.JBO.19.11.117005
http://doi.org/10.1038/s41598-020-61670-3
http://doi.org/10.1117/1.JBO.18.12.127006
http://doi.org/10.3390/pharmaceutics14071354
http://www.ncbi.nlm.nih.gov/pubmed/35890250
http://doi.org/10.1016/j.febslet.2014.08.039
http://doi.org/10.1016/j.neulet.2007.02.065
http://www.ncbi.nlm.nih.gov/pubmed/17360117
http://doi.org/10.1016/0006-8993(93)91713-3
http://www.ncbi.nlm.nih.gov/pubmed/8431768
http://doi.org/10.1016/j.neures.2011.12.008
http://doi.org/10.1016/j.jphotobiol.2014.03.027
http://www.ncbi.nlm.nih.gov/pubmed/24912405
http://doi.org/10.1038/nature25456
http://www.ncbi.nlm.nih.gov/pubmed/29420472


Antioxidants 2023, 12, 750 19 of 19

33. Butterfield, D.A.; Castegna, A.; Lauderback, C.M.; Drake, J. Evidence That Amyloid Beta-Peptide-Induced Lipid Peroxidation
and Its Sequelae in Alzheimer’s Disease Brain Contribute to Neuronal Death. Neurobiol. Aging 2002, 23, 655–664. [CrossRef]

34. Pradeepkiran, J.A.; Reddy, P.H. Defective Mitophagy in Alzheimer’s Disease. Ageing Res. Rev. 2020, 64, 101191–101229. [CrossRef]
35. Naguib, Y.M. Antioxidant Activities of Astaxanthin and Related Carotenoids. J. Agric. Food Chem. 2000, 48, 1150–1154. [CrossRef]

[PubMed]
36. Nakajima, Y.; Inokuchi, Y.; Shimazawa, M.; Otsubo, K.; Ishibashi, T.; Hara, H. Astaxanthin, a Dietary Carotenoid, Protects Retinal

Cells against Oxidative Stress in-Vitro and in Mice in-Vivo. J. Pharm. Pharmacol. 2008, 60, 1365–1374. [CrossRef]
37. Zhang, X.S.; Zhang, X.; Wu, Q.; Li, W.; Zhang, Q.R.; Wang, C.X.; Zhou, X.M.; Li, H.; Shi, J.X.; Zhou, M.L. Astaxanthin Alleviates

Early Brain Injury Following Subarachnoid Hemorrhage in Rats: Possible Involvement of Akt/Bad Signaling. Mar. Drugs 2014,
12, 4291–4310. [CrossRef]

38. Campisi, A.; Caccamo, D.; Li Volti, G.; Currò, M.; Parisi, G.; Avola, R.; Vanella, A.; Ientile, R. Glutamate-Evoked Redox State
Alterations Are Involved in Tissue Transglutaminase Upregulation in Primary Astrocyte Cultures. FEBS Lett. 2004, 578, 80–84.
[CrossRef]

39. Kim, J.H.; Nam, S.W.; Kim, B.W.; Choi, W.; Lee, J.H.; Kim, W.J.; Choi, Y.H. Astaxanthin Improves Stem Cell Potency via an
Increase in the Proliferation of Neural Progenitor Cells. Int. J. Mol. Sci. 2010, 11, 5109–5119. [CrossRef]

40. Cullen, D.K.; Simon, C.M.; LaPlaca, M.C. Strain Rate-Dependent Induction of Reactive Astrogliosis and Cell Death in Three-
Dimensional Neuronal-Astrocytic Co-Cultures. Brain Res. 2007, 1158, 103–115. [CrossRef]

41. Tian, M.; Li, Q.; Liu, Y.; Zheng, P.; Li, D.; Zhao, Y.; Wang, B.; Li, C.; Wang, J.; Gao, P.; et al. Relationship between delayed
luminescence emission and mitochondrial status in Saccharomyces cerevisiae. Sci. Rep. 2022, 12, 394. [CrossRef]

42. Swomley, A.M.; Förster, S.; Keeney, J.T.; Triplett, J.; Zhang, Z.; Sultana, R.; Butterfield, D.A. Abeta, Oxidative Stress in Alzheimer
Disease: Evidence Based on Proteomics Studies. Biochim. Biophys. Acta (BBA)-Mol. Basis Dis. 2014, 1842, 1248–1257. [CrossRef]
[PubMed]

43. Varadarajan, S.; Kanski, J.; Aksenova, M.; Lauderback, C.; Butterfield, D.A. Different Mechanisms of Oxidative Stress and
Neurotoxicity for Alzheimer’s A Beta(1–42) and A Beta(25–35). J. Am. Chem. Soc. 2001, 123, 5625–5631. [CrossRef]

44. Croce, A.C.; Bottiroli, G. New Light in Flavin Autofluorescence. Eur. J. Histochem. 2015, 59, 2576–2578. [CrossRef] [PubMed]
45. Clementi, M.E.; Marini, S.; Coletta, M.; Orsini, F.; Giardina, B.; Misiti, F. Aβ(31–35) and Aβ(25–35) Fragments of Amyloid

Beta-Protein Induce Cellular Death through Apoptotic Signals: Role of the Redox State of Methionine-35. FEBS Lett. 2005, 579,
2913–2918. [CrossRef] [PubMed]

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

http://doi.org/10.1016/S0197-4580(01)00340-2
http://doi.org/10.1016/j.arr.2020.101191
http://doi.org/10.1021/jf991106k
http://www.ncbi.nlm.nih.gov/pubmed/10775364
http://doi.org/10.1211/jpp.60.10.0013
http://doi.org/10.3390/md12084291
http://doi.org/10.1016/j.febslet.2004.10.074
http://doi.org/10.3390/ijms11125109
http://doi.org/10.1016/j.brainres.2007.04.070
http://doi.org/10.1038/s41598-021-04290-9
http://doi.org/10.1016/j.bbadis.2013.09.015
http://www.ncbi.nlm.nih.gov/pubmed/24120836
http://doi.org/10.1021/ja010452r
http://doi.org/10.4081/ejh.2015.2576
http://www.ncbi.nlm.nih.gov/pubmed/26708187
http://doi.org/10.1016/j.febslet.2005.04.041
http://www.ncbi.nlm.nih.gov/pubmed/15890345

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	OEC Cultures 
	Treatment of OECs 
	MTT Test 
	Total ROS 
	Immunocytochemistry and CLSM Analysis 
	Isolation of Total Protein and Western Blot Analysis 
	Delayed Luminescence Spectroscopy 
	Statistical Analysis 


	Results 
	Cell Viability 
	Expression of Markers by Immunofluorescence 
	GFAP and Vimentin Expression 
	TG2 Expression 
	Nestin Expression 
	Caspase-3 Cleavage Immunolabeling 

	Total ROS Generation 
	TG2 Expression Levels Immunolabeling 
	Cyclin D1 Expression Levels 
	DL Spectroscopy 

	Discussion 
	Conclusions 
	References

