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Abstract

Asx is a fat-soluble xanthophyll carotenoid, one of its most relevant
properties is its antioxidant activity. Depending on the dose and environment,
it participates in an adequate regulation of ROS/RNS at optimal levels, either
directly scavenger or indirectly through the stimulation of “antioxidant” pathways
such as NRF2. This regulation and interactions within the signaling pathways
are studied here in order to find information that provides data to elucidate
the effects that may influence the processes of obtaining IPC and the study
of the effect of molecules that increase the efficiency of the cellular response
during the trans differentiation process. We found that adding Asx to a cocktail
of differentiation molecules to obtain IPC from DPSC increases the efficiency
of insulin production, as well as the expression of important markers for the
maturity and identity of pancreatic B-type cells (NGN3, PDX1, MAFA). It was
also revealed that Asx favors the proper regulation of oxidative stress caused
during the process of cellular trans differentiation of DPSC towards IPC, through
the direct inactivation of ROS and the increase in the expression of NRF2 as well
as the decrease of their principal inhibitor KEAP1, favoring the maturity of the
IPC. These results suggest the potential use of Asx to deepen the knowledge
of its interaction with other signaling pathways that favor the generation of IPC
and other cells sensitive to oxidative stress, and thereby lay the foundations for

NRF2

Introduction

a possible cell replacement therapy as in DM1.
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Diabetes mellitus is a chronic metabolic disorder characterized
by a state of chronic hyperglycemia. DM is a disease of worldwide
relevance and constant growth [1]. The expenses related to this disease
are high for the patient and for the health systems. It is estimated
that in 2021, there were 537 million people with DM in the world.
In addition, stakeholders in this condition had risen to 966 billion
USD [1,2]. Despite great advances in the development of palliative
therapies, side effects have been reported in efforts to provide
patients with recurrent treatments. In DM typel, there is an altered
immune tolerance to specific proteins, determining the destruction
of B cells [3]. While in DM2 a state of insulin resistance prevails,
triggering several problems such as glucotoxicity among others [3].
This increases oxidative stress, increasing the production of reactive
oxygen species and favoring the direct destruction of the -cell mass
[4]. Consequently, small percentages of P cells prevail in both types
of DM, 2% in DM1 and 20% in DM2 [5]. The transplant of pancreas
or islets from cadavers is one of the most effective therapies, however
the low availability of donors, a low percentage of islets per patient,
histocompatibility, surgery costs, among other reasons, makes this
therapy very complicated [6]. Therefore, more effective and cheaper
long-term therapies are required. Derived from the interest in having
replacement cells, which has ventured into the field of cell therapy,
the use of adults Mesenchymal Stromal Cells (MSC), may have some
advantages including the potential to produce differentiated cells

obtained from the same patient (autologous) or from a different
one (heterologous), thus minimizing the problem of cell or donor
supply and possibly reducing the cost of treatment per patient [7].
Further to this, they are not teratogenic, immunogenic, and also have
immunomodulatory functions [8-10]. The generation of replacement
cells obtained from stromal cells such as MSC continues to be of
interest due to their availability from different sources or niches (bone
marrow, dental pulp, umbilical cord, adipose tissue, among others);
they have been a topic of growing interest both in the academic
and health industry fields for about 50 years, for which isolation,
culture and expansion protocols have been improved to facilitate
cell replacement techniques [11]. The DPCS in particular have
an advantage since their extraction can be done from third molars
after dental surgeries, in addition to the fact that they do not present
ethical conflicts in their use [9,12-14]. Insulin-producing cells can
be generated from MSC through targeted differentiation protocols
[15,16]. It is now known that the resulting insulin-producing cells
can control hyperglycemia to induced diabetes mice, preclinic studies
[17-19]. Although the mechanisms have not been fully elucidated,
great progress has been made in studying the effect of molecules that
potentially increase the efficiency in obtaining IPC. Asx is a fat-soluble
xanthophyll carotenoid and it is contained in various microorganisms
like Blakeslea trispora or Haematococcus pluvialis. Asx exerts an action
on the response to insulin and the metabolism of glucose in a diet
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with a high amount of fat and fructose mediated by the modulation
of signaling pathways such as activation of IRS, PI3K, PKB [20-22].
Other studies refer to the usefulness of Asx as a neuroprotective and
enhancer in increasing the proliferation of neuronal progenitors
obtained from MSC [23,24]. These studies reported that Asx had a
protective effect and induced proliferation of neuronal progenitors
at almost twice the rate observed when Asx was not used. It was
also discovered to induce the expression of neuronal genes (NGN3,
NEUROD1), involved in the formation of the definitive endoderm
during embryonic development. Further, these genes participate in
the maturation and function of pancreatic cells and insulin secretion.,
which is why the correlation of the use of Asx and stimulation in the
process of transdifferentiation into pancreatic p-type cells became of
interest for our study [25-27].

One of the most relevant properties of Asx is its antioxidant
activity, and depending on the environment, it participates in an
adequate regulation of ROS at optimal levels, either directly as a ROS/
RNS scavenger or indirectly through the stimulation of "antioxidant"
pathways such as NRF2 or HO-1, among others [21,28]. It has been
reported that adequate regulation of ROS can also favor different
cellular processes such as cell differentiation, among which is the
organogenesis of insulin -producing f cells [29]. It has been reported
that this regulation favored the expression of genes such as SOX9 or
the NGN3 [30,31]. It should be noted that it has been necessary to
control oxidative stress in the in vitro differentiation processes in
which MSC are used, since this allows the cells to specialize more
efficiently towards the lineage these are aimed to differentiate to
[32,33].

It is believed that the use of antioxidants during protocols
for obtaining IPC in vitro may favor its efficiency, probably due to
its cytoprotective effect similar to studies in Diabetes models or
induction of pancreatic type genes, however, its possible mechanism
of action has not been fully elucidated [22,34,35]. As a consequence,
in this exploratory study we investigate the implications of the use
of Asx, the efficacy of the transdifferentiation process to obtain IPC
in vitro, through its participation on oxidative stress, specifically on
some ROS/RNS such as H,0,, O, and (0N (direct antioxidant or
scavenging activity) and the expression of antioxidant pathways such
as KEAP1/NRF2, which regulates antioxidant enzymes such as SOD,
CAT and GPX (indirect antioxidant activity).

Abbreviations: Asx: Astaxanthin; CAT: Catalase; DAFDA:
4-Amino-5-Methylamino-2',7'- Difluorofluorescein Diacetate;
DCFDA: 2" ,7" -Dichlorofluorescein diacetate; DPSC: Dental Pulp
Stromal Cells; GAPDH: Glyceraldehyde-3-Phosphate Dehydrogenase;
GPX: Glutathione Peroxidase; IPC: Insulin-Producing Cells;
KEAP1: Kelch Like ECH Associated Protein 1; MAFA: V-Maf Avian
Musculoaponeurotic Fibrosarcoma Oncogene; MSC: Mesenchymal
Stromal Cells; NGN3: Neurogenin 3; NRF2: Nuclear Factor Erythroid
2-Related Factor 2; PBS: Phosphate-Buffered Saline; PDX1: Pancreatic
and Duodenal Homeobox 1; RNS: Reactive Nitrogen Species; ROS:
Reactive Oxygen Species; SOD: Superoxide Dismutase; SOX9: (Sex
determining region Y)-box transcription factor 9; SP: Standard
Protocol without astaxanthin; SP+Asx: Standard Protocol with
Astaxanthin; FBS: Fetal Bovine Serum.

Material and Methods
Isolation and Culture of DPSC

DPSC were obtained from a dental piece following the protocol
reported by Hernandez et al. [36], was obtained from a patient
(female 18 years old) undergoing dental surgery at the Civil Hospital
of Guadalajara, under informed consent. Within a biosafety cabinet,
the dental piece was cleaned with a 0.25mg/mL amphotericin B
(Sigma cat. A2942) gauze, then it was placed in 8% povidone-iodine,
later in PBS 1X pH 7.4 (Sigma) with 100U/10mg/ml of Penicillin/
Streptomycin (Sigma cat. P4333) and finally in Chlorhexidine at
0.12% (Sigma cat. 282227). A mechanical method was used to obtain
the cells, cutting the dental organ at the neck, dividing the crown and
the root, using a low-speed hand piece (Medidental) and a diamond
disc (Mestra). Upon reaching the chamber, the pulp tissue was
removed with forceps. The tissue was fractionated with a scalpel and
digested by adding 1 mL of 0.005% trypsin in DPBS (ATCC cat. 30-
2101, Sigma cat. D8537) shaking it at 160 rpm and at 37°C for 20 min,
vortexing for 1 min, shaking it at 220 rpm for 20 min, and vortexing
for 1 min again. The sample was centrifuged at 1500 rpm for 5 min.,
and the cell pellet was resuspended in 5mL of a-MEM medium
(Sigma cat. M4526) added with 10% FBS (Gibco), 2mM L-glutamine
(Sigma cat. G7513), 10uM L-ascorbic acid 2-phosphate (Sigma cat.
A8960), 1% penicillin-streptomycin 100U/100mg/mL and 0.25mg/
mL of amphotericin B. This cell suspension was placed into 25cm?
culture flasks bottles and observed under an inverted microscope
daily until adhered cells were observed. The medium was replaced
every 72 hours, approximately between 7 and 15 days the first cells
with fibroblastoid morphology were observed. For the maintenance
of cell cultures, DMEM medium (Sigma cat. D0822) supplemented
with 10% FBS and 200mM L-glutamine were used. When the cells
were expanded, they were cryopreserved in vials with 7% DMSO
(Supelco cat. 94563). Subsequent cell expansion for use was carried
out in 75 cm2 bottles, with DMEM/F12 medium (Sigma cat. D8437)
supplemented with 7% FBS. They were grown at a density of 3,000
cells per cm?.

Characterization of DPSC - Like MSC

The characterization was carried out from the second cell
passage and up to 10 passages. Cells were harvested and counted
(approximately 500,000 cells), washed with PBS1X/BSA 0.1%
(Roche cat. 10735108001) 2 min at 1200 rpm, fixed with cold 4%
paraformaldehyde (PFA) (Sigma cat. P6148), shaken 20 min at 120
rpm, washed again with PBS/BSA 0.1% and labeled with fluorescent
conjugate assays CD105-PerCP, CD90-FITC, CD73-APC CD44-PE,
Hematopoietic cocktail (CD344, CD11, CD45, HLA-DR)-PE) (BD
Biosciences cat. 562245) at 4°C overnight. Then, they were washed
with PBS/BSA 0.1% and resuspended in PBS/BSA 0.1%. Unlabeled
cells were used as negative control. Cells were analyzed using a flow
cytometer (BD Accuri C6™). For Mult differentiation, cells were
cultured with differentiation media for adipocytes (Sigma cat. 811D-
250), chondrocytes (Sigma cat. 411D-250) and osteocytes (Sigma
Cat. 417D-250) for 28 days in 6-well plates. Oil red staining was used
for characterizing adipocytes: culture medium was removed and
rinsed twice with PBS 1X, fixed with 4% PFA for 15 min, PFA was
removed and PBS 1X added 1 min, PBS 1X was removed and 60%
isopropanol was added 15 sec. Isopropanol was removed and Oil Red
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was added for 20 min and rinsed twice with PBS. Alcian blue staining
was used for characterizing chondrocytes: the medium was separated
and the cells were fixed with 96% ethanol for 20min, washed with
1X PBS, 1% acetic acid was added for 5min, then washed with 1X
PBS and placed the blue solution 1% alcian blue solution for 1h and
subsequently washed with 1X PBS. Alizarin red staining was used for
characterizing osteocytes: cells were fixed with 4% PFA for 1 h, then
washed twice with distilled water and 2% alizarin red was added and
allowed to stand for 3-5 min. Finally, cells were washed wash 3 times
with distilled water. Images of stained cells were captured using phase
contrast microscope Optika, XDS-2FL where the DPSC were used as
undifferentiated control.

Influence of Asx on the Production of Insulin During the
Procurement of the CPI

Differentiation assays were performed in a stepwise protocol as
shown in Figure 1. To perform the DPSC differentiation assays towards
insulin-producing cells, passages 8-11 were used. The maintenance
medium was removed and added in a first stage bFGF 5 ng/mL, IGF 15
ng/mL, Activin A 100ng/mL, CHIR99021 3uM in DMEM/F12 with 7%
EBS for 5 days to induce the formation of progenitor pancreatic cells.
The endocrine progenitors were obtained by changing the medium for
bFGF 4ng/mL, IGF 50ng/mL, Noggin 100ng/mL, dorsomorphin 1uM
and retinoic acid 2uM in DMEM-F12 with 1% FBS, for 6 days. For the
last stage and to obtain insulin-producing cells, a medium change was
made for DMEM-F12 with 10 uM Forskolin, 3 uM taurine, 10 mM
nicotinamide, 4 ng/mL GLP-1, 10 uM dexamethasone and 1% B27
supplement for 6 days. The Asx (Sigma Cat. SML09082) dose used in
protocol was 10 ng/mL (16.75 nM) in every stage. DPSC were used as
a negative differentiation control, cultivating them for the same time,
changing the medium according to each stage of differentiation. At
the end of each stage, cell viability was analyzed by MTT assay, the
expression of pancreatic nRNA and the NRF2 pathway by RT-qPCR,

Step-wise protocol

Stage 1 Stage 2 Stage 3
in1 FGF 4 ng/mL Foskolin 10 pM
%:v;nng’eg‘:gij IGF 50 ng/mL Taurine 3 pM
IGF 15 ng/mL Noggin 100 ng/mL Nicotinamide 10 mM

GLP-1 4ng/mL

Dorsomorphin 1 uM
Dexametasone 10 uM

HIR99021 M
¢ 0213 Retinoic acid 2 pM

. .
X N
N —> ]\\I

P —
5 days 6 days 6 days
DPSC DE EP IPC
Astaxanthin 10 ng/mL hin 10 ng/mL
DMEM/F12 + 7% FBS
DMEM/FI2 + 1% FBS Astaxanthin 10 ng/mL

DMEM/F12 + 1% B27

PDX1 NGN3 MAFA
PDX1 PDX1
NGN3

INS+ Cells

Figure 1: Schematic representation of the stepwise differentiation protocol
used to obtain IPC from DPSC. Protocol showing the specialization of an
MSC towards an IPC, beginning by expressing the definitive endoderm
marker (PDX1), then expressing endocrine progenitor markers (NGN3,
PDX1). MSC, Mesenchymal stem cells; DE, Definitive endoderm; EP,
Endocrine progenitor; IPC, Insulin producing cells. INS+: Insulin positive
cells.
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Figure 2: Characterization of primary human Dental Pulp Stem Cells
(DPSC). A. Scheme of extraction, isolation (10X) and characterization of
DPSC. B. Representative flow cytometry analysis of MSC markers indicated
that isolated cells were CD44 (99.73%), CD73 (98.81%), CD90 (99.50%) and
CD105 (99.44%). C. Cellular multidifferentiation: adipogenic cells confirmed
with oil red, chondrogenic cells confirmed with alcian blue and osteogenic
cells confirmed with alizarin red (20X).

different intracellular ROS/RNS (H,0,, O, NO"); and at the end of

differentiation, pancreatic mRNAs, intracellular insulin, and Glucose-
Stimulated Insulin Secretion (GSIS) in the supernatant were analyzed.

Alizarin red

- o
e T )
o] ce0nH

e T L e e Y i e

Real Time Quantitative PCR Analysis

For RNA extraction, Promega RNA Reliaprep extraction Kit (cat.
Z6010) was used according to the supplier's instructions. Subsequently,
for the RT-qPCR analysis, the Invitrogen RNA ultrasense kit (cat.
11732927) was used according to the supplier's instructions, using
GAPDH as internal control. The thermal cycler procedure was used:
Lysis and RNA extraction at 37°C for 5 min and 75°C for 5 min; for
RT-qPCR 50 °C for 25 min, 95 °C for 5 min, followed by 40 cycles,
95 °C for 15 s, 60°C for 45 s. The primers used were listed in Table 1.

Intracellular Insulin Measurement

Once the cells were harvested, they were washed with PBS 1X at
1200 rpm for 5 min, then the cell button was fixed and permeabilized
with a 1:1 solution of cold methanol: acetone for 1 min [37], washed
with PBS 1X/BSA 1% and incubated with anti- insulin (Alexa Fluor
647 Mouse) at 100 rpm for 1 h in the dark at room temperature. They
were washed with PBS1X and read in a cytometer (Accuri C6 BD).
DPSC was taken as a negative control.

Assay of Glucose-Stimulated Insulin Secretion (GSIS)
At the end of differentiation step, the cells were washed 3 times

Table 1: Sequences of the primers and probes employed for reverse
transcription-quantitative polymerase chain reaction.

Gene Forward primer (5" - 3") Reverse primer (5 - 3’)
NRF2 human caaaaggagcaagagaaagcc | tctgatttgggaatgtggge
KEAP1 human ggagtacatctacatgcattttgg ttgacccagttgatgcagg
SOD human tcgagcagaaggaaagtaatgg | ctggatagaggattaaagtgaggac
GPX human ctgctttcectgetectg gctcegtactcgtaaatggtg
CAT human tctcgttggaaataacaccecce tgcagagactcaggacgtag
GAPDH human  |ggtgtgaaccatgagaagtatga | gagtccttccacgataccaaag
PDX1 human agaatccagacctgcacaac gccggtacttgtagttggg
NGN3 human ggcagtctggctttctcag gggagaagcagaaggaacaag
MAFA human ctggtgtccatgtcggtg cacttctcgctctccagaatg
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Figure 3: The effect of Asx on the DPSC cells MTT assay. Astaxanthin did
not affect DPSC viability at 48h MTT assay with different concentration of
Asx. n=4. *p <0.05.
with PBS 1X, pre-incubated with Krebs-Ringer buffer (NaCl 129mM,
KCl 4.7mM, NaHCO, 5mM, CaCl2 2.5mM, MgSO, 1.2mM, KH,PO,
1.2mM, HEPES 10mM, BSA 0.2%, pH 7.4) without glucose for 90 min.
The supernatant was then collected and replaced with Krebs-Ringer
buffer supplemented with 2.8 mM D-glucose at 37°C for another 60
min. The supernatant was also collected and exchanged again for
Krebs Ringer buffer with 16.7 mM D-glucose. The supernatant was
also collected to detect the insulin release by a tertiary laboratory
DILABIM?, using electrochemiluminescence (CMIA) assay.

Detection of Intracellular ROS/RNS (H.O,, 0%, NO")

272

DPSC were cultured in 12-well plates until they reached 80%
confluence. For H202 detection, cells were harvested with trypsin and
washed with PBS 1X. DCEF-DA (2',7'-dichlorofluorescein diacetate)
(Sigma) was added at 50 uM in PBS and incubated at 37 °C for 30
minutes protected from light. Subsequently, the sample was read in
a flow cytometer (BD Accuri C6™) at 480/530 nm (DCFDA Cellular
ROS Detection Assay Kit Abcam). Cells were cultured in dark 96-well
plates, 3x105 cells/well. Cells were washed with PBS and incubated
at 37°C with 100 pL/well for 45 min. The staining solutions for O2-
detection were made with Superoxide Detection Reagent (Abcam
ab139476) at 2 uM in culture medium per supplier indications and
for NO- with DAF-FM™ (Invitrogen) (4-amino-5-methylamino-2
,7'-difluororescein) 5 uM in PBS (Invitrogen protocol MP23841).
Afterwards, it was washed with PBS 1x and proceeded to read in a
fluorometer (Cytation3®) at 550/620 for O2- and at 485/535 nm for
NO-. *For O2- reading, cells were not washed with PBS Cell viability
(MTT)

Cell viability ~was detected by the MTT assay
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide). For
this analysis, the cells were seeded at a density of 5x10° cells/well in
a 96-well plate. After the corresponding treatment, the medium was
removed and washed with PBS, then added 100 uL of 0.3 mg/ml MTT
for 4 h. Subsequently, 150 puL/well of DMSO: SDS 30% in a ratio of 3:1
was added. It was placed under stirring at 120 rpm for 20 min in dark.
The absorbance was read at 570 nm on ELISA spectrophotometer
(Xmark Bio-rad).

Statistical Analysis

Graphics were presented as means * Standard Deviation (SD)

from at least 2 independent experiments. Results were analyzed by
one-way Analysis of Variance Analysis (ANOVA) after corroborating
the normality of the data and Tukey's post hoc test was used, unless
otherwise stated. Differences were considered statistically significant
at p < 0.05. GraphPad Prism version 8.0 (Graphpad Software Inc., La
Jolla, CA) was used for statistical analyses.

Results
Characterization of DPSC-like MSC

Primary DPSC isolated from dental pulp were observed with an
inverted microscope showing adherence to plastic and a fibroblastoid
morphology (Figure 2A). As shown in Figure 2B, the mesenchymal
cell-specific membrane markers CD44, CD73, CD90 and CD105 were
found to be expressed above 95%. To investigate the high plasticity
of MSC, they were differentiated into osteogenic, adipogenic, and
chondrogenic lineages (Figure 2C). By direct observation under the
microscope, particular characteristics of each lineage were observed,
such as lipid droplets stained red (adipocytes), collagen fibers stained
blue (chondrocytes), and deposits of calcium stained red (osteocytes).
These results confirm that DPSC characteristics of MSC.

Cell Viability of DPSC is not Decreased by Asx.

As shown in Fig. 3, different concentrations (1-1000 ng/mL) of
Asx were used on DPSC in vitro for 48h, confirming that none of
the doses was cytotoxic according to ISO-109935, since there was
no decrease in viability of less than 80% [38]. Instead, we observed
a slight increase in cell proliferation capability for all doses of Asx at
least during 48h. With this result we verified that the dose of 10ng/mL
(to be used in the differentiation protocol) is not cytotoxic.

During the differentiation process (17 days), there was no
significant effect on cell viability compared to the treatment without
Asx (Figure 4A), proving to be non-cytotoxic in cultures. Although
there was a decrease in cell viability in relation to the control of
undifferentiated cells (Figure 4A Stage 3), it has been reported that
in vitro cultures of several days present a decreased viability due to
the existence in conditions other than the organic (oxidative stress,
nutrient availability, etc.), and mainly combined in this type of tests to
the process where the cell is forced to leave its multipotent state and
go through a process of specialization [39].

Asx Promotes the Generation of Insulin-Producing Cells

During the differentiation process, some cell aggregates were
formed in the second stage, however, they did not have structures as
organized as an islet, probably due to the lack of stimulation for the
formation of other hormone-producing cells (alpha, delta, epsilon,
PP) and/or to greater cell communication in a specific cell matrix in
a 3D-like environment or biomaterials that help to simulate it (Figure
4B). Regarding the viability by stages, an MTT assay was performed
where it can be observed that there was a decrease in cell viability
in the differentiation processes in the last stage with or without Asx
(Figure 4B), similar to that observed in the cell confluence. For a
better understanding of the effect of Asx on the maturation of insulin-
producing cells, the cells obtained at the end of differentiation step
were characterized. After staged differentiation induction, RT-qPCR
analyses showed that pancreatic markers PDX1 (definitive endoderm),
NGN3 (endocrine precursor) and MAFA (B-type cell) were elevated

Submit your Manuseript | www.austinpublishinggroup.com

Austin J Biotechnol Bioeng 1 1(2): id1136 (2024) - Page -04



Marino MEN

Austin Publishing Group

Stage 1

B
= DPSC DPSC
= SF

= SPehsy

Stage 2

A Stage 1 Stage 3

Stage 2

Stage 3

% Coll vinbility
% Cell viability

2
RN

@
2

9
-]

Insulin positive cells (%)
'
&

Stage 2

WRMA rolative expression

7 7
7 7
0 G|

Figure 4: Characterization and functionality of insulin-producing cells
during transdifferentiation. A. Morphology observed by inverted microscope
during differentiation (10X). B. Cell viability during the transdifferentiation
of each treatment (Comparison by stage respect the control DPSC n=6).
C. Intracellular insulin cells by cytometry (Comparison respect the control
DPSC n=2). D. Secreted insulin by electrochemiluminescence (n=3) at final
stage differentiation. E. Pancreatic markers mRNA genes in differentiated
cells (Relative expression respect GAPDH) (*DPSC don’t detect basal
expression) (n=4). DPSC: Dental Pulp Stem Cells; SP: Standard protocol;
SP+Asx: Standard protocol+Astaxanthin, * p<0.05.

from the second stage of differentiation compared to treatment
without Asx (Figure 4E); pancreatic-type mRNAs were not found in
DPSC. The analyses of intracellular insulin and of insulin released
before a glucose stimulus (Figure 4C, D) showed that adding Asx
during the differentiation process increased both intracellular insulin
(without Asx 22.73 + 1.74% vs with Asx 37.91 + 2.04, p<0.05) and
the insulin secreted to the medium almost doubled compared to the
protocol without Asx, confirming its functionality to secrete insulin
in vitro. GSIS (Glucose-stimulated insulin secretion) was tested in the
differentiated cells to determine their state of maturity (Figure 4D),
showing that at low glucose (2.8 mM) concentrations the release of
insulin is lower (without Asx 8.12 + 2.20 uUI/10° vs with Asx 21.66 +
5.85 uUI/10° cells p<0.05) while increasing glucose (16.7mM) triggers
its release, being higher in cells that were exposed to the Asx (without
Asx 53.65 = 7.11 pUI/10° cells vs with Asx 83.79+9.20 uUI/10° cells
p<0.05).

Asx Reduces Oxidative Stress During the Differentiation
Process by Decreasing ROS/RNS

ROS are naturally generated in different cellular processes;
however, they need to be properly regulated due to the damage they
can cause if they remain elevated for a long time. It is known that some
cells such as MSC need ROS stimuli to maintain their pluripotency
and high state of proliferation, and similar to embryonic cells, by
specializing as B cells they tend to decrease and present different

A Stage 1 Stage 2 Stage 3
*
= o g *
o' L | 2, 100 2. 100 | —
2 100 = I
< : B
3 15 ,;| =7 87
3 3 ]
g 5 g 50 E 50
£ £ £
@ 4 4
2 25 2 25 25
= £
= K] 3
2 z < 9
o R + (<) R +
BT PO
< & < éq"
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c
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Relative Fold NO*

Figure 5: Direct antioxidant activity over intracellular ROS/RNS, during
transdifferentiation. A. Levels of intracelular H,O, by cytometry (DCFH-DA)
(n=3). B. Levels of intracelular O% by fluorescence (Orange® ABcam) (n=6).
C. Levels of intracelular NO- by fluorescence (DAF-DA) (n=6). DPSC, Dental
Pulp Stem Cell control without treatment; SP, Standar protocol; SP+Asx,
Standar protocol+Astaxanthin. *: p<0.05.

patterns of ROS levels. For B cell embryogenesis, it has been shown
that a transient increase in ROS is needed during the second phase
(endocrine progenitor) and a decrease in the stage of specialization
to insulin-producing cells [29]. As shown in Fig. 5A, ROS levels
(specifically H,0,) showed a transitory increase in the second stage
of differentiation followed by a decrease in the third stage. It should
be noted that when using Asx we can observe a significant decrease of
H,0, in stages 1 and 2 mainly. When analyzing other ROS and RNS
such as superoxide (O,¢) and nitric oxide (NOs), to find out if Asx
had a differential effect, it was found that there was no difference in
levels when Asx was used or not in the differentiation process (Figure
5B and 5C). However, contrary to H,0,, the NOe level decreased in
the first and in the second stage of treatment with Asx, although it
remained similar in the third stage (Figure 5C).

Asx Favoring the Expression of mRNA of Antioxidant
Enzymes through KEAP1/NRF2

Asx, in addition to directly stabilizing reactive molecules
by facilitating the transport of unstable electrons to more stable
molecules, can participate in antioxidants pathways that are regulated
through the action of “antioxidant” enzymes, which favors the
transformation of reactive molecules into more stable and less
harmful ones for the cell [21,28,40,41]. These enzymes are mainly
stimulated by the KEAP1/NRF2 pathway, either by an increase in
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Figure 6: Schematic representation of the signaling pathways proposed
to be the targets of Asx action for regulation of oxidative stress and other
specific B-cell genes transcription.

reactive species or by some molecules, in this case Asx. Cells exposed
to Asx showed, at the transcriptional level, an effect of upregulation
of NRF2 and downregulation of KEAP1 (p<0.05), its main inhibitor
(Figure 6), which acts through binding to NRF2 and its subsequent
degradation, preventing it from translocating to the nucleus and
favoring the expression of antioxidant enzymes. As it can be seen
(Figure 6), during differentiation at the transcriptional level, mRNA
encoding for the enzymes CAT, SOD and GPX were also increased
(p<0.05) compared to the protocol without Asx, indicating that Asx
favors the expression of this signaling pathway and favors a more
adequate control of ROS during differentiation of MSC.

Discussion

In recent years, cell therapy aimed at offering treatment
alternatives for DM, mainly DM1, has faced various challenges, among
them the selection of the type of cells, efficiency and optimization
of protocols for adequate differentiation into functional pancreatic-
type cells [16,42-44]. DPSC (and their metabolites or products) have
emerged as candidates of special interest in cell therapies, used for the
treatment of DM, as well as their application in other diseases. This is
due to its various characteristics such as its anti-inflammatory activity,
antiapoptotic, regenerative and cytoprotective effects in general [45-
49]. Furthermore, DPSC have some advantages over other pluripotent
cells; its ease of obtaining, its genetic stability by not forming
teratomas, expression of pancreatic-type transcripts such as SOX17,
NGN3, PDX1, PAX4, NEURODI1 and even INS. Even though these
elements might have gone undetected in this study, various factors
could account for it, such as variations in size, the distinctiveness of the
sample, asynchrony in cell growth, and even harvest timing (pending
verification in future studies by the research team). Moreover, their
remarkable plasticity and capacity for proliferation further complicate
detection. [14,35].

In addition, "Antioxidants" have the capability of generating
cytoprotection both in vivo and in vitro, coupled with their
interaction with signaling pathways that favors the functionality of

cells [50-52]. In the family of carotenoids, antioxidant molecules of
natural origin, Asx has stood out for providing antioxidant direct
antioxidant protection, as a ROS scavenger, and indirectly through
the modulation of antioxidant pathways such as NRF2/KEAP1 [21].
This antioxidant property is especially relevant in the processes
for obtaining pancreatic cells, therefore in this study it was proven
that there is an adequate modulation of ROS in vitro during a
differentiation process towards insulin-producing cells, which favors
the production of insulin, similar to what it is observed in processes
of pancreatic organogenesis [29]. It should be noted that during
the stages of pancreatic progenitor and pancreatic B cell formation,
a decrease in ROS has been observed since there are relevant genes
and processes susceptible to being negatively affected such as INS,
MAFA and the insulin sensing process. As for the second stage where
endocrine progenitors are generated, there is an increase in controlled
oxidative stress, to favor the expression of some genes such as SOX9
or NGN3 [29,53].

In this study DPSC were obtained from a dental piece following
the protocol reported by Hernandez et al. [36], which was obtained
from a patient (female 18 years old) undergoing dental surgery at the
Civil Hospital of Guadalajara, under informed consent. The DPSC
were isolated and characterized based on basic criteria (morphology,
phenotype, and plasticity) validated according to the ISCT to be MSC.

Asx, in addition to increasing insulin production, can generate
cytoprotection by exerting a direct antioxidant effect mainly on H,0,
molecules and an indirect action by promoting adequate signaling of
the NRF2 enzymatic antioxidant pathway. These ROS generated in
differentiation processes in culture can alter signaling pathways, both
for adequate differentiation and generate cellular oxidative damage if
they are not adequately regulated, the latter especially in "long" in vitro
processes. As reported by some authors such as Mas-Bargues, it is
known that when stem cells are cultured at a level of oxygen that is not
the same as that offered by the niche microenvironment from which
they have been obtained, they suffer a series of alterations. That is,
when working with cells in vitro, their manipulation causes changes
in ROS generating oxidative stress, other alterations that have been
reported are in their proliferation, self-renewal and differentiation
potential. When using Asx in culture, we showed a decrease in
ROS levels, for these reasons we consider that Asx, added to the
differentiation process, helps to offer more optimal levels during the
cultivation and differentiation processes [29,54]. We were able to verify
that DPSC, like other multipotent cells, by themselves have a state of
permanent oxidative stress (Figure 3A), which favors the activation of
signaling pathways to maintain their pluripotency [55]. Likewise, the
expression of pancreatic-type markers such as INS, PDX1, NGN3 was
confirmed in these cells, however, the B cell maturity marker, MAFA,
was not expressed (Figure 4E). The expression of these markers is
believed to be due to the fact that embryonic cells that are directed to
form both endocrine and dental cells share certain early stages in their
embryonic development [14].

Similar to other authors that used antioxidants, the cells showed
sensibility to release insulin when faced with a glucose stimulus,
similar to what would be expected in a functional beta cell, it should
be noted that Asx, have already been integrated into cell maturation
processes [35,56-58]. Regarding the stabilizing activity of Asx
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against ROS/RNS, H,0, could be identified as the main modulated
intracellular ROS, highlighting an increase in stage 2, similar to that
reported in a natural maturation process of § cells [29]. Regarding the
indirect antioxidant activity, that is, on the KEAP1/NRF2 intracellular
pathway, trends of different modulation patterns were observed when
using Asx. In some differentiation processes, an oxidative stress
stimulus is necessary for them to come out of their undifferentiated
state; however, the activation of their regulation is also essential, as
in this case through NRF2 [59]. In the second stage of differentiation,
we observed an increase in ROS specifically for H,O,, whereas when
adding Asx the increase is not as marked, allowing it to be what is
necessary for a better differentiation, as reported to carry out the
generation of endocrine progenitors, where this oxidative stress
stimulus favors some markers such as SOX9 and NGN3 [29]. It
should be noted that the CAT transcript, the enzyme responsible for
transforming H,0, into less reactive molecules such as H,O + O,,
increases even with possible NRF2 inhibition, which could indicate
a different pathway to NRF2; this increase was also reported in the
organogenesis of an endocrine progenitor [60].

Finally, we can observe in the third stage a decrease in the
expression of the NRF2 transcripts with respect to the CAT transcript,
as already reported in functional beta cells where they can have up to
90% less of this enzyme compared to other cells, making it susceptible
to damage from oxidative stress once the GSIS (glucose sensing insulin
release) system begins to function properly, which generates many
ROS that must be properly regulated [29,61]. It is of special interest
that by adding Asx we can observe an increase in the expression of
the NRF2 transcript and especially of GPx, an enzyme that is also
responsible for transforming H,O, into more stable molecules such as
H,0, thus allowing, at least in vitro, maintain antioxidant protection
through the expression of this enzyme, although in the organism a
B cell they have relatively low levels of these enzymes probably due
to greater control of their ROS by adjacent cells and tissues. Based
on our findings, we demonstrated that Asx favors cell viability in the
differentiation process in the first and second stages, also exerting an
effect on the maturation of the insulin-producing cell through the
expression of some pancreatic marker transcripts and the production
of insulin.

Although it has been reported that Asx favors cell viability, but
not in small concentrations such as the one used in the present study
(10ng/mL), from the third differentiation stage onwards, however, it
seems to exert an effect on other processes such as cell maturation.
The insulin-producing cell through the expression of some pancreatic
marker transcripts and insulin production, in addition to its effect on
oxidative stress. The model of action of Asx during the differentiation
process suggested by the previous results and some mechanisms
already reported are shown in Figure 7 [21,27] . The foregoing, derived
from the characteristics of its structure that facilitates internalization
in the cell membrane, which favors its intra and extracellular effect
[40].

Among the perspectives for the research team would be the use of
Asx at different stages and concentrations during the differentiation
protocol; challenge against other antioxidants and oxidants during
the same protocol; as well as experimenting in 3D cultures or adding
molecules that promote better cell-cell communication (extracellular

matrix simulating biomaterials), since it has been reported that cell
survival and maturation are limited in 2D culture conditions; and
finally experiment with a possible coculture with other islet cells to
promote communication similar to their pancreatic organogenesis
[62,63].

Conclusion

The results of this work suggest that the in vitro protocol for
differentiation towards insulin-producing cells used modulates
similar to a natural organogenesis process of the pancreatic beta cell,
an increase in the production and release of insulin under a glucose
stimulus (GSIS), in addition to relevant pancreatic fate mRNAs such
as NGN3 and MAFA. This molecule proved to have cytoprotective
effects in differentiation processes in vitro, participating in the
modulation of ROS especially H,O,, favoring the expression of
NRF2 and its consequent antioxidant enzymes, generating a suitable
microenvironment to promote differentiation in insulin-producing
cells.

In the present study we show for the first time that the use of Asx
throughout the differentiation process towards insulin-producing
cells increases the efficiency of the protocol through the alleviation of
oxidative stress during the process of trans differentiation. Therefore,
it can be deduced that the use of Asx could promotes better cell
differentiation through its antioxidant effect.

Highlights

¢ The Antioxidant (Asx) improved the
performance in this differentiation method from Dental pulp stromal
cells (DPSC) to Insulin producing cells (IPC), evidenced by the
functionality in insulin production, under glucose stimuli.

Astaxanthin

o Asx positively influences the maturity of insulin-producing
cells, through the expression of pancreatic markers such as PDXI,
NGN3 and MAFA.

o The production of reactive oxygen and nitrogen species
(ROS/RNS) is decreased during the transdifferentiation process when
adding Asx.

o Inthe KEAP1/NREF2 signaling pathway, there is an increase
in the expression of transcripts of antioxidant enzymes CAT, SOD and
GPX when Asx is added during the transdifferentiation process.
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