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Abstract: Neural stem cells (NSCs) decrease their capability, along the time, of generating new functional 

neurons in vivo. Regarding that, neurogenesis can be studied using human pluripotent stem cells (hiPSC) as 

model. Previous reported data revealed that tauroursodeoxycholic acid (TUDCA) increases proliferation and self-

renewal potential of NSC, is neuroprotective, anti-apoptotic and differentiation-modulator, being this behaviour 

dependent on mitochondrial modulation. However, the effect of this molecule towards expansion, neural induction 

and differentiation of hiPSC has never been reported before, being that the main focus of this work. A significant 

increase in hiPSCs expansion was observed in the presence of TUDCA, with a higher fold increase (FI) for the 5 

µM of TUDCA condition when compared with the control. To further explore TUDCA role in the generation of 

hiPSCs-derived neural progenitor (NPs) cells, this molecule was added during 12 days to hiPSCs subjected to the 

dual-SMAD inhibition protocol. Neural rosette structures were quantified and for 10 µM of TUDCA, an increase of 

76.6% was verified. Next, it was investigated if the positive effect of TUDCA in rosette generation could be related 

with an increase in mitochondrial mass and activity. The results revealed that TUDCA treatment induces an 

increase in mitochondrial DNA (mtDNA) and adenosine triphosphate (ATP) generation, regulates mitochondria-

related proteins and assures higher protection against mitochondrial oxidative stress at latter times of neural 

induction. The results suggest that TUDCA has a positive effect during expansion and in neural commitment of 

hiPSCs, which was demonstrated to be mostly related to modulation of mitochondrial integrity. 
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Introduction 

          One of the major breakthroughs in regenerative 

medicine was the arise of human induced pluripotent stem 

cells (hiPSCs), which are pluripotent cells reprogrammed 

from somatic cells, with the capability of differentiating into 

cells of the three germ layers: mesoderm, endoderm and 

ectoderm. Human embryonic stem cells (hESCc) could be 

isolated from the inner cell mass of the blastocyst and 

hiPSCs resemble those cells, sharing the same pluripotent 

characteristics (Takahashi et al. 2007). Moreover, hiPSCs 

get away some of the ethical issues related with hESCs 

isolation and manipulation, letting cells more accessible 

for therapeutics, drug screening, disease modeling and 

research (Gearhart et al. 2009) (Fernandes et al. 2013). 

Improvement of hiPSC culture systems is thus mandatory 

to enhance proliferation rates and to better control hiPSC 

fate. Neural commitment of hiPSCs into neural rosettes, 

which are radially-elongated columnar cells with a center 

apical zone, is a source of knowledge, as it mimics 

neurogenesis process as well as possibly 

neurodegenerative diseases. This neural plate resemble-

structure could be continuously expanded and 

differentiated into neurons and astrocytes in vitro as well 

as in vivo, (Zhang et al. 2001) (Elkabetz et al. 2008) 

(Fernandes 2015). Unfortunately, the nervous system has 

a limited capacity of self-renewal and decreases the repair 

capacity along the time, and neural stem cells (NSCs) 

decrease  their capability of generating new functional 

neurons (Galli et al. 2003). Recent published work 

revealed the role of mitochondria dynamics in regulating 

NSC proliferation, cell cycle progression, and apoptosis-

associated events (Xavier (a) et al. 2014). Indeed, the 

integrity and functional stage of mitochondria are crucial 

for cell differentiation, as during neural differentiation 

profound mitochondrial morphologic and metabolic 

alterations occur to assure effectiveness of that process. 

Mitochondrial is a dynamic organelle that undergoes in 

cycles of fusion and fission, and undergoes in regulated 

turnover, important processes for maintenance and quality 

control (Westermann 2010).  
     Interestingly, Bile acids (BAs) are a group of molecular 

species of acidic steroids (Xavier et al. 2015), being 

ursodeoxycholic acid (UDCA) a Food and Drug 

Administration (FDA) approved molecule. Later on, the 

taurine-conjugated form, TUDCA was shown to be an 

orally available and central nervous system penetrating 

agent as well as an inhibitor of apoptosis (Keene et al. 

2002) (Xavier (a) et al. 2014). The neuroprotective role of 

TUDCA is mainly related with preventing and modulating 

mitochondrial apoptotic events. The potential of TUDCA 

improvement in several neurological disorders has been 

demonstrated over the years. A wide range of in vivo and 

in vitro animal models with neurodegenerative disorders 

have been studied, including Huntington`s disease (HD), 

Parkinson`s disease (PD), Alzheimer’s disease (AD), 

acute ischemia and hemorrhagic stroke, as well as clinical 

trials for amyotrophic lateral sclerosis (ALS) (Care et al. 

2016). Regarding that, the previous reported data by 

Xavier et al. showed that bile acid increases NSCs 

proliferation and self-renewal potential, by modulating 

ROS and ATP levels. In addition, TUDCA also prevents 

differentiation-induced mitochondrial stress, modulating 

mitochondria integrity and function at early stages of 

differentiation (Xavier (a) et al. 2014). Other findings 
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reported by Rodrigues and colleagues demonstrate  the 

TUDCA`s role in modulating apoptosis, more specifically 

regulating mitochondrial-apoptosis pathways,  behaving as 

neuroprotective (Rodrigues et al. 2003). Based on this 

previous reported data, the first goal of this work was to 

verify TUDCA effect on hiPSCs expansion and neural 

commitment of hiPSCs. The results revealed that TUDCA 

increases hiPSCs fold increase in cell expansion when 

compared to the control as well as increases the number 

of neural rosettes during the neural commitment of 

hiPSCs. Importantly, it was demonstrated the TUDCA role 

in modulating regulatory function on mitochondrial and 

metabolic cell behavior, which in turn easily may influence 

proliferation and self-renewal of neural progenitor (NP) 

cells pool. 

Materials and Methods 
 

Cell line 

   The iPSC line used in this work was WT- F002.1A.13 (TCLab - 

Tecnologias Celulares para Aplicação Médica, Unipessoal, Lda.), 

reprogrammed from fibroblasts obtained from a skin biopsy on an 

adult female. By using a retroviral system, these hiPSCs were 

generated through ectopic expression of a defined set of 

reprogramming factors, Oct4, Sox2, Klf4 and c-Myc. The cell line 

was tested in terms of differentiation potential towards the three 

germ layers, while the analysis revealed a normal karyotype. 
 

Cell culture 

          Human iPSCs were thawed and cultured in essential 8
TM

 

medium (Gibco®), on Matrigel® (Corning®) coated plates. 

Medium was changed daily and cells were passaged when they 

were near 80% of confluence, using EDTA (Invitrogen
TM

) 

dissociation buffer 0.5mM (diluted in PBS). Cell treatment with 

TUDCA was performed. The stock solution of 100mM of TUDCA 

(Sigma) was provided by Faculdade de Farmácia of Universidade 

de Lisboa (ULisboa). The stock solution was stored at 4ºC. For 

the proliferation assays in hiPSCs, TUDCA was added everyday 

directly to each test well, in the desired concentration (5 µM and 

10 µM), after fresh medium addition.  
 

hiPSCs proliferation analysis using PKH67  

Cells were collected after the second passaging of the expansion 

procedure, at day 5, when the peak of proliferation was reached, 

and stained according to the manufacturer’s instructions (PKH67 

green fluorescent cell linker kit for cell membrane labeling; 

Sigma). The PKH67 molecule is a green fluorescent dye that 

stably incorporates into lipid regions of the cell membrane. When 

the cell division takes part, the molecule is equally distributed 

between daughter cells, being the fluorescence distributed among 

generations of cells. The fluorescence intensity is reduced to one-

half in the resulting daughter cells and the number of cell divisions 

could be measured at any time point  during the cell culture in 

proliferation (Da Silva et al. 2009). The staining procedure has 

been made by incubating cells with a dye solution - for 1x10
7
 

cells/mL it was used 1mL of Diluent C with PKH67 ethanolic dye 

solution (1:250 (v/v)). 1x10
6
 cells were collected from each 

condition for the first flow cytometry analysis and the remaining 

cells were resuspended with E8 medium and plated at the desired 

cell density. The samples were analyzed in FACSCalibur
TM

 flow 

cytometer (BD Biosciences
®
) and the proliferation analysis was 

performed using Proliferation Wizard of ModFit software. 
 

Neural induction of human iPSCs 

     When hiPSCs cultures were nearly the 90-100% of confluence 

neural induction was performed by using N2B27 medium. The 

formulated medium consists of 50% (v/v) of N2 medium and 50% 

v/v of B27 medium. N2 medium was DMEM/F1(1:1)+Glutamax 

(Gibco®) supplemented with 1% (v/v) N-2 Supplement (Gibco®), 

1.6g/L of glucose (Sigma), 1% v/v PenStrep and 20 µg/mL Insulin 

(Sigma).  B27 medium was formulated with Neurobasal® Medium 

(Gibco®) supplemented with 2% of B-27® Supplement (Gibco®), 

2mM of L-glutamine (Gibco®) and 0.5% of PenStrep. During 12 

days of neural commitment, the previous described medium 

formulation was supplemented with 10 µM of SB-431542 

(StemMACS ™) and 100 nM of LDN-193189 (StemMACS
TM

). The 

bile acid tested, TUDCA, was also added daily to the medium 

formulation, during the 12 days, in concentrations between 0-

10µM, as schematized in Fig. 2A. 
 

Neuronal differentiation of human iPSCs 

     Human NP`s cultures were passaged at day 12 by using 

EDTA dissociation buffer (0.5 mM), and were re-plated in a split 

ratio of 1:1 into poly-L-ornithine (15 µg/mL; Sigma)-treated and 

Laminin (20 µg/mL, Sigma) coated plates. At day 14, when 

structures rosettes-like structures were observable, N2B27 

medium was supplemented with basic fibroblast growth factor 

(bFGF) (10ng/mL, Peprotech) during 48h. At day 16, cells were 

again passaged by using EDTA, into new laminin-coated wells, at 

a split ration of 1:3. The medium was changed daily, without the 

addiction of any small molecule or any factor. At day 28, cells 

were split with accutase and plated into laminin-coated wells at a 

density of 100.000 cells/cm
2
. The N2B27 medium was replaced 

every two days until day 70.  
 

Immunofluorescence  

     The cultured cells were fixed with 4% (v/v) PFA during 30 min. 

Then, they were incubated with blocking solution (10% FBS and 

1% Triton, in PBS) during 60 min at room temperature. Primary 

antibodies were diluted in staining solution (5% NGS and 0.1% 

Triton, in PBS), added to the culture wells and left at 4ºC 

overnight. Secondary antibodies were also diluted in staining 

solution and left to incubate with cells during 1h in the dark, at 

room temperature. The cells were washed with and were left with 

4’,6-diamidino-2-phenylindole (DAPI) (diluted 1:10000 in 

NaHCO3; Sigma) during 2 min at room temperature. Finally, cells 

were observed under fluorescence optical microscope (Leica 

Microsystems CMS GmbH, model DMI3000 B) or confocal 

microscope (Leica TCS SP5 laser scanning microscope). For 

confocal microscopy observation, the lamellas were taken and by 

using moviol, a mounting medium, they were assembled on 

blades.  The following antibodies were used for intracellular 

immunocytochemistry: Primary antibodies: Pax6 (Covance, 

1:400); Nestin (R&D, 1:400); ZO-1 (Novex, 1:100); Sox2 (R&D, 

1:100); β-III-tubulin (Tuj1, Covance, 1:4000); Map2 (Sigma, 

1:400); NeuN (Cell Signaling Technology®); Secondary 

antibodies: Goat anti-mouse IgG Alexa Fluor – 488/546 (1:400); 

Goat anti-rabbit IgG Alexa Fluor – 488/546 (1:400). 
 

Confocal microscopy   

     Images of hiPSC-derived neural rosettes and mitochondrial 

structures were acquired using a Leica TCS SP5 laser scanning 

microscope (Leica Mycrosystems CMS GmbH, Mannheim, 

Germany), an inverted microscope (DMI6000) and a HCX PL 

APO CS 1.20W 63.3x water-immersion apochromatic objective 

(63.3x magnification and 1.2 numerical aperture). Images were 

obtained at a resolution of 512x512 pixels. The image treatment 

and merge was performed with the Fiji software (for ImageJ).  
 

Flow cytometry  

     The cell pellet was resuspended with 2% PFA in PBS and 

stored at 4ºC prior to analyses. The samples were first centrifuge 

3 min at 1,500xg and washed twice with 1% normal goat serum 

(NGS, Sigma). Eppendorf tubes were coated with 1% (v/v) of 

BSA (Invitrogen) in PBS for at least 15 min. Then, cells were 

resuspended in 3% NGS and at least 5 x 10
5
 cells per condition 
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were transferred for pre-coated eppendorf tubes (BSA was first 

removed). After transferring the same number of cells per 

condition, eppendorf tubes were centrifuged at 1,500xg during 3 

min. For cell membrane permeabilization, incubation with 1:1 of 

3% NGS and 1% saponin (Sigma) were performed during 15 min 

at room temperature. Afterwards, cells were washed with 3% 

NGS and then pellets of negative control were resuspended in 

3% NGS only while the others were resuspended with the primary 

antibody (in 3% NGS), during 1h at room temperature. Cells were 

then washed twice with 1% NGS and incubated in the dark, 

during 30 min, with the secondary antibody. The last washing 

procedure was applied after incubation, and the cells were 

resuspended in PBS, transferred for FACS tubes and analyzed in 

FACSCalibur
TM

 flow cytometer (BD Biosciences
®
). The results 

obtained were analyzed using CellQuest software. The following 

antibodies were used for flow cytometry: Ki-67 (BD 

Pharmingen
TM

, 1:40), Goat anti-rabbit IgG Alexa Fluor – 488 

(1:300) 
 

Quantitative real-time PCR  

     By using qRT-PCR it was possible to evaluate the expression 

of pluripotency and neural markers and also to analyse the 

relative mitochondrial deoxyribonucleic acid (mtDNA) copy 

number. The hiPSCs were cultured in N2B27 medium in the 

presence of the bile acid, TUDCA, and were collected at different 

stages of neural commitment – days 0, 1, 3, 6, 9 and 12.  

Isolation of total RNA from cultured cells: The total RNA was 

isolated by using PureLink
TM

 RNA Mini Link (Ambion
®
) according 

to manufacturer’s instructions. RNA amount for each sample was 

quantified using a NanoVue
TM

 Plus spectrophotometer (GE 

Healthcare
®
). cDNA was obtained from RNA with High-Capacity 

cDNA Reverse Transcription Kit (Applied Biosystems
®
), by 

starting with the amount of 1 µg. The normalization was made 

with the housekepping gene GAPDH (HS02758991-g1), and RT-

PCR was performed in 48-well plates, by using Taqman
®
 Gene 

Analysis Assays (Life Technologies) by using a StepOne Real-

Time PCR Thermal Cycling System (Applied Biosystems
®
). The 

primers used for the experiment were Pax6 (HS00240871-m1), 

Sox1 (HS01057642-s1), Oct4 (HS00999634-sh) and Nanog 

(HS02387400-g1), all  from Thermo Fisher. The threshold cycles 

(CT) obtained for each sample were compared with CT from the 

housekeeping gene, resulting in ΔCT. The previous values were 

normalized with CT achieved at day 0, resulting in ΔΔCT, being the 

final results of gene expression shown as 2
–ΔΔCT

. 

Quantification of mtDNA copy number: The total cellular DNA 

was isolated by using the QiaAmp DNA Mini Kit (51304; Qiagen, 

Hilden, Germany), following the manufacturer’s protocols. The 

qRT-PCR was run in the ABI7300 (Applied Biosystem
®
, Life 

Technologies Corp.) sequence detection system. The 18S rDNA 

primer sequence used during amplification was: 5`TAG AGG 

GAC AAG TGG CGT TC 3` (forward) and 5`CGC TGA GCC AGT 

CAG TGT 3` (reverse). For human cytochrome oxidase-1 (Co-1) 

mitochondrial gene the primer sequence was: 5`CTA TCC GA 

ATG CCC CGA 3` (forward) and 5`TCT TCT ACT ATT AGG ACT 

TTT CGC T 3` (reverse). For each primer set, two independent 

reactions were made in 25µl of total volume with 2xPower SYBR 

Green PCR master mix and 0.5 µM of each primer. The relative 

mtDNA copy number was determined based on the standard 

curve and the ratio of the amount of mtDNA versus 18S for each 

sample. The values were first expressed as percentage of total 

input and converted to fold change over control. 

ATP measurements  

      ATP was measured by using the instructions of the 

Mitochondrial ToxGlo
TM 

assay Kit (G8001; Promega Co.). The 

cells were cultured in 96-well plated and the neural commitment 

protocol was followed, being the cells analyzed at day 0 and 12. 

Cell lysis was performed by incubating the cells during 1h with 

MilliQ water. Then, cell lysate was diluted 1:10. By adding the 

ATP Detection Reagent (1:2 (v/v)), it was possible to measure the 

intensity of a luminescent signal, proportional to the amount of 

ATP present in each condition. The reaction produces a flash of 

yellow-green light, with a peak emission at 560 nm, which was 

measured by FB12 Luminometer (Berthold detection system). For 

normalization, total proteins were measured using a 

colorimetric protein assay, based on an absorbance shift of the 

dye Coomassie Blue. The absorbance was read at 595 nm using 

a GloMax Multi+ spectrophotometer (Promega Co.). Data was 

presented by the fold change over day 0.  
 

Western blot analysis  

   The cell pellet collected at different time points of neural 

commitment was thawed on ice and resuspended with an ice-cold 

lysis buffer (10mM Tris-HCl, pH 7.6, 5mM MgCl2, 1.5mM 

potassium acetate, 1% Nonidet P-40 and 2mM dithiothreitol) and 

protease and phosphatase inhibitor cocktail (Thermo Fisher 

Scientific, Inc., Rockford, IL). Each sample was vortexed for 5 min 

and incubated on ice during 30 min, followed by sonication. The 

lysate was centrifuged at 3,200xg at 4ºC during 10 min, and the 

supernatant was recovered. For protein quantification, sample 

solutions were diluted 1:800 (v/v) in MilliQ water and measured by 

Bio-Rad protein assay kit (Bio-Rad Laboratories, Hercules, CA). 

Using Bradford essay dye, protein content was measured in a 

microplate reader spectrophotometer using 595 nm wavelength.  

BSA was used as standard. Samples were denatured in the 

presence of a 5x denaturating/loading buffer (0.2M Tris-HCl, 

pH6.8, 20% glycerol, 2% SDS, 10mM β-mercaptoethanol, H2O, 

bromophenol blue) at 95ºC during 5 min. Next, 60 µg of total 

protein as well as protein size marker (Precision Plus ProteinTM 

Standard Dual Color, BioRad) were separated at 7.5% and 12% 

SDS-PAGE. After electrophoresis, samples were transferred to a 

Hybond-C nitrocellulose membrane 8.5 cm x 6.5 cm by 

electroblotting. The incubation with the primary antibody was 

performed overnight at 4ºC, and sequential wash procedures 

were also made. The secondary antibody was incubated during at 

least 2h at room temperature. Finally, membranes were 

processed for protein detection using Immobilon (Merk Millipore 

Corp.) at ChemiDoc
TM

 MP (Bio-Rad). The following antibodies 

were used for immunoblotting: Pax6 (901301, Covance); 

MnSOD (sc-30080; Santa Cruz Biotechnology, Inc.); Oct-4 (2750, 

Cell Signalling Technology® Inc.); Sox2 (MAB2018, R&D 

Systems® Inc.); βIII-tubulin (Tuj1, MMS-435P, Covance); Mnf-2 

(ab50838, Abcam); Drp1-1 (Sc-32898, Santa Cruz Biotechnology, 

Inc.); PGC-1α (ST-1202, Millipore). As loading controls: b-actin 

(A5441; Sigma-Aldrich Corp.). Secondary antibodies conjugated 

with anti-mouse and anti-rabbit immunoglobulin G (IgG) 

conjugated with horseradish peroxidase (Bio-Rad Laboratories).In 

order to measure the relative intensities of protein bands 

obtained, the Image Lab
TM

 Version 5.2.1 densitometric analysis 

program (Bio-Rad Laboratories) has been used.  
 

Statistical analysis 

     Statistical analysis was performed using GraphPad Prism 6 

software. When appropriate, statistical analysis was performed 

using two-tailed nonparametric tests, as Mann-Whitney test for 

independent samples. Error bars represent the standard error of 

the mean (SEM). When statistical analysis was applied, at least 

two independent samples were evaluated. A p-value less than 

0.05 was considered statistically significant. 

Results  
 

Impact of TUDCA towards expansion of hiPSC 

       It has been previously described that pluripotent stem 

cells rely on anaerobic glycolysis for having substrates for 

biosynthetic demands and cell proliferation support 

(Prigione et al. 2010). This metabolic process produces 

energy with lower ROS generation, demonstrating that 

https://en.wikipedia.org/wiki/Colorimetric
https://en.wikipedia.org/wiki/Assay
https://en.wikipedia.org/wiki/Absorbance
https://en.wikipedia.org/wiki/Spectrophotometry
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mitochondria oxidative rate has to remain depressed 

during cell proliferation (Elguero et al. 2012). Considering 

the role of TUDCA on NSC proliferation, tested by Xavier 

and colleagues (Xavier (a) et al. 2014), in the present work 

it was decided to test the effect of this bile acid towards 

hiPSC  expansion.  

    To explore the effect of TUDCA on hiPSC expansion it 

was used the xeno-free, chemically-defined E8 medium, 

being TUDCA added daily during medium exchange. Two 

optimal concentrations of TUDCA were tested, 5 µM and 

10 µM, based on previously obtained  results concerning  

the optimization of TUDCA concentration (master thesis of 

Pinho 2015). At each cell passaging, after counting, cells 

were re-plated at an initial seeding density of 50,000 

cells/cm
2
. The previous value was used to determine the 

fold increase of cell proliferation (FI), which gives a better 

insight of proliferation tendency under different TUDCA 

concentrations. The results show an increase in the final 

cell fold increase upon addition of 5 µM TUDCA (Fig.1A). 

Moreover, the overall cumulative fold increase in total cell 

number (CFI) was also higher in cultures treated with 5 µM 

of TUDCA (CFI=11.22±1.47 for negative control, 

CFI=89.91±21.02 for 5 µM TUDCA and CFI=48.54±42.83 

for 10 µM TUDCA) (Fig.1B). For the condition that 

provided the highest values of CFI (5 µM of TUDCA), the 

specific growth rate (µ) (Fig.1C) is almost three times 

higher than control condition (µ=0.172±0.004 day
-1

 for 

control and µ=0.359±0.018 day
-1

 for 5 µM TUDCA). On 

the other hand, the average doubling time (Td) for 5µM 

TUDCA condition is approximately half in comparison to 

the obtained for the culture control (Td
  
= 96.87±2.254h for 

control and Td
 
= 46.36±2.225h for 5 µM TUDCA). These 

data suggests a significant role of 5 µM of the bile acid 

TUDCA during expansion of hiPSCs. hiPSC proliferation 

in the presence of 5 µM TUDCA  was further studied by 

cell division analysis using the PHK67 fluorescent dye 

(Fernandes et al. 2010). For this condition, and taking into 

account hiPSCs` peak of proliferation in culture, day 8 

(Fig.1A), cell staining with PKH67 was made at day 5, 

after cell counting. Afterwards cells were analyzed at day 

7 and day 8 by using flow cytometry. In spite of the 

previous results that have been obtained, no relevant 

differences were observed between conditions. It is 

possible to observe that from day 7 (Fig.1D-I) to day 8 

(Fig.1D-II) most of the cells left parental generation and 

were already at generation 3 and 4, which in indicative of 

at least two cell divisions performed, starting from a 

PKH67 labeled cell. However, the percentage of cells for 

each condition at each generation was equivalent, 

showing no apparent effect of TUDCA addition on hiPSC 

proliferation. 

TUDCA increases the number of neuroepithelial 

rosette  

          Neural rosette structures in vitro resemble a sagittal 

view of the neural tube, from which the first neurons are 

generated in vivo (Chambers et al. 2009). Following the 

dual-SMAD inhibition protocol, hiPSCs-derived NPs were 

replated at day 12, thus allowing the formation of 

neuroepithelial rosettes.  

    TUDCA has been previously demonstrated to have 

neuroprotective effect by  preventing apoptosis-associated 

events (Rodrigues et al. 2003). In addition to that and 

taking in account the TUDCA effect on increasing NSCs 

proliferation, by preventing cell cycle arrest modulating 

mtROS and ATP levels, (Xavier (a) et al. 2014) as well as 

the previous positive results obtained on increasing the 

number of hiPSCs during expansion, the effect of this bile 

acid was tested during neural induction of hiPSCs. 

Figure 1 – Addition of TUDCA during 13 days of hiPSCs expansion. (A) Effect of TUDCA (5 µM and 10 µM) in total cell number. Results 

express the fold increase at each day of cell passaging. Results are expressed as the mean of three independent experiments. (B) Cumulative fold 

increase in total cell number of the previously described 13 days of hiPSC expansion. (C) Specific growth rates determined for control and for 5 µM 

TUDCA. Results are expressed as the mean of three independent experiments. All error bars represent the standard error of mean (SEM). (D) Cell 

division analyses using PKH67 fluorescent dye in hiPSC expansion. Analyzes performed by flow cytometry. The percentage of cells at each generation 

is shown, since parental to G4, for control culture and for 5 µM TUDCA addition. Results are presented as a mean of two independent experiments, 

n=2. (I) Cell percentage at day 7 of expansion and 5 µM TUDCA addition. (II) Cell percentage at day 8 of expansion and 5 µM TUDCA addition. All error 

bars represent the standard error of mean (SEM). 
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 To assess the influence of TUDCA upon neural rosette 

formation, hiPSCs were exposed to 5 µM and 10 µM of 

TUDCA during 12 days of neural commitment, being the 

cells previously expanded in E8 medium without bile acid 

addition. NPs were replated into laminin-coated plates at 

day 12, and until day 16 no more TUDCA was added, 

being cells only maturated with N2B27 medium and bFGF 

(since day 14). At day 16 the number of rosette structures 

were counted and normalized with the mean value of the 

control culture. No significant differences were found 

between the normalized number of rosettes per cm
2
 

obtained in the presence of 5 µM of TUDCA and the 

control. However, differentiating cultures exposed to 10 

µM of TUDCA showed had an increase of 76.6% (Fig.2B), 

of rosette structures number, when compared to control 

(p<0.05).  

        Quantification of neural rosettes was performed after 

immunocytochemistry analysis, after staining the culture 

with anti Zo-1, the tight junction protein in the apical center 

of the rosettes and with the NPs marker Sox2 (Fig.2C-I). 

By using confocal microscopy it is also possible to observe 

morphological differences between rosettes obtained in 

the presence of TUDCA and the ones obtained under 

control conditions. In addition, for confocal microscopy  

cells were also stained with Pax6 and Nestin,  an 

intermediate filament protein which is expressed 

transiently in adult NSCs and in immature neural 

progenitor cells (Lendahi et al. 1990). This immunostaining 

allows the observation of differences in morphological 

organization and maturation of rosettes, being the NPs 

more structured and partially more well-defined in the 

culture conditions treated with TUDCA (Fig. 2C-II). 
 

TUDCA effect on cell proliferation, gene and protein 

expression during neural commitment of hiPSCs  

    In order to verify if the 10 µM TUDCA condition, which 

yielded the best result in terms of  rosette’s number, has 

an influence towards  proliferation of hiPSCs-derived NPs, 

flow cytometry analysis with the intracellular marker Ki-67 

was performed during days 0, 1, 3, 9, 12 and 16 of the 

neural commitment procedure. Human Ki-67 protein is 

strictly associated with cell proliferation, being detected 

within the nucleus during interphase. During the so-called 

active phases of cell cycle, G1, S, G2 and mitotic phase, 

this protein is present, being absent from resting cells 

phase, G0. The growth fraction of a determined cell 

population could thus be measured (Fig.3A). The results 

obtained revealed that Ki-67 positive cells, which are 

expected to proliferate, are clearly separated from the Ki-

67 negative cells, measured at the same fluorescence 

intensity, only treated with secondary antibody. Cells that 

Figure 2 - Impact of TUDCA in neural rosette formation at day 16 of neural induction of hiPSCs. (A) Schematic view of neural and neuronal 

differentiation steps: dual-SMAD inhibition protocol by adding LDN – LDN193189, SB – SB431542 and TUDCA in N2B27 neural commitment medium. (B) 

Number of counted rosettes per cm
2
 after replating NPs into laminin-coated plates. The counted rosettes for TUDCA 5 and 10 µM were normalized with the 

mean of control`s rosette numbers. The results are presented as the mean of three independent experiments, each performed in duplicate. The error bars 

represent the standard error of mean (SEM). * denote statistical significance (P<0.05) (C) Neural rosette structures at day 16 of neural induction of hiPSCs 

with and without TUDCA treatment. (I) Immunocytochemistry staining with Zo-1 and Sox2 (II) Immunocytochemistry staining with Pax6 and Nestin. Images 

taken at confocal microscopy (Leica TCS SP5 laser scanning microscope), at 630x magnification. Scale bar: 75 µm. 
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are Ki-67 negative have exit the cell cycle and remain 

quiescent.  

    Two distinct proliferative cell populations are observed, 

until day 16 of neural commitment. At day 0 and day 1 it is 

possible to observe an expected gated pluripotent 

population (confirmed later by pluripotency markers). At 

day 1 the proliferation seems to be higher on TUDCA 

condition, but not significantly different (Fig.3A-I).The 

previous proliferative population is still present at day 3, 

although a new proliferative population was gated. This 

new self-renewal and multipotent population must be NPs, 

which was confirmed next by staining with 

neuroectodermal markers. This new gated population 

tends gradually to become the only proliferative population 

over the neural commitment time points. No differences 

are observed regarding the percentage of positive NPs 

population between conditions, except at day 12, being 

observable that NPs are more proliferative at control 

condition (Fig.3A-II). At day 16, both conditions showed a 

global increase in the percentage of dividing population. 

This increase is potentially due to the re-plating stimulus 

on day 12 and the addition of bFGF until day 16, which is 

a growth factor with the ability of promoting proliferation.      

     To further explore the potential role of TUDCA in 
the process of neurogenesis, pluripotent and neural 

markers were analyzed by qRT-PCR and Western blot 

throughout neural commitment process. The analysis of 

the expression of pluripotency markers Nanog (data not 

shown) and Oct4 (Fig.3B-I) shows an expression 

decrease along the time, suggesting that 

pluripotency is almost totally lost since day 3. 

Oct4 was also examined by immunoblotting, 

suggesting the same tendency previously 

observed by qRT-PCR (data not shown). 

Along the different time points analyzed, no 

difference is observed between control and 

TUDCA condition. Moreover, the 

neuroectoderm fate determinant Pax6 rapidly 

increases expression since day 1, for both 

conditions, reaching maximum levels at day 9 

(Fig.3B-II). This evidence is also verified by 

Western blot results (data not shown). After 

peaking during initial stage of commitment, 

expression declines at day 12. The decrease 

in Pax6 levels possibly indicates further 

differentiation into more mature neural cells. 

To sum up, no significant differences were 

observed in terms of protein quantification or 

relative gene expression of pluripotent and 

neuroectodermal markers on hiPSCs` neural 

inducted and treated with TUDCA and the 

control.  

     Sox2, a transcriptor factor required in 

pluripotency maintenance, expressed in 

embryonic stem cells, is also expressed by 

developing cells from neural tube and neural 

progenitors in CNS (Favaro et al. 2009). By 

evaluating the expression of Sox2 by 

immunoblotting, a district behavior between 

conditions is observable (Fig. 3C-I). It was 

expected to have high levels of Sox2 at day 0, 

when most of the culture is composed by pluripotent stem 

cells. Although, Sox2 expression is not null at day 0, it is 

rather reduced in view of the expressed levels during 

neural commitment time points. Moreover, at day 12, 

TUDCA treatment induces an increase in Sox2 expression 

when compared with the control. This evidence suggests 

that bile acid could potentiate NPs self-renewal at later 

stages of neural commitment.  
 

TUDCA cumulative effect on neuronal differentiation  

     Neural rosette structures are capable of differentiating 

into various region-specific neuronal and glial cell types. In 

response to appropriate developmental cues, morphogens 

and mitogens confer different positional identities to NPCs 

(Mertens et al. 2016). In vitro, the differential competency 

is maintained allowing NPs to differentiate into more 

mature cells. By studying neuronal differentiation of NP’s 

cultures previously treated with TUDCA it was possible to 

validate the functionality of the NPs previous generated in 

the presence of this molecule in comparison to the control.  

   The early typical neural marker used Pax6) expressed a 

peak at day 9 of neural commitment protocol, as previous 

reported. This was followed by up-regulation of the 

neuronal marker β-Tubulin (III) (Fig.4A-I). It is evident the 

increase in the expression of β-Tubulin (III) until day 29 of 

differentiation, and no significant differences are noticed 

between control and TUDCA addition. From around day 

16 of differentiation, Tuj1-positive immature neurons 

outgrew from neural rosettes and a differentiation into 

Figure 3 - Proliferation analysis, qRT-PCR and immunoblotting during neural 

commitment of hiPSC (A) Proliferation analysis during neural commitment of hiPSC by 

staining cells with Ki-67 and analyze them by flow cytometry.  (I) Percentage of Ki-67+ cells, 

with no significant differences between control and 10 µM TUDCA, at day 0, 1 and 3. The 

gated population is most characteristic of pluripotent cells. (II) Percentage of Ki-67+ cells at 

day 3, 9, 12 and 16 (after replating into laminin-coated plates and bFGF addition). The 

remaining population is characteristic NPs, which demonstrates proliferative capacity in both 

tested conditions. (B) Temporal gene expression during day 0, 1, 3, 6, 9 and 12 of neural 

commitment of hiPSCs with TUDCA treatment. (I) Pluripotency gene Oct4 and (II) 

Neuroectodermal marker Pax6 were evaluated by qRT-PCR. As internal control GAPDH was 

used. The results are presented as the mean duplicate experiments. (C) (I) Quantification of 

Sox2 immunoblots during day 0, 3, 9 and 12 of neural commitment protocol. Results were 

normalized to endogenous β-actin protein levels. (II) Representative immunoblot of Sox2 and 

internal control β-actin in total extracts. 
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more mature neurons is achieved. By 

immunocytochemistry analyses neural markers Map2, 

NeuN and Tuj1 were tested at day 70 of neuronal 

differentiation. NeuN protein is located in nuclei and 

perinuclear cytoplasm of most of the neurons in the CNS 

of mammals (Gusel & Korzhevskiy 2015), while Map2 

proteins are thought to be involved in microtubule 

assembly, which is an essential step in neurogenesis. NPs 

derived from hiPSCs neural commitment in the presence 

of TUDCA treatment were replated at day 16 in a split ratio 

of 1:3 and again, at day 29 at a density of 100.000 

cells/cm
2
 into laminin-coated plates. The control and 

TUDCA treated culture were only supplemented with the 

previous described differentiation medium, N2B27, since 

day 16 until day 70. At this stage, both cultures were 

expressing the same markers, indicating an efficient 

neuronal maturation (Fig.4B). It was thus proved that 

TUDCA addition does not invalidate NPs differentiation. 

TUDCA effect on mitochondrial mass and metabolism 

during neural commitment of hiPSC 

     Upon cell differentiation, large amounts of energy are 

required to sustain specialized functions, and so a 

mitochondrial maturation and a metabolic change take 

part. A transition from predominant glycolysis-based 

metabolism in hiPSC to an activation of mitochondrial 

aerobic metabolism occurs. Glycolysis is less energetically 

efficient than ATP production through OXPHOS. 

Mitochondria biogenesis also increases mitochondrial 

number and content, respiratory chain complex density as 

well as ATP and ROS levels (Cho et al. 2006) (Xu et al. 

2013). 

   The characterization of hiPSCs neural commitment 

protocol at an energetic level and the consequent effect of 

TUDCA in improving mitochondrial mass, viability and 

function have been made by mtDNA quantification by 

qRT-PCR and ATP measurement. As shown in Figure 5A, 

during the 12 days of the dual-SMAD inhibition protocol, 

the mtDNA copy number contradicts the general tendency 

of increase during the differentiation process. In spite of 

TUDCA having reverted somehow the decrease in mtDNA 

copy number at all-time points analyzed, being highly 

noticed graphically at day 12, no statistically significant 

differences were obtained. Being aware of the mtDNA 

results at day 12, the ATP levels generated by 

mitochondrial (OXPHOS) and non-mitochondrial 

(glycolysis) were measured by a generation of a 

luminescent signal proportional to the amount of ATP 

present. The data obtained features significantly different 

results, with TUDCA improving the ATP levels at day 12 of 

differentiation induction (Fig.5B).  

  In order to understand the impact of TUDCA in regulating 

mitochondrial oxidative stress in hiPSCs neural 

derivatives, the quantification of MnSOD mitochondrial 

levels, the major scavenger of mtROS, was performed by 

immunoblots (Fig.5C). Since ROS is a by-product of 

OXPHOS, the incomplete reduction of O2 to water results 

in the formation of superoxide anions (O2·-), which is one 

of the main consequences of DNA damage during early 

stages of differentiation and also triggers mitochondria 

membrane depolarization. MnSOD, an anti-oxidant 

enzyme, converted superoxide anions into hydrogen 

peroxide, which is not so reactive (Candas & Li 2014). As 

expected, MnSOD levels increased during hiPSCs neural 

commitment, possibly as consequence of mtROS increase 

during differentiation days of commitment (Fig.5C-I). 

Otherwise, the TUDCA treated culture displays higher 

levels of MnSOD, which could be associated with bile acid 

effectiveness in the role of reducing mitochondrial-stress 

and consequently cells` apoptosis, which for the control 

culture remains fairly stable.  
 

TUDCA effect on mitochondrial dynamics and 

biogenesis  

     NSCs and hiPSCs neural differentiation and survival 

relies on dynamic behavior of mitochondria, allowing cell 

response to the change of physiological conditions. The 

quality of mitochondria is maintained through mitophagy, 

Figure 4 - Neuronal differentiation and maturation of hiPSCs-derived NP cells under defined conditions exposed to TUDCA treatment during 

neural commitment. (A) Quantification of immunoblots during day 0, 3, 9, 12, 16 and 29 of neural differentiation of β-Tubulin (III) protein levels were 

quantified by Western blot. Results were normalized to endogenous β-actin protein levels.  (A-II) Representative immunoblot of Tuj1 and internal control β-

actin in total extracts. (B) Immunofluorescent staining at day 70 for evaluating Map2, NeuN and Tuj1 expression and consequently evaluate the neuronal 

maturation. Nuclei (blue) are stained by DAPI. Scale bar: 50 µm. The staining observation was made under fluorescence optical microscope (Leica 

Microsystems CMS GmbH, model DMI3000 B). 
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or a balance control between fusion and division, that are 

controlled by a range of dynamic proteins (Westermann 

2010). Considering that the differentiation process of both 

cell types aforementioned requires an increase in 

mitochondria activity, the role of TUDCA in modulating the 

expression of mitochondrial dynamic proteins and other 

regulators was explored in this work. The total levels of 

PGC-1α, Mfn2 and Drp1 expressed during hiPSC neural 

commitment were thus studied by immunoblots analysis. 

     PGC-1α is a transcriptor coactivator that promotes 

mitochondrial biogenesis and it is also a powerful regulator 

of ROS removal by increasing the expression of ROS-

detoxifying enzymes (Austin & St-pierre 2012) (Liang et al. 

2016). As it can be observed in Figure 6A-I, at the first 

days of differentiation induction, the levels of PGC-1α 

increase, being further upregulated with TUDCA. 

Regarding the role of PGC-1α in mitochondrial biogenesis, 

the results seem to be in almost all the time points 

coherent with mtDNA content, as it decreases along 

commitment time, with an improvement in the presence of 

the bile acid. In spite of decreasing levels, it is slightly 

improved by TUDCA at day 12, when a higher mtDNA and 

ATP production was also observed.      

      Mitochondrial fusion and fission events may be 

mediated by several GTPases in the outer mitochondrial 

membrane. Drp1 is a mediator of mitochondria fission, 

which mainly occurs with mitochondrial division, and could 

be associated with cells that undergo apoptosis under 

critical stress conditions.  Mitochondrial oxidative stress is 

thought to trigger mitophagy, being higher the occurrence 

of fission process (Xavier et al. 2015). In fact, until day 12, 

the levels of Drp1 generally increase, although it is 

observable a positive influence of TUDCA correlated with 

lower levels of Drp1 (Fig.6A-II). As hypothesis, increasing 

in fission activity can facilitate damaged mitochondria 

mitophagy, so TUDCA treatment decreases Drp1 

recruitment which could be indicative of less apoptotic 

events and less mitochondrial damage when compared 

with control condition.  

    On the other hand, the expression of Mnf2 regulates 

mitochondrial fusion, which ensures the unifying and 

mixing of mitochondrial components (Westermann 2010). 

Tondera and colleagues have discovered that 

mitochondria hyperfusion requires metabolic active 

mitochondria, with an increase of ATP, conferring an 

adaptive response against stress conditions (Tondera et 

al. 2009). Fusion processes afford protection against 

mitophagy and promote cell survival. The levels of Mnf2 

were found to vary along the neural commitment period, 

starting to decrease since day 3 and being less recruited 

when TUDCA treatment occurs (Fig.6A-III). However, 

while Mnf2 levels at control are still decreasing, from day 9 

to 12, the presence of TUDCA seems to trigger the Mnf2 

levels. This result is in concordance with the increase in 

mtDNA content and with the increase in ATP levels. 

Discussion 

     Despite rapid progress in developing new efficient 

Good Manufacturing Practice (GMP) protocols and culture 

conditions, there are still many problems associated with 

hiPSC expansion. During passaging, cells were often 

individualized, however hiPSC survive poorly after 

individualization as myosin-actin dependent contraction 

leads to cell death, and cell-cell adhesions promote 

survival by contraction inhibiting (Chen et al. 2010). Since 

that founding, EDTA treatment started to be used as it 

partially dissociates cells and generates small aggregates 

strong enough to survive. However, this protocol still 

induces cellular stress, associated with excessive 

apoptotic events and spontaneous differentiation (Chen et 

al. 2014). The discordance between kinetic growth and 

PKH67 fluorescence results could be explained by the 

possible effect of TUDCA in reducing cell apoptosis, 

without influencing cell proliferation. This hypothesis was 

not experimentally validated, but the described effect of 

TUDCA in modulating apoptosis-mediated events could be 

a future explored hypothesis in hiPSCs expansion.  

     Despite the fact that there are no reports in the 

literature regarding the possible effect of TUDCA in 

hiPSCs neural commitment induction into NPs, in this 

work this effect was also studied. The previous results 

demonstrate a significant improvement of the neural pool 

from hiPSC by TUDCA, reaching a higher number of NP 

cells at the end of day 16 of neural commitment protocol.       

MnSOD - 32 kDa 

β-act - 42  

MnSOD II 
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Figure 5 - TUDCA modulation of mitochondrial 

alteration on hiPSCs neural commitment. (A) 

qRT-PCR analysis of relative mtDNA copy number 

at day 0, 1, 3, 9, and 12 of dual-SMAD inhibition 

protocol. The results are presented as the mean of 

three independent experiments n=3, each performed 

in duplicate (B) Fold increase data of ATP content in 

cells at day 0 and at day 12 of neural commitment. 

The results are presented as the mean of three 

independent experiments, n=3, each were 

performed in triplicate. The error bars represent the 

standard error of mean (SEM). * denote statistical 

significance (P<0.05). (C) TUDCA influence on 

MnSOD expression during neural commitment. (I) 

Quantification of immunoblots during day 0, 3, 9 and 

12 of neural differentiation. MnSOD protein levels 

were quantified by western blot. Results were 

normalized to endogenous β-actin protein levels. (II) 

Representative immunoblot of MnSOD and internal 

control β-actin in total extracts. 



9 

 

     The already reported experiments by Xavier and others 

showed the same effect for this bile acid, in maintaining 

NSCs self-renewing during differentiation (Xavier (a) et al. 

2014). On the other hand, previous results in section 

IV.2.2 from Ki-67 flow cytometry seems to contradict the 

last evidence of TUDCA effect in NPs self-renewal. 

Considering the in vivo system, neural stem cells (NSCs) 

are capable of proliferating and are multipotent in terms of 

differentiation capacity. During embryogenesis, NSCs are 

located in the SVZ of the neural tube, giving rise to the cell 

types that compose the CNS. Furthermore, it has been 

shown that neurogenesis is still occurring during 

adulthood, being NSCs responsible for this process. To 

support the existence of self-renewal and multipotent 

NSCs in vivo, Suh and colleagues have used a transgenic 

mouse and GFP reporter under the control of Sox2 

promoter (Suh et al. 2007). The results demonstrated that 

Sox2
+
 NSCs enhances neurogenesis, by asymmetrical 

cell divisions, leading to the generation of neuronal 

precursors as well as Sox2
+
 NSC population. This two 

generated daughter cells are different, one reenters the 

cell cycle (G1 to S) and the other differentiates into young 

neurons (G0). It is also known that deficiency in Sox2-

positive cells caused a decrease in NSC proliferation and 

reduced neuronal numbers at SVZ (Favaro et al. 2009).  

     However, Xavier and others verified that NSCs self-

renewal in vitro increased by TUDCA is more related with 

symmetrical divisions, generating  daughter cells that are 

destined to acquire the equal fate (Xavier (a) et al. 2014). 

To further confirm the NPs division behavior the Sox2 cell 

pair assay should be performed. In addition, Feng and 

colleagues have identified that the overexpression of Sox2 

elevates the expression of survivin, which is an inhibitor of 

caspase activation, and it also inhibits mitochondria-

dependent apoptotic pathways (Feng et 

al. 2013). Regarding that, another 

hypothesis to explain the obtained 

results could be related with less 

triggered apoptotic events on day 12 of 

TUDCA condition, where Sox2 levels 

appear higher than control.     The 

TUDCA effect on proliferation and self-

renewal of NPs was not conclusive. In 

this regard, addition experiments for 

proliferation must be repeated for more 

consistent results.   

     Also, no significant difference was 

observed in terms of protein expression 

or relative gene expression of 

pluripotent and neuroectodermal 

markers during neural induction of 

hiPSCs treated with TUDCA.  

          Mitochondrial apoptosis-

associated events were shown by 

Xavier and others to be critical during 

the early stages of NSC differentiation, 

partly caused by the higher rates of 

mitochondrial oxidative stress (Xavier, 

et al. 2014). The same behavior of high 

levels of initial apoptotic events may be 

observed in other cell types, mainly 

during hiPSCs neural differentiation. Many possibly 

consequences may be the increase in ROS production 

through (OXPHOS) stress induced by high levels of cell 

confluence and also related with medium defined 

composition exchange and small molecules addition. 

TUDCA has been shown to be an apoptosis-modulator, 

being described as an inhibitor of Bax translocation from 

cytosol to the mitochondria, release of cytochrome c and 

consequent activation of downstream caspases 

(Rodrigues et al. 1999), (Xavier (b) et al. 2014). In both 

cell types, hepatocytes and neurons, TUDCA treatment 

reduces mitochondrial membrane perturbation by the 

previous described activity (Rodrigues et al. 2000). 

TUDCA has also demonstrated a crucial role in mitigating 

mitochondrial apoptosis activity, being neuroprotective in a 

transgenic mouse model of Huntington`s disease 

(Rodrigues et al. 2000) (Keene et al. 2002). Regarding all 

these evidences, TUDCA role in increasing mtDNA 

content could rely, in part, on its effect in preventing 

mtDNA stress-damage and consequently mitochondrial 

damage and degradation, acting as a potential-

mitochondria protector. As mitochondria are known to be a 

vital component in many cell processes, including 

differentiation and apoptosis, analysis of structural and 

dynamic-related mitochondrial factors may corroborate 

this hypothesis. As verified by Xavier et all, TUDCA 

improves the mtDNA content and ATP levels at early 

stages of NSCs differentiation (Xavier (a) et al. 2014), 

being the same tendency observed at day 12 during 

hiPSCs neural commitment protocol.  

         Evidence by the work of Xavier et al. showed relieve 

of mitochondrial-stress by this bile acid allowing NSCs to 

re-enter in cell cycle and enhancing proliferation. On the 

other hand, mitochondrial dysfunctions activates two 

Figure 6 - TUDCA effect on the expression of mitochondrial biogenesis- and dynamic-
related proteins during hiPSCs neural commitment protocol.  The total levels of PGC-1α, Drp-
1 and Mnf-2 were evaluated by Western blot. Quantification of immunoblots during day 0, 3, 9 and 
12 of neural commitment protocol. (A-I/II/III) Quantification of PGC-1α, Drp1 and Mnf2 protein 
levels. Results were normalized with Ponceau protein levels. (A-IV) Representative immunoblot of 

PGC-1α, Drp1 and Mnf2 and internal control Ponceau in total extracts. 
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retrograde signals to modulate cell cycle, such as mtROS 

increase and decrease in ATP levels, which in turn could 

induce cell cycle arrest (Xavier (a) et al. 2014). The 

increase in ATP levels with TUDCA treatment are 

consequently related with enhanced mitochondrial 

respiratory function and energy metabolism during the 

course of maturation and also could be an indication of 

cell cycle progression or NP cell proliferation. ROS levels 

modulation could emphasize the previous hypothesis, as 

an increase in ROS could potentiate cell cycle arrest, and 

consequently impair proliferative potential.  

     Therefore, it is expected an increase in ROS levels 

during differentiation, as OXPHOS is more expected to 

occur. Again, two distinct analyses might be speculated. 

First, TUDCA displays higher levels of the antioxidant 

enzyme, which could indicate less oxidative stress in 

culture, consequently preventing mitochondrial membrane 

depolarization, mtDNA damage and mitochondrial 

dysfunction. On the other hand, the possibly decrease in 

ROS levels by the bile acid action, could influence cell 

cycle modulation, inhibiting NPs of arresting cell cycle. 

This last data corroborates with ATP increase by TUDCA, 

which may be indicative of TUDCA effect on proliferation. 

Again, proliferative tests may be repeated, otherwise if it 

does not corroborate proliferation induction on NPs, the 

effect of mtROS and ATP modulation in mitochondria 

functionality still be a viable consequence of TUDCA in 

enhancing neural rosettes numbers.  

     Dynamics of mitochondrial was also evaluated, and the 

increasing in fission activity can facilitate damaged 

mitochondria mitophagy (Xavier et al. 2015). So, TUDCA 

treatment decreases Drp1 recruitment which could be 

indicative of less apoptotic events and less mtDNA 

damage in mitochondria when compared with control 

condition. Fang and colleagues demonstrate that Mnf2 

overexpression could be related with more mature 

neuronal phenotypes, displaying higher content of 

mitochondria and more developed ones, also associated 

with higher mitochondrial membrane potential (Fang et al. 

2016). Increased expression found in TUDCA condition 

might be indicative of enhanced mitochondria 

bioenergetics functions, associated with a higher 

maturation of NPs obtained and analyzed at day 16, when 

rosettes structures were counted.   
 

Conclusion  

          Cells reprogrammed into hiPSCs and then 

differentiated into neural cells have been a powerful tool 

regarding their potential application in disease modeling, 

being extremely useful in patient specific therapies and for 

drug screening. hiPSCs neural inducted cells provide a 

source of CNS cells, by the in vitro generation of neural 

cells, being understood as a source for research and a 

model for neurodegenerative diseases. In spite of many 

protocols that have already been used, a lot of 

improvements have to be done in order to close research 

to tangible applications. New culture strategies could be 

developed, whereas it is crucial to understand the 

mechanisms that regulate cell proliferation and 

differentiation potential, as well as survivor functions. 

   In conclusion, bearing in mind that TUDCA effect is well 

established in NSCs in vitro (Xavier (a) et al. 2014), the 

precise role of this bile acid has never been explored on 

hiPSCs model. In fact, TUDCA increases both hiPSCs and 

hiPSCs neural differentiated pools. The strongest 

evidence of bile acid effect could be associated with its 

anti-apoptotic and antioxidant capacities, but also with its 

regulatory function on mitochondrial and metabolic cell 

behavior, which in turn easily may influence proliferation 

and self-renewal of NPs pool. 

   Altogether, these studies provide evidence of the 

influence of TUDCA in other cellular context, in both 

proliferation and differentiation conditions, which rely on 

modulation of mitochondrial dynamic activity, biogenesis 

and oxidative stage. The bile acid tested in hiPSCs model 

provides a new framework to further explore the treatment 

and associated mechanisms of neurological pathologies, 

as well as ageing features, in patient-specific derived cells, 

avoiding ethical issues related with other used cell models.    
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