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Human induced pluripotent stem cells (hiPSCs) are a powerful tool in stem cell research, for these circumvent the 

ethical concerns and source limitations of using human embryonic stem cells (hESCs), and make possible the 

generation of patient and disease-specific pluripotent stem cells, being particularly useful for modelling neurological 

diseases. Tauroursodeoxycholic acid (TUDCA) is a bile acid that acts as a neuroprotective and anti-apoptotic agent, 

increasing neural stem cell (NSC) pool by inducing cell proliferation and modulating neural differentiation. The aim of 

this work was to study this bile acid as a robust tool to improve the efficiency of hiPSC expansion and their neural 

commitment under chemically-defined conditions. A chemically-defined hiPSC culture medium was supplemented with 

5 µM TUDCA throughout consecutive cell passages, yielding 55% higher fold changes in cell number than the control 

condition. The use of 10 µM TUDCA for a 16-day long neural induction with E6 medium or dual Smad inhibition 

improved the generation of neural rosettes in 33% and 54%, respectively. At later stages of this in vitro neural 

commitment process, TUDCA increases mitochondrial DNA (mtDNA) copy number and mitochondrial biogenesis. It 

also appeared to shift mitochondrial dynamics towards fusion, and to lower mitochondrial reactive oxygen species 

(mtROS) levels. The results demonstrated that TUDCA has a positive impact in the proliferation and neural 

commitment of hiPSCs, highlighting the importance of its protective action against mitochondrial damage. 

Keywords: Human induced pluripotent stem cells; Tauroursodeoxycholic acid; Expansion; Neural commitment; Neural precursors; 

Mitochondrial dynamics. 

 

1 Introduction 

The last decade has seen big changes in the stem 

cell field with the discovery of human induced 

pluripotent stem cells (hiPSCs). These cells are 

somatic cells that were reprogrammed to a pluripotent 

state with a retrovirus-mediated introduction of Oct-3/4, 

Sox2, c-Myc, and Klf4 transcription factors, that have 

the capacity for self-renewal, and can differentiate into 

cells from the three germ layers 1. hiPSCs are a 

powerful research tool since they share the pluripotent 

characteristics of human embryonic stem cells 

(hESCs), while not sharing the ethical concerns or 

source limitations 1,2. These cells also make possible 

the generation of patient and disease-specific cells, 

being useful in drug development and screening, 

regenerative medicine, and disease modelling. Despite 

showing great promise, large scale expansion of 

hiPSCs still proves to be a challenge 3. 

Recapitulation of neurogenesis in vitro can be 

accomplished by the generation of neural rosettes, 

which are two-dimensional structures that mimic the 

neural tube in vitro. Neural commitment of hiPSCs can 

be achieved by employing a differentiation protocol 

based on dual inhibition of Smad signalling. The key 

aspect of this protocol is the use of two small molecules 

that will mimic the effects of bone morphogenic protein 

(BMP) antagonists. The small molecule LDN-193189 

works as an inhibitor of BMP signalling pathway, while 

the small molecule SB431542 inhibits the 

Lefty/Activin/TGFβ pathways 4,5. 

Tauroursodeoxycholic acid (TUDCA) is a bile acid 

that acts as a neuroprotective and anti-apoptotic agent, 

increasing neural stem cell (NSC) pool by inducing cell 

proliferation and modulating neural differentiation 6,7. 

Studies have shown that TUDCA can rescue rat 

neuronal cells from 3-nitropropionic acid-induced 

apoptosis. The same study has concluded that 

TUDCA’s anti-apoptotic effect is due to inhibition of 

mitochondrial membrane disruption, and the 

prevention of translocation of Bax protein from cytosol 

to the mitochondria, where it would activate 

cytochrome c release and have a pro-apoptotic effect. 

TUDCA also inhibits reactive oxygen species (ROS) 

production associated with oxidative stress that may 

induce apoptosis and DNA damage by PARP cleavage 
8. TUDCA also seems to interfere with the expression 

of anti-apoptotic proteins, because it increases and/or 

stabilizes Bcl-2 expression, but Bcl-xL levels are 

decreased in its presence. This suggests that this acid 

may activate certain survival pathways 8–10. 

Having established the role of TUDCA in preserving 

mitochondrial integrity and function, and knowing that 

mitochondria are a key factor in NSC fate regulation, 

the possibility was risen that TUDCA could interfere in 

modulating mechanisms of NSC fate. It was then 

demonstrated that TUDCA prevents mitochondrial 

membrane depolarization that is characteristic of the 

early stages of neural differentiation. Mitochondrial 

ROS (mtROS) levels and mitochondrial release of 

cytochrome c during differentiation were lower in 

TUDCA-treated cells, meaning that apoptosis 

occurring during neural differentiation was decreased 

by lowering oxidative stress and blocking apoptosis. 

ATP levels typically decrease during differentiation due 

to mitochondrial stress, but were increased by TUDCA. 

All these suggest that TUDCA prevents differentiation-

induced mitochondrial stress 6,11. 

In sum, previous studies on TUDCA provide plenty 

evidence of the influence this bile acid has in cell 

survival and neural differentiation, particularly by its 

role on mitochondrial activity modulation. 
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2 Materials and methods 

2.1 Cell lines 

 The studies presented in this work were performed 

using hiPSC lines F002.1A.13 (TCLab – Tecnologias 

Celulares para Aplicação Médica, Unipessoal, Lta.), 

and Gibco™ Episomal hiPSC line (Gibco®). 

 

2.2 Expansion of hiPSCs 

 hiPSCs were cultured in Essential 8™ medium 

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

Medium was changed daily; cells were passaged when 

an 80% confluence was reached, using 0.5 mM EDTA 

(Invitrogen™) solution. For the expansion assays with 

TUDCA, cellular treatment was performed by 

supplementing the medium daily with 5 μM TUDCA. 

 

2.3 Neural commitment of hiPSCs 

 When hiPSC cultures were confluent, two different 

strategies were followed for neural commitment. 

 Dual Smad inhibition protocol was performed using 

N2B27 medium, which is composed of N2 medium and 

B27 medium in a 1:1 volumetric proportion. N2 medium 

consists of DMEM/F12 + GlutaMAX™ (1X, Gibco®) 

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

1.6 g/L of glucose (Sigma), 1% (v/v) Pen Strep (10000 

U/mL, Gibco®) and 20 μg/mL Insulin (Sigma), while 

B27 medium contains Neurobasal® Medium (Gibco®) 

supplemented with 2% (v/v) B-27® Supplement 

(Gibco®), 2 mM of L-glutamine (Gibco®) and 0.5% 

(v/v) Pen Strep. Medium formulation was 

supplemented with 10 μM SB431542 (StemMACS™) 

and 100 nM LDN193189 (StemMACS™). Medium was 

changed daily for 12 days of neural induction. At day 

12 of differentiation, cells were passaged with 0.5 mM 

EDTA solution and re-plated onto laminin (Sigma®)-

coated plates (split ratio of 1:3). When neural rosettes 

were observable at day 14, N2B27 was supplemented 

with 10 ng/mL of bFGF (Peprotech®) for two days. 

 E6 differentiation protocol was performed using 

Essential 6™ medium (Gibco®) with 1% (v/v) Pen 

Strep. Medium was changed daily for 12 days of neural 

induction. From day 12 of differentiation onwards the 

same protocol as before was used. 

 

2.4 Immunostaining 

 Cells were fixed in 4% (v/v) paraformaldehyde 

(PFA, Gibco®) in PBS, blocked with 10% (v/v) fetal 

bovine serum (FBS) and 1% (v/v) Triton in PBS at room 

temperature, and incubated with primary antibodies in 

staining solution (5% (v/v) normal goat serum, NGS, 

and 0,1% (v/v) Triton in PBS) at 4°C overnight. Cells 

were washed and incubated with secondary antibodies 

in staining solution for 1 h at room temperature. DAPI 

(1:10000, Sigma®) was used to counterstain cell 

nuclei. Finally, cells were observed under fluorescence 

optical microscope (Leica Microsystems CMS, DMI 

3000 B) or confocal microscope (Leica Microsystems 

CMS, TCS SP5 laser scanning microscope). 

 Primary antibodies: Pax6 (Covance, 1:400); Nestin 

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

N-cadherin (BD Transduction, 1:1000). Secondary 

antibodies: goat anti-mouse or goat anti-rabbit IgG, 

Alexa Fluor® 488 or 546 (Molecular Probes®, 1:400). 

 

2.5 Flow cytometry 

 Flow cytometry was performed in FACSCalibur™ 

flow cytometer (BD Biosciences®), and the analysis 

software BD CellQuest™ Pro (BD Biosciences®). 

 Proliferation assay 

 Cells were fixed in 2% (v/v) PFA in PBS, washed 

with 1% (v/v) normal goat serum (NGS, Sigma) in PBS, 

and resuspended in 3% (v/v) NGS. 5x105 cells were 

transferred to BSA (bovine serum albumin)-coated 

Eppendorf tubes and incubated at room temperature 

with 1:1 (v/v) 3% (v/v) NGS and 1% (v/v) saponin in 

PBS for 15 min. Cells were incubated in 3% (v/v) NGS 

with the primary antibody Ki-67 (BD Pharmingen™, 

1:40) for 2 h at room temperature. The samples were 

incubated with 1% (v/v) NGS in the dark with the 

secondary antibody – goat anti-rabbit IgG Alexa Fluor® 

488 (Thermo Fisher Scientific, 1:300) – for 30 min. 

Cells were centrifuged, and resuspended in PBS. 

 Apoptosis and viability assay 

 Viability of hiPSC-derived NPs was assessed with 

FITC Annexin V and Propidium Iodide (PI) kit (BD 

Biosciences®), following manufacturer’s instructions. 

 Mitochondrial ROS detection 

 For mtROS quantification, cells were treated with 5 

µM MitoSOX™ Red (Molecular Probes®, Life 

Technologies Corp.) mitochondrial superoxide 

indicator in PBS at 37ºC for 10 min, collected with 

Accutase® solution (Sigma Aldrich®), and 

resuspended in FACS buffer (1% BSA in PBS). 

 

2.6 Immunoblotting 

 Western blot analysis of total protein extracts 

determined protein expression levels. 50–80 µg of total 

protein extracts were separated on 7.5 or 12% SDS-

PAGE, and subjected to immunoblotting using primary 

mouse monoclonal antibodies reactive to PGC-1α 

(Calbiochem), Mnf2 (Abcam®), Bax, and Bcl-2 (Santa 

Cruz Biotechnology, Inc.); primary rabbit polyclonal 

antibodies reactive to Pax6 (Biolegend®), Oct4 (Cell 

Signaling Technology®, Inc.), Sox2 (Millipore), Drp1, 

MnSOD, PARP, and Bcl-xL (Santa Cruz Biotechnology, 

Inc.). Blots were subsequently incubated with 

secondary antibodies conjugated with anti-mouse and 

anti-rabbit IgG conjugated with horseradish peroxidase 

(Bio-Rad Laboratories) for 2 h at room temperature. 

Finally, membranes were processed for protein 

detection using Immobilon (Merck Millipore Corp.). 

GAPDH (Santa Cruz Biotechnology, Inc.) was used as 

loading control. 
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2.7 Quantitative real-time PCR 

 Total RNA was extracted with High Pure RNA 

Isolation Kit (Roche), and cDNA was synthetized, with 

starting amount of 1 μg, using a transcriptor first strand 

cDNA synthesis kit (Roche). 

 Taqman® Gene Analysis Assays (Life 

Technologies) was selected for Pax6, Sox1, Oct4, 

Nanog and GAPDH (Thermo Fisher Scientific). RT-

PCR for these genes was performed in StepOne Real-

Time PCR Thermal Cycling System (Applied 

Biosystems®). Reactions were normalized to GAPDH. 

 SensiFAST™ SYBR Hi-ROX Mix, 2x (BIOLINE) 

was selected for PGC-1α and ERRα, and GAPDH was 

used for normalization. It was also selected for the 

quantification of mtDNA copy number by analysing the 

expression of human mitochondrial encoded CO-1 

gene, using 18S ribosomal DNA for normalization. 

QIAamp DNA Mini Kit (Qiagen) was used for total DNA 

extraction and isolation. RT-PCR was run in 73000 

Real Time PCR System (Applied Biosystems®, Life 

Technologies Corp). 

 

2.8 Metabolite analysis 

Glucose and lactate concentrations were measured 

in exhausted and fresh media using a multi-parameter 

analyser (YSI 7100MBS, Yellow Springs Instruments). 

The specific metabolic rates (qMet, µmol/(cell∙day)) 

were calculated for every time interval using the 

equation qMet = ΔMet/(Δt∙ΔXv), where ΔMet is the 

variation in metabolite concentration during the time Δt 

and ΔXv the logarithmic average of viable cell number 

during the same period. The apparent lactate from 

glucose yield (Y’lactate/glucose) was calculated as the ratio 

between qlactate and qglucose. 

 

2.9 Statistical analysis 

 Statistical analysis was applied when at least two 

independent experiments were completed, using the 

software GraphPad Prism 6. Results are presented as 

mean ± standard error of mean (SEM). Mann-Whitney 

test was used for independent samples. A p-value less 

than 0.05 was considered significant. 

 

3 Results and discussion 

3.1 Effect of TUDCA on hiPSC proliferative capacity 

Since the current project focuses on the expansion 

of hiPSCs, kinetic studies were performed on the 

proliferation capacity of hiPSCs following the optimized 

method developed in preceding master’s dissertations 
12,13. Cells were grown in monolayer with daily change 

of E8 medium, with the addition of 5 μM TUDCA to the 

culture medium. At each cell passage, cells were 

counted and replated at a density of 5x104 cells/cm2. 

The results of the single experiment performed in 

this work are represented on Figure 3. 1 together with 

four independent experiments previously performed at 

SCERG laboratory, where it is clearly observed a 

higher increase in cumulative fold change for the 5 μM 

TUDCA condition. Furthermore, the P4 overall 

cumulative fold change of the 5 μM condition doubled 

that of the control condition, by going from 14.09 to 

31.40 with the addition of TUDCA to the culture 

medium, suggesting a 55% increased proliferation 

capacity of hiPSCs in the presence of this bile acid in 

this concentration, as similarly reported by Gomes 

(2016). Considering the P4 cumulative fold change 

average values of 12.38±0.85 for the control and 

66.50±15.80 for 5 μM TUDCA, the results were not 

within the scope of the error. However, these 

differences might be due to slight alterations in the 

expansion protocol itself. For instance, opting for 

regular intervals of 4 days between cell passages. 

There was a decrease in fold change after P1 for 

the control condition, which suggests a decline in 

proliferation after two consecutive passages. However, 

such phenomenon only happens after P3 for the 5 μM 

TUDCA condition, suggesting a delay in the loss of 

proliferative capacity. As such, one could wonder if the 

positive effect of TUDCA is not only related with stem 

cell proliferative capacity, but also includes a protective 

effect against dissociation-induced apoptosis caused 

by consecutive iPSC expansion steps 14,15. 

 
Figure 3. 1: Cumulative fold change in cell number for four 

consecutive passages, throughout 13 to 16 days of expansion 

of hiPSCs with 0 or 5 μM TUDCA in E8 medium. Results 

represent the mean of five independent experiments. Error 

bars represent SEM. P-value<0.01. 

 

3.2 Effect of TUDCA on the number of neural 

rosettes using different cell lines and 

differentiation methods 

Neural rosettes were obtained in vitro at day 16 of 

neural commitment of two hiPSC lines (F002.1A.13 

and Gibco™ Episomal hiPSC line), using the dual 

Smad inhibition protocol with 0 or 10 μM TUDCA. 

The neural induction of cell line F002.1A.13 by this 

method had already been accomplished, and statistical 

significance of the increase in neural rosette number 

between the control and 10 μM TUDCA condition had 

already been proven 12. Therefore, staining for N-

cadherin and Sox2 with this cell line was performed as 

a proof of concept, shown in Figure 3. 2 A. To prove 

the robustness of this protocol, the differentiation 

method using dual Smad inhibition was repeated with 

the Gibco™ Episomal hiPSC line. Immunofluorescent 

staining with Zo-1 and Sox2 was performed to observe 

through optical fluorescence microscopy the presence 

of neural rosettes in vitro, as shown in Figure 3. 2 B. 

The rosettes of three independent experiments 

were counted, the values were divided by the area of 

the culture wells and normalized with the mean of the 
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control conditions, allowing the calculation of the fold 

increase between conditions, which was found 

statistically significant. As seen in Figure 3. 2 C, the 

increase in formation of rosettes at day 16 of neural 

commitment due to TUDCA is not dependent on the 

cell line used, as there is an increase of 30% in 

normalized rosette number per cm2 between conditions 

for the Gibco™ Episomal hiPSC line. 

A 

 

 

B 
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Figure 3. 2: (A) Immunostaining for N-cadherin (red) and Sox2 

(green) of neural rosettes at day 16 of neural commitment of 

hiPSC line F002.1A.13, using dual Smad inhibition with 0 or 

10 μM TUDCA. Images were acquired through confocal 

microscopy, using a laser scanning microscope. Scale bars: 

50 μm. (B) Immunostaining for Sox2 (red) and Zo1 (green) of 

neural rosettes at day 16 of neural commitment of Gibco™ 

Episomal hiPSC line, using dual Smad inhibition protocol with 

0 or 10 μM TUDCA. Images were acquired with a fluorescence 

optical microscope. Scale bars: 50 μm. (C) Normalized 

rosette number per cm2 at day 16 of neural commitment of 

Gibco™ Episomal hiPSC line, using dual Smad inhibition 

protocol with 0 or 10 μM TUDCA. Results are represented as 

the mean of three independent experiments, performed in 

triplicate. Error bars represent SEM. * P-value<0.05. 

 

Having demonstrated that the positive effects of 

TUDCA in neural rosette number are maintained 

between cell lines, it was important to prove that the 

effectiveness of this bile acid is not dependent on the 

neural commitment method used. For such a task, a 

new neural differentiation method for hiPSCs was 

used, the E6 differentiation protocol. 

The neural induction with E6 medium was 

performed with cell line F002.1A.13. Immunostaining 

for N-cadherin and Sox2 of neural rosettes at day 16 of 

neural commitment is shown in Figure 3. 3 A, where it 

is possible to view fully formed neural rosettes for both 

conditions. The neural rosettes of two independent 

experiments were counted under the microscope, the 

values were divided by the area of the culture wells and 

normalized with the mean of the control conditions, 

allowing the calculation of the fold increase between 0 

and 10 µM TUDCA conditions of the E6 method. Figure 

3. 3 B shows that the increase in formation of rosettes 

at day 16 of neural commitment because of TUDCA is 

not dependent on the differentiation method used, even 

if the method itself is not as efficient, as there is an 

increase of 33% in rosette number per cm2 between 

conditions for the E6 method, when compared to the 

increase of 54% in the dual Smad inhibition 12. 

In sum, TUDCA improves the formation of neural 

rosettes by day 16 of neural induction independently of 

the hiPSC line used and of the neural induction protocol 

used, showing the robustness of this method. The 

reason behind the effect of TUDCA in neural 

commitment itself might be related to an increase in the 

proliferation capacity of cells undergoing neural 

induction, similarly to what happens with hiPSCs. 

Another hypothesis is that TUDCA affects the 

distribution of NP cells in culture, facilitating the 

organization and formation of the neural structures. 

A 

 

 
B 

 

 
Figure 3. 3: (A) Immunostaining for N-cadherin (red) and Sox2 

(green) of neural rosettes at day 16 of neural commitment of 

hiPSC line F002.1A.13, using E6 method with 0 or 10 μM 

TUDCA. Images were acquired through confocal microscopy, 

using a laser scanning microscope. Scale bars: 50 μm. (B) 

Normalized rosette number per cm2 at day 16 of neural 

commitment of hiPSC line F002.1A.13, using E6 method and 

dual Smad inhibition protocol with 0 or 10 μM TUDCA. Results 

represent the mean of two independent experiments, in 

duplicate. Error bars represent SEM. 

 

3.3 Effect of TUDCA in neural rosette morphology 

By observing Figure 3. 2 and Figure 3. 3, one can 

see that neural rosettes have a circular shape, and 

appear to be slightly bigger in the presence of TUDCA. 

To verify this observation rosette diameter was 

measured for the different conditions for both 

differentiation methods, using the software ImageJ. 

Analysis of the graphics presented in Figure 3. 4 
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indicates that there is an increase in average rosette 

diameter between conditions. This rise being more 

accentuated in the E6 method. The general increase in 

rosette diameter from the control to the 10 µM TUDCA 

condition might be tied to the way the rosettes organize 

themselves in culture. For instance, when TUDCA is 

added rosettes appear to be clustered and sometimes 

interconnected, leading perhaps to several rosettes 

fusing and becoming a bigger neural structure. 

Visualization of the rosettes through microscopy 

shows that these are not perfect circles, but possess 

more elongated shapes like an ellipse. Circularity gives 

a value between 0 and 1, and the closer it is to 1 the 

closest the ellipse is to being a circle. Rosettes derived 

from cells thawed from the same cryovial had no 

differences in terms of circularity between control and 

test conditions or between differentiation methods 

used, as all conditions have a circularity close to 0.9 

(data not shown). 

Overall, TUDCA appears to have an effect in neural 

rosette morphology. However, this effect is only 

present in terms of size and not in terms of shape, as 

the average rosette diameter increases between 

conditions, and the same effect is kept in distinct 

differentiation methods, but no effects are seen on 

circularity of the same neural structures. 

A

 

B

 
Figure 3. 4: (A) Neural rosettes’ diameter (μm) at day 16 of 

neural commitment of hiPSC line F002.1A.13, using dual 

Smad inhibition protocol, with 0 or 10 μM TUDCA. Results 

represent the mean of 17 images analysed with ImageJ from 

at least three independent experiments. (B) Neural rosettes 

diameter (μm) at day 16 of neural commitment of hiPSC line 

F002.1A.13, using E6 differentiation protocol, with 0 or 10 μM 

TUDCA. Results represent the mean of 12 images analysed 

with ImageJ from two independent experiments, in duplicate. 

Error bars represent SEM. * P-value<0.05. ** P-value<0.01. 

 

3.4 Influence of TUDCA addition in NPs’ 

proliferative capacity 

 Knowing that it is possible to achieve higher 

amounts and bigger neural rosettes at day 16 of neural 

commitment of hiPSCs with the addition of 10 µM 

TUDCA to the culture medium, the question of whether 

it happened due to an increase in proliferative capacity 

of NPs needed an answer. For that, immunostaining 

with Pax6 was performed at day 12 of neural induction, 

using DAPI to stain cell nuclei. Images were analysed 

with CellProfiler 2.2.0 for pixel counting and, thus, 

quantification of the percentage of Pax6 positive cells 

in culture was possible. The graphic depicting this 

quantification in Figure 3. 5 shows that no significant 

differences between control and test conditions were 

found, suggesting that the higher number of neural 

rosettes at day 16 is not related to a proliferation in NPs 

by day 12 of neural commitment. 

 
Figure 3. 5: Percentage of Pax6 positive cells in relation to 

DAPI stained cells at day 12 of neural commitment of the 

hiPSC line F002.1A.13, using the E6 method with 0 or 10 μM 

TUDCA. Results are represented as the mean percentage of 

9 immunofluorescence images from three independent 

experiments analysed with CellProfiler 2.2.0. Error bars 

represent SEM. 

 

 These results contrast what was suggested by 

Pinho (2015), who using the dual Smad inhibition 

protocol, obtained an increase of 41% Pax6+ cells for 

10 µM TUDCA condition when compared to the control 
13. Since the results presented in this study were 

obtained with the E6 method, a different proliferation 

assay was performed using dual Smad inhibition. 

 This method utilized flow cytometry with the 

intracellular marker Ki-67 to see whether there were 

any differences in proliferative capacity of the cells 

throughout the 16 days of neural commitment. Two 

assays were performed, however Figure 3. 6 shows the 

average percentage of Ki-67 positive cells of three 

independent experiments by incorporating the result 

obtained by Gomes (2016). The population on days 0 

and 1 shows the proliferation of hiPSCs, but the 

appearance of a distinct proliferative population at day 

3 of commitment suggests this time is a turning point 

where a population with neural characteristics starts to 

appear. From day 9 till day 16, there is only a 

proliferative population corresponding to one of NPs, 

that is noticeably increased on day 16. 
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Figure 3. 6: Proliferation analysis during neural commitment 

of hiPSC line F002.1A.13, using dual Smad inhibition protocol 

with 0 or 10 μM TUDCA. Percentage of Ki-67 positive cells 

analysed by flow cytometry, showing the presence of two 

distinct proliferative populations, being both present at day 3. 

Red line denotes a population characteristic of pluripotent 

cells, while green line represents a proliferative population of 

neural precursors. Results are represented as the mean of 

three independent experiments. Error bars represent SEM. 
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 No significant differences in percentage of 

proliferative cells are seen between the 0 and 10 µM 

TUDCA conditions, during neural commitment. This 

result agrees with the percentage of Pax6+ cells, 

leading to the conclusion that 10 µM TUDCA has no 

effect in the proliferation of hiPSC-induced NPs. 

Considering the effect that 5 µM TUDCA has in the 

proliferation of hiPSCs and that results with NSCs show 

a rise in proliferative capacity in the presence of 

TUDCA, there is a chance a different concentration 

could increase NP proliferation 6. Even if the increase 

in number of rosettes would not be as great as with 10 

µM, this could signify that different TUDCA 

concentrations translate into different targets of action. 

 

3.5 Impact of TUDCA addition on apoptosis during 

neural commitment 

 To test the hypothesis of whether TUDCA 

increases the number of neural rosettes by inhibiting 

cell death, a flow cytometry assay with FITC Annexin V 

and PI was performed. The former binds to cells that 

are losing membrane integrity at early stages of 

apoptosis, while the latter is a vital dye that permeates 

membranes of dead and damaged cells. The 

percentage of viable cells at day 12 of neural 

commitment for the 0 and 10 M TUDCA conditions 

were 96.66% and 95.91%, respectively. This outcome 

suggests that both conditions produce high 

percentages of viable cells, and there are no significant 

differences between conditions in apoptotic events. 

 Still with the anti-apoptotic effect hypothesis in 

mind, it was studied the possible effect of TUDCA in the 

expression of proteins that are involved in cell death 

and DNA repair. Western blot accomplished the 

relative quantification of anti-apoptotic proteins Bcl-2 

and Bcl-xL, pro-apoptotic protein Bax, and DNA 

repairing protein PARP, as represented in Figure 3. 7. 

 As seen in Figure 3. 7 A there was no increase in 

the expression of Bcl-2 between conditions throughout 

the differentiation process, but there appeared to be a 

slight decrease in protein expression in the presence of 

TUDCA. The same is mostly true for Bcl-xL, except for 

day 3 of differentiation, where a sudden increase in 

expression for the TUDCA condition is verified. 

Rodrigues et al (2003) discussed that Bcl-2 expression 

stabilization and lower expression of Bcl-xL in the 

presence of TUDCA suggest that the bile acid might 

activate certain survival pathways, solidified by its 

protective action against neurological damage by 

intracerebral haemorrhage, an acute brain injury 

associated with cell death by apoptosis 10. 

 As for Bax, on day 12 and 16 of commitment there 

was a slight tendency to decrease its expression in the 

presence of TUDCA. However, lack of statistical 

significance suggests that TUDCA does not affect this 

pro-apoptotic protein expression. 

 Still analysing Figure 3. 7, PARP cleavage is one 

apoptosis parameter that should be taken into 

consideration. PARP is responsible for DNA repair by 

adding poly (ADP ribose) polymers in response to 

stress, and it is a target for cleavage by caspases when 

apoptosis is triggered. Curiously, its cleavage also 

blocks necrosis, as overexpression of PARP can lead 

to energy depletion 16,17. Figure 3. 7 C shows that the 

full form of PARP tends to decrease between 

conditions on days 12 and 16 of neural commitment, 

but this is not accompanied by an increase in cleaved 

form, suggesting that the lowering in expression is not 

due to its cleavage. The decrease in full form 

expression could be explained by less DNA damage 

happening in the presence of TUDCA in the medium, 

thus lowering the need for this protein to be expressed. 

Nonetheless, such conclusions cannot be drawn in 

face of the results not being statistically significant. 

A B C 

   
D E F 

   
Figure 3. 7: Quantification of Western immunoblotting of anti-apoptotic proteins Bcl-2 (A) and Bcl-xL (B), DNA repair protein PARP, 

full (C) and cleaved form (D), and apoptotic protein Bax (E), during 16 days of neural commitment of the hiPSC line F002.1A.13, 

using the dual Smad inhibition protocol with 0 or 10 μM TUDCA addition. GAPDH expression was used as control. Results are 

presented as the mean of two independent experiments. Error bars represent SEM. (F) Representative Western blot of PARP, 

Bcl-xL, Bcl-2, Bax, and GAPDH.
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 In sum, TUDCA appears to not have a relevant 

impact on differentiation-induced apoptotic events, at 

least until 16 days of neural commitment. 

 

3.6 Effect of TUDCA on pluripotency and neural 

differentiation 

 The generation of a greater number of neural 

rosettes in culture when TUDCA is present in the 

differentiation medium might suggest a more efficient 

process of neural induction. To examine that 

possibility, gene and protein expression of pluripotency 

and neural markers was studied along the 

differentiation time. The relative gene expression of 

pluripotency markers Nanog and Oct4, 

neuroectodermal markers Sox1 and Pax6, during 12 

days of neural commitment using the dual Smad 

inhibition protocol with 0 or 10 μM TUDCA addition, 

was quantified by qRT-PCR, as presented in Figure 3. 

8. The relative expression of Oct4, Pax6 and Sox2 was 

also studied by Western blot (data not shown). 

The gene expression profiles of the pluripotency 

markers, Nanog and Oct4, are very similar. In the 

case of Nanog, there is barely any expression from 

day 1 onwards (Figure 3. 8), which is consistent with 

loss of both gene and protein expression for Oct4 

after day 1 of neural commitment. It is likely that 

Nanog and Oct4 expressions have the same 

tendency, since both are transcription factors involved 

in maintenance of pluripotency and self-renewal of 

ESCs and iPSCs. Overexpression of Oct4 has been 

associated with differentiation towards endoderm and 

mesoderm, so its disappearance is consistent with 

commitment towards the neuroectoderm lineage 18. 

 Sox2 was not expressed at the beginning of the 

neural commitment, but only from day 6 onwards, 

coinciding with the elevated expression of both Pax6 

and Sox1 from that timepoint until the last day studied. 

Sox1 and Sox2 transcription factors have been found 

to maintain proliferation of NPs and their multipotency, 

while preventing further differentiation. Pax6 induces 

differentiation toward neuroectoderm. So, it is not 

surprising that expression of Sox1 and Sox2 reaches 

its peak at day 6, coinciding with the increase in 

expression of Pax6. However, the expression of Sox2 

and Pax6 is reduced after reaching its peak at day 6 

and 9, respectively. This possibly occurs due to the fact 

that cells start losing their multipotency, associated 

with beginning of neurogenesis 19–22. 

 When comparing the control with the 10 µM 

TUDCA condition, no significant differences were 

observed for Nanog and Oct4, suggesting that TUDCA 

does not have any effect in loss of pluripotency of 

iPSCs. On the other hand, for Sox1, Sox2 and Pax6 

the decrease on the markers’ expression appears to 

be faster for the TUDCA condition after reaching the 

expression peak. 

 These results could translate into a more efficient 

neural commitment process, by accelerating the 

changes in relative gene and protein expression of 

neural markers during neural induction of hiPSCs by 

dual Smad inhibition. However, the execution of more 

replicates is required to draw definite conclusions, 

and/or achieve a significant difference in the values. 

 
Figure 3. 8: Relative gene expression by qRT-PCR of Nanog 

(A), Oct4 (B), Sox1 (C) and Pax6 (D), using GAPDH as 

control, during 12 days of neural commitment of the hiPSC 

line F002.1A.13, using the dual Smad inhibition protocol with 

0 or 10 μM TUDCA. Results are from a single experiment. 

 

3.7 Impact of TUDCA in mitochondrial biogenesis, 

dynamics, and oxidative state during neural 

induction 

 hPSCs’ metabolism rests mostly on glycolysis 

rather than on OXPHOS, with their mitochondria being 

less fused and less mature. When cells start 

differentiating higher amounts of energy are necessary 

to sustain more specialized function, so there is a 

switch to OXPHOS, which is more energetically 

efficient than glycolysis. This switch is closely related 

to mitochondrial changes in biogenesis and dynamics 
23,24. It has also been shown that TUDCA reverts the 

decrease in mtDNA copy number observed upon NSC 

differentiation, and that TUDCA increases mtDNA at 

day 12 of neural commitment of hiPSCs 11,12. 

 Therefore, analysis by qRT-PCR of the evolution of 

mtDNA copy number throughout the neural 

differentiation process was performed to elucidate the 

role of TUDCA in mitochondrial mass. The results are 

presented in Figure 3. 9, as a mean of the single 

experiment performed in this work and the previous 

results by Gomes (2016). 

 In fact, the analysis of the graphic shows a 

tendency for the mtDNA copy number to decrease 

slightly during neural commitment without differences 

between the control to the 10 μM TUDCA conditions. 

Except for day 12, when TUDCA doubled mtDNA copy 

number. This indicated that this bile acid positively 

increases the amount of mtDNA. This effect could rely 

on mitochondrial biogenesis increase or, perhaps, on 

an increase of the mitochondrial quality control events, 

making these organelles more energetically efficient. 

 The difference between conditions on mtDNA copy 

number on day 12 of neural induction was very close 

to achieving statistical significance as the P-value is 

0.057 after identifying and removing outliers from the 

analysis. 
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Figure 3. 9: Relative mtDNA copy number by qRT-PCR, using 

18S as control, during 12 days of neural commitment of 

hiPSC line F002.1A.13, using dual Smad inhibition protocol 

with 0 or 10 μM TUDCA. Results are presented as the mean 

of three independent experiments, performed in duplicate. 

Error bars represent SEM. P-value for day 12 = 0.057. 

 

 PGC-1α is a transcriptional coactivator that plays a 

central role in the regulation of cellular energy 

metabolism, promotes mitochondrial biogenesis and 

stimulates a metabolic shift to OXPHOS 25. ERRα is an 

effector of PGC-1α, and it regulates the expression of 

genes involved in OXPHOS and mitochondrial 

biogenesis. Inhibition of ERRα compromises the ability 

of PGC-1α to induce the expression of genes encoding 

mitochondrial proteins and to increase mitochondrial 

DNA content 26,27. Knowing that PGC-1α and ERRα 

are key players in mitochondrial biogenesis, RT-PCR 

was used to investigate the impact of TUDCA on their 

gene expression, and Western blot was used to 

determine if TUDCA affects PGC-1α protein 

expression (Figure 3. 10). 

 PGC-1α gene expression tends to rise from day 6 

onwards, accompanied by an increase on the same 

timepoints of ERRα expression, which is in accordance 

with the stated above that PGC-1α activates ERRα. On 

days 9 and 12, an increase in expression between 

control and test conditions was detected for both, 

suggesting that TUDCA stimulates mitochondrial 

biogenesis. Moreover, PGC-1α protein expression 

accompanies the increase in gene expression from 

day 9 onwards, and higher expression is observed for 

the TUDCA condition as well. Thus, strongly 

suggesting that addition of TUDCA positively affects 

mitochondrial biogenesis. 

 Mitochondrial dynamic shift between fission and 

fusion is regulated by GTPases, like Dpr1 and Mnf2. 

The former being responsible for fission, and the latter 

for fusion. The shift between fusion and fission adapt 

the morphology of the mitochondria to the metabolic 

needs of the cells. Mitochondrial fusion allows the 

spreading of metabolites, enzymes, and mitochondrial 

gene products among mitochondria, optimizing 

mitochondrial function. Mitochondrial fission plays an 

important role in the removal of damaged organelles 

by autophagy 28. 

 By Western blot analysis, it was possible to 

establish a mitochondrial fusion to fission ratio by 

dividing the relative expression of Mnf2 by that of Drp1. 

The ratio gives the tendency towards fusion or fission 

throughout commitment time. By observing the graphic 

in Figure 3. 11 A, it is possible to see that the ratio 

changes very little during the first 12 days of 

commitment (except for maybe an outlier on day 1), but 

increases on day 16, indicating that around this 

timepoint there was an increase in mitochondrial fusion 

and/or a decrease in fission. When comparing test and 

control conditions on day 16, TUDCA appears to shift 

mitochondrial dynamics towards fusion, leading to 

more energetically efficient organelles. 

 Studies in budding yeast have reported that 

mitochondrial fusion increases mtDNA copy number 29. 

In face of the results of mtDNA copy number and 

mitochondrial fusion to fission ratio, the increase of 

mitochondrial fusion at 16 being cause-related to the 

preceding increase of mtDNA at day 12 is a possibility. 

 It has been established that oxidative stress affects 

mitochondrial dynamics, as an increase in ROS levels, 

for example, leads to overexpression of Drp1 and, 

consequently, to a higher mitochondrial fragmentation 
30,31. By studying the expression of MnSOD, a ROS 

scavenger, by Western blot (Figure 3. 11 B), it was 

possible to see that its expression was increasingly 

higher along neural commitment, possibly to fight the 

intensification of mtROS levels provoked by 

differentiation. One can also observe a slight tendency 

for an overexpression of this enzyme when TUDCA 

was present, especially at day 12. It could translate into 

lower levels of ROS, thus promoting mitochondrial 

fusion in detriment of fission. The rise of MnSOD 

relative expression on this timepoint also matches the 

increase in mtDNA for the 10 µM TUDCA condition, 

explained perhaps by protection against mtDNA 

damage by oxidative stress. 

 The quantification of mtROS levels by flow 

cytometry at day 12 of neural induction is presented in 

Figure 3. 11 C. The graphic shows a 20% decrease in 

mtROS levels between the 0 µM and the 10 µM 

TUDCA condition before medium changes being 

performed (0 h). However, 1 hour and 6 hours after 

medium being changed, there were barely any visible 

differences between conditions. This suggests that 

changing spent medium for fresh one containing or not 

TUDCA has the same effect on mtROS levels. Yet, 

adding 10 µM TUDCA daily to the culture medium for 

12 days of neural induction appears to have an overall 

cumulative effect on lowering mtROS levels. 

 Studies performed with ROS-inducing compounds 

showed that co-incubation with TUDCA lessened the 

increase in ROS levels caused by the molecules 6,8. 

These studies validate the results, where exposure to 

TUDCA appears to partially inhibit the generation of 

mtROS by hiPSC-derived NPs. 



9 

A B C 

T im e p o in t  (d a y s )

R
e

la
t
iv

e
 e

x
p

r
e

s
s

io
n

0 1 3 6 9 1 2

0

2

4

6

0 M

1 0 M

 
T im e p o in t  (d a y s )

R
e

la
t
iv

e
 e

x
p

r
e

s
s

io
n

0 1 3 6 9 1 2

0 .0

0 .5

1 .0

1 .5

0 M

1 0 M

 
T im e p o in t  (d a y s )

R
e

la
t
iv

e
 e

x
p

r
e

s
s

io
n

0 1 3 6 9 1 2 1 6

0

1

2

3

4

5

0 M

1 0 M

 
Figure 3. 10: Relative gene expression evaluated by qRT-PCR of mitochondrial biogenesis factors, PGC-1α (A) and ERRα (B), 

during 12 days of neural commitment of the hiPSC line F002.1A.13, using the dual Smad inhibition protocol with 0 or 10 μM 

TUDCA addition. GAPDH was used as control. Results are presented as the mean of two independent experiments, performed 

in duplicate. (C) Quantification of Western immunoblotting of mitochondrial protein PGC-1α, during 16 days of neural commitment 

of the hiPSC line F002.1A.13, using the dual Smad inhibition protocol with 0 or 10 μM TUDCA addition. GAPDH expression was 

used as control. Results are presented as the mean of two independent experiments. Error bars represent SEM
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Figure 3. 11: Quantification of Western immunoblotting of the ratio of relative expression of Mnf2 and Drp1 (A), and MnSOD (B) 

during 16 days of neural commitment of the hiPSC line F002.1A.13, using the dual Smad inhibition protocol with 0 or 10 μM 

TUDCA addition. GAPDH expression was used as control. Results are presented as the mean of two independent experiments. 

Error bars represent SEM. (C) Quantification of mtROS levels by flow cytometry with MitoSOX™ Red at day 12 of neural 

commitment of the hiPSC line F002.1A.13, using dual Smad inhibition protocol with 0 or 10 μM TUDCA addition. Measurements 

were performed without medium change (0h), and after 1h or 6h of medium change. Results represent a single experiment. 

 The 20% drop in mtROS levels when 10 µM 

TUDCA is added daily to the culture medium for 12 

days of neural commitment matches the increase in 

mtDNA copy number, PGC-1α and MnSOD 

expression on the same timepoint, as well as Mnf2 to 

Drp1 expression ratio on day 16 of commitment. 

Altogether, these results have strengthened the 

relation between TUDCA inducing lower levels of 

mtROS, and the subsequent increased mitochondrial 

biogenesis and its dynamics’ shift towards fusion. 

 To sum up, the results reinforce the possibility that 

TUDCA is involved in the protection against oxidative 

stress at later stages of the neural commitment 

process, by promoting increases in mtDNA copy 

number, and mitochondrial biogenesis and fusion, due 

to a decrease in mtROS levels. 

 

3.8 Influence of TUDCA in energy metabolism 

during neural commitment 

 The effect of 10 µM TUDCA on the metabolism of 

hiPSCs along the commitment process was evaluated 

through the specific metabolic rates of glucose and 

lactate, and the apparent yield of lactate from glucose. 

 Throughout neural commitment both the specific 

metabolic rates of glucose and lactate are lower in the 

presence of TUDCA (data not shown). When hiPSCs 

differentiate into the neural lineage, there is a shift from 

glycolysis to OXPHOS, lowering the consumption of 

glucose and lactate formation. 

 It is known that lactate induces production of ROS, 

so a lower lactate specific production rate in the 

TUDCA condition suggests that less mtROS are being 

produced 32–34. This is in accordance with the reduced 

mtROS levels found in the presence of TUDCA. A 

relation between reduced lactate formation and lower 

ROS levels, raises the question of whether TUDCA 

interferes in the metabolic pathways cells use 35,36. 

 One molecule of glucose generates at most two 

molecules of lactate through glycolysis, thus the 

maximum apparent yield should be two. However, 

Figure 3. 12 shows yields higher than 2 when TUDCA 

is present. This discrepancy might be due to TUDCA 

promoting alterations in cell metabolism. Given the 

results already discussed, one can wonder if TUDCA 

induces metabolic pathways based on mitochondria. 

 
Figure 3. 12: Apparent yield of lactate from glucose, during 12 

days of neural commitment of hiPSC line F002.1A.13, using 

dual Smad inhibition protocol with 0 or 10 μM TUDCA. Results 

represent the mean of three independent experiments. Error 

bars represent SEM. 
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3.9 TUDCA’s interaction with cyclosporine A on 

pharmacological rescue and its effect on neural 

rosette number 

 hiPSCs were incubated with 1.5 µM CsA during 

neural commitment. Neural rosette number displayed 

an increase in the presence of CsA (Figure 3. 13). 

Albeit not as effective as TUDCA, supplementing the 

medium with CsA appears to rise the number of 

rosettes using dual Smad inhibition. Studies have 

demonstrated that CsA increases the number and size 

of neurospheres derived from mouse adult brain 

dissections, and expands the pools of neural precursor 

cells 37,38. In addition, co-incubation of CsA and 

TUDCA generated a number of rosettes akin to that of 

the control, which solidifies the evidence that CsA 

rescues the effect of TUDCA 6. 

 To sum up, these findings showed that CsA and 

TUDCA have antagonistic effects, yet both drugs 

positively affect neural rosette formation, making them 

promising molecules to stimulate production of neural 

derivatives from hiPSCs. 

 
Figure 3. 13: Normalized number of counted rosettes per cm2 

at day 16 of neural commitment using dual Smad inhibition, 

with 0 or 10 μM TUDCA. Results are represented as the mean 

of two independent experiments. Error bars represent SEM. 

 

4 Conclusions 

With this work, it was possible to conclude that 

TUDCA increases hiPSC proliferative capacity, and 

might protect against dissociation-induced apoptosis. 

It was also possible to conclude that supplementing 

neural-inducing medium with 10 µM TUDCA increases 

the number and size of neural rosettes formed at day 

16 of differentiation, independently of cell line and 

differentiation method used, showing the robustness of 

the acid’s effect. 

TUDCA does not seem to have an impact in either 

proliferation or apoptosis during neural commitment, 

as no differences between 0 and 10 µM TUDCA 

conditions were found in the percentages of 

proliferative and apoptotic cells, and the expression of 

DNA repairing, anti or pro-apoptotic proteins. 

The doubling of mtDNA copy number coupled with 

an increase in expression of PGC-1α at later stages of 

neural induction indicates that TUDCA might stimulate 

mitochondrial biogenesis. TUDCA appears to shift 

mitochondrial dynamics towards fusion, and increase 

MnSOD expression at day 12, which could translate 

into the lower levels of ROS observed. These suggest 

that a more effective OXPHOS might be taking place, 

due to mitochondria being more energetically efficient. 

To summarize, the results support the hypothesis 

that TUDCA increases neural rosette formation 

through protection against oxidative stress at later 

stages of the neural induction process. This might be 

due to TUDCA increasing mtDNA copy number and 

mitochondrial biogenesis, promoting mitochondrial 

fusion, and having an antioxidant effect. 
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