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Abstract:  The discovery of human induced pluripotent stem cells (hiPSCs) has revolutionized the research 
in the stem cells field. In addition to their long-term self-renewal capacity, these cells can be differentiated 
towards any cell lineage in the human organism, representing a valuable tool for regenerative medicine, drug 
screening and disease modelling. For instance, the commitment of hiPSCs into the neuronal lineage brings 
great promise in finding new solutions for neurodegenerative diseases. Nevertheless, robust, reproducible 
and efficient culture systems have to emerge in order to expand and differentiate hiPSCs with high yields, 
obtaining the quantities necessary to execute those applications. Previous reports on the role of an 
endogenous bile acid, tauroursodeoxycholic acid (TUDCA) as an anti-apoptotic, proliferative and 
differentiation-modulating agent in neural stem cell (NSC) cultures have motivated the study of the effect of 
this bile acid in both hiPSC expansion and neural commitment into neural progenitor (NP) cells. In this work, 
different concentrations of TUDCA were added to a biochemically-defined hiPSC culture media. Although the 
bile acid did not appear to influence cell viability and pluripotency, it significantly induced higher fold 
increases in the number of cells for the concentrations of 5 and 10 μM, when compared to controls. A hiPSC 
neural commitment protocol with addition of TUDCA was implemented, with successful generation of 
Pax6

+
/Nestin

+
 NPs within 12 days and posterior generation of rosette-like structures. Notably, quantification 

of rosettes showed an increase of 56% and 99% in cultures treated with 5 and 10 μM of TUDCA, 
respectively, when compared to controls. Here, we demonstrated for the first time the influence of TUDCA in 
the proliferation and differentiation of hiPSCs, revealing that this bile acid had a positive influence in both 
processes. Importantly, in the future, these findings could be translated to large-scale culture systems. 
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Introduction 

Human induced pluripotent stem cells (hiPSCs) are 

capable of self-renewing themselves as well as 

differentiating into all cells from the three germ layers 

and are obtained by reprogramming somatic cell 

sources into the pluripotent state due to a vector-

mediated delivery of transcription factors
1,2

. They 

present great usefulness in research fields like drug 

screening, regenerative medicine and disease 

modelling, which make use not only of the hiPSC itself 

but also the subsequent derivatives obtained by 

processes of differentiation. Particularly, following a 

neuroectodermal specification protocol leads to 

obtaining neural stem/progenitor cells and, ultimately, 

mature neurons, extremely useful in ongoing and 

future studies regarding neurodegenerative disorders.  

The signalling pathways involved in such 

differentiation route are mediated by TGF-β cytokines. 

Particularly, the activin/nodal proteins are responsible 

for iPSCs differentiation into mesoderm and 

endoderm
3
. Secondly, the bone morphogenetic 

proteins (BMP) induce differentiation into extra-

embryonic tissues
4
. Thus, a possible approach to 

afford neural commitment is based on the inhibition of 

the previous two pathways, leaving no option to 

pluripotent cells than to follow neuroectoderm 

differentiation. This can be achieved by using two 

small molecules: SB-431542, which inhibits the 

activin/nodal pathway and LDN193189, inhibitor of the 

BMP signalling pathway, an overall strategy named 

dual-SMAD inhibition
5,6

. 

Undoubtedly, hiPSCs and their neural derivatives 

constitute important research tools. However, the field 

has still yet to overcome the limitations in the number 

of cells that are generated by current expansion 

culture systems. To this regard, there is a pressing 

need of finding ways of increasing the expansion rate 

and decreasing cell death, for instance by apoptosis, 

of hiPSCs and hiPSC-derived NPs in culture.  

Apoptosis is a programmed cell suicide with 

several molecular pathways associated. However, the 

most prominent is the so-called intrinsic pathway 

associated with mitochondria outer membrane   



2 
 

permeabilization (MOMP). This pathway leads to 

conformational changes in the pro-apoptotic Bcl-2 

family of proteins, which migrate from the cytosol into 

the mitochondria, where they form membrane pores 

responsible for the release of apoptogenic factors 

from mitochondria to the cytosol, ultimately 

culminating in apoptosis
7,8

.  

Moreover, mitochondrial integrity and function 

affects stem cell fate
9
. Not only is the organelle 

involved in apoptosis, but also in cell proliferation, 

differentiation and viability. Mitochondria regulate 

reactive oxygen species (ROS) levels, that when in 

excess, can lead to cell death. Additionally, it has 

been shown that the differentiation process in PSCs is 

associated with an increase in ROS production
10

. A 

study performed in mouse ESCs (mESCs) proved that 

antioxidante defenses decrease as they differentiate, 

possibly due to downregulation of antioxidant and 

stress-resistance genes. Armstrong et al.
11

 stated that 

ROS defence stress mechanisms and mitochondrial 

biogenesis in iPSCs are similar to ESCs. Also, it has 

been shown that NSCs, show lower ROS levels than 

more mature neural cells and that neural 

differentiation is assured by morphologic and 

metabolic alterations in the mitochondria, not only 

related to ROS generation but also mitochondrial DNA 

(mtDNA) changes. For example, damages in mtDNA 

in neural stem/progenitor cells were shown to lead to 

astroglial differentiation and not neuronal
12,13

. Also, 

mitochondrial retrograde signals modulate stem cell 

cycle progression
14

. Cell division requires high 

amounts of mitochondrial energy supply to allow cell 

cycle progression. On the other hand, stem cell 

differentiation implicates cell cycle exit at G1. The 

study of substances that can influence stem cells at 

the mitochondrial level can contribute to modulating a 

range of fundamental cellular processes in hiPSCs 

proliferation. 

To this regard, the bile acid tauroursodeoxycholic 

acid  (TUDCA) has been pointed as a potent inhibitor 

of classical mitochondrial apoptotic pathways
15

, by 

inhibiting pro-apoptotic proteins from the Bcl-2 family, 

stabilizing the mitochondria membrane and preventing 

its permeabilization
16

. This bile acid has been shown 

to have a neuroprotective effect, preserving neural cell 

mitochondria integrity and function. It reduced neural 

apoptosis in animal models of Huntington’s and 

Alzheimer’s diseases
17–19

.  

TUDCA was recently demonstrated to increase 

NSC pool by preserving mitochondrial integrity while 

enhancing self-renewal potential
20

. As stated, 

differentiation increases mitochondrial ROS. TUDCA 

acts by reducing their levels and enhancing ATP 

levels, necessary to maintain the proliferative state of 

NSCs. Also, there were less mtDNA damages 

(associated with differentiation) in TUDCA-treated 

cells when compared to controls. Regarding cell cycle 

progression, TUDCA decreased the number of cells in 

G0 and G1 phases with increase in S and M, which is 

in agreement with augmented proliferation  

Thus, it may be relevant testing the potential 

benefits of this molecule in hiPSCs, namely in 

decreasing apoptosis, a typical feature occurring in in 

vitro cell passages, towards efficiently obtaining a 

more elevated number of cells. Also, based on 

TUDCA’s impact on NSC fate
20

, hiPSC neural 

differentiation cultures could potentially benefit from its 

addition while obtaining, firstly, neural progenitors 

from hiPSCs and mature neurons at a later stage. In 

this context, this work aims to investigate the effect of 

TUDCA in the self-renewal and neural commitment of 

hiPSCs. Importantly, cell culture procedures were 

performed under simple and completely defined 

conditions to enhance the single impact of the bile 

acid. Undoubtedly, such knowledge can be applied to 

large scale culture systems in the future.  

 

Materials and Methods 

1. hiPSCs expansion  

hiPSCs from the WT-F002.1A.13  (TCLab) cell 

line were expanded in previously Matrigel
TM 

(BD 

Biosciences) coated wells in E8 culture 

media(Gibco®). When confluent, cells were passaged 

with EDTA and replated at an approximate initial cell 

density of 50.000 cells/cm
2
. TUDCA was added daily 

directly to the fresh medium in different concentrations 

according to the objective. The concentrations tested 

ranged from 5 to 100 μM at different stages of the 

work. 

2. Cell countings  

At each cell passaging time point, cell countings 

were performed to quantify cell expansion with and 

without TUDCA. After washing the wells with EDTA 

and scraping the cells with E8 medium, as mentioned 

above, 10 μL of the resulting cell suspension were 

mixed with 10 μL of Trypan Blue Stain 0,4% (Gibco) in 

a well of a 96-well plate. From that 1:1 mixture, a 

volume of 10 μL was placed in a hemocytometer and 

viable cells were visually counted under the 

microscope.  
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3. BrdU assay 

BrdU can be incorporated in the cell genome 

during DNA replication in the S phase of the cell cycle. 

By using a specific and labelled antibody against 

BrdU, it is possible to measure cell proliferation based 

on the absorbance levels. Proliferation capacity of 

hiPSCs under different concentrations of TUDCA was 

tested to study whether the bile acid could improve 

the growth rate of the cells. We used the commercially 

available BrdU test kit (BD Biosciences Pharmigen) 

and the samples were analysed by a flow cytometer 

(BD LSR Fortessa).  

4. Neural commitment of hiPSCs: the DUAL-

SMAD inhibition 

 

A neural commitment protocol was implemented 

in hiPSCs, obtaining NPs by the 12
th
 day

5
. SB-431542 

(Sigma®) and LDN-193189 (Stemgent®) were daily 

supplemented to N2B27 medium during that period 

and the bile acid was also added daily to culture wells, 

in different concentrations (0-10 μM). 

 

5. Formation of rosette-like structures 

New culture wells were double coated with poly-L-

ornithine (Sigma®, 15 μg/mL) and laminin (Sigma®, 

20 μg/mL) and hiPSC-NP cells were replated. N2B27 

medium was replaced daily, and, when rosettes 

started to be observed, bFGF (Peprotech, 20ng/mL) 

was added for 2-4 days.  

 

6. Flow cytometry characterization of hiPSCs and 

hiPSC-derived NPs 

hiPSC cell marker expression was characterized 

by flow cytometry, using primary antibodies against 

the intracellular markers Oct4 (Millipore, 1:150), Sox2 

(R&D
TM

, 1:100) and Nanog (Millipore, 1:5000) and 

surface markers Tra-1-60 (Stemgent®, 1:10)  and 

SSEA4 (Stemgent®, 1:10). Secondary antibodies 

Goat anti-mouse IgG (Alexa Fluor®, 1:300) and Goat 

anti-rabbit IgG (Alexa Fluor®, 1:300) were used for 

intracellular marker flow cytometry. Samples were 

analyzed in the BD FACSCalibur Flow cytometer (BD 

Biosciences). 

7. Immunocytochemistry characterization of hiPSC-

derived NPs 

Intracellular staining used primary antibodies 

against Pax6 (Covance
®, 

1:400), Nestin (R&D
TM

, 

1:400) and ZO-1 (Novex
®
, 1:100) and secondary 

antibodies goat anti-mouse IgG (Alexa Fluor®) or goat 

anti-rabbit IgG (Alexa Fluor®). DAPI (Sigma®) was 

also used. Cells were examined under the 

fluorescence optical microscope (Leica DMI3000B, 

Germany/Nikon Digital Camera Dxm1200F).The 

obtained images were analysed with the ImageJ® 

software. 

8. Guava® ViaCount® Assay 

 

Cells were cultured with different concentrations 

of TUDCA and the ViaCount test was used to detect 

differences in viability, death and apoptosis fractions 

associated with the bile acid treatment. The test was 

performed in both hiPSCs and hiPSCs-derived NPs. A 

volume of 20-50 μL of ViaCount® Reagent was mixed 

with cells and samples were read with a flow 

cytometer (Guava easyCyte 5HT Flowcytometer - 

Guava Technologies). The software Guava CytoSoft 

was used for sample analysis. 

 

Results and Discussion 

1. Impact of TUDCA on hiPSCs expansion  

- hiPSCs expansion assay 

Expansion of hiPSCs was performed in E8 

culture medium, which was renewed daily, hand-to-

hand with the addition of TUDCA. Different working 

concentrations were tested to figure out the one that 

allowed obtaining more elevated fold increases in total 

cell number. Cell counts were performed at each 

passaging time point using the Trypan Blue Exclusion 

Method and a hemocytometer.  

In the first trial, the concentrations tested were 

0 μM (negative control), 10 μM, 25 μM, 50 μM and 

100 μM.  Our results showed that cells treated with 10 

μM of TUDCA were more proliferative, when 

compared with the control. On the other hand, there 

was a decay in the number of cells for the 

concentrations of 25 μM, 50 μM and 100 μM, 

indicating that, in spite of the potential benefits of 

TUDCA, it might also present some toxicity when daily 

added at high concentrations to the culture medium.  

In the second growth kinetics experiment, the 

range of tested concentrations was lowered to 0, 5, 

10, 15, 20 and 25 μM. Within the first six days, 

cultures treated with 20 and 25 μM of TUDCA, 

presented a decrease in the number of cells in culture. 

In fact, it was observed that all cells treated with those 

concentrations were dead after 9 days. There was a  
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 slight increase in the number of cells when 

compared with the control in the first six days for the 

concentration of 15 μM but cells died by the 9
th
 day. 

Importantly, an accentuated increase was observed 

for 5 and 10 μM, with maximum number of cells 

obtained. This pointed out that the optimal amount of 

TUDCA to be applied in hPSC expansion cultures 

must range between those two values. In spite of the 

considerable augment in the cell number that these 

two concentrations brought, there was a general 

tendency for reduction from the 6
th
 to the 9

th
 day of 

culture with the number of cells decreasing until the 

final day of the experiment (12
th
 day). The explanation 

for this effect might be a retarded toxicity effect 

caused by TUDCA accumulation (daily added in 

culture medium).  

The fold increase (FI) values (1) for this last 

experiment were calculated at each passage along 

with the cumulative FI (Figure 1): 

 

FI = 
Cell density rinsed before each passage

Initial cell density
    (1) 

 

Considering i=1 the 2
nd

 day of this experiment, i=2 
the 6

th 
day, i=3 the 9

th 
day and i=4 the final day, the 

cumulative FI, at each time point i, is given by: 

 

Cum. FI i  =  {

1                               𝑓𝑜𝑟  𝑖 = 0

𝐹𝐼𝑖  ×   Cum. FI
 i−1

         𝑓𝑜𝑟 𝑖 = 1,2,3,4 
 (2) 

Different concentrations of TUDCA induced different 
hiPSC growth rates. Calculation of hiPSC doubling 
times (3) under the different conditions showed results 
of 31,48 ± 9,51 and 35,58 ± 0,12 hours for the 
concentrations of 5 μM and 10 μM, respectively, 
approximately half of the value obtained for the control 

hiPSC cultures (63,35 ± 7,38 hours). �̅� represents the 

average specific growth rate. 

 

𝑇𝑑
̅̅ ̅ =  

ln 2 

�̅�
        (3) 

 

 

 

Figure 1: Cumulative FI variation during 12 days of hiPSC 
growth kinetics. The y-axis represents the cumulative FI 
values in base-10 logarithmic scale plotted in function of 

time, in days. Such calculations were performed for a plate 
with TUDCA concentrations ranging from 0 to 25 μM and 
replicated for the concentrations of 0-15 μM. The average 

between both replicates for 0 (blue line), 5 (red line), 
10(green line) and15 μM (purple line) is presented. 

 

- Pluripotency characterization of hiPSCs cultured with 

TUDCA 

The importance behind finding effective ways 

of augmenting hiPSCs proliferation capacity relies on 

the fact that their pluripotency is also maintained 

under those types of treatments. With that idea in 

mind, after studying their growth under culture media 

with TUDCA, the cells were analysed for the 

expression of characteristic pluripotency markers with 

flow cytometry, of both intracellular and surface 

markers. The intracellular markers analysed were 

Sox2, Oct4 and Nanog and surface markers were Tra-

1-60 and SSEA4 and the results are summarized at 

table 1. Noticeably, the values obtained allow stating 

that TUDCA addition to hiPSC cultures does not 

interfere with their usefulness as pluripotent stem 

cells. 

Table 1: Flow cytometry analysis of hiPSC pluripotency 
intracellular and surface markers. The concentrations of 0,5 

and 10 μM of TUDCA were tested. 

Cell marker 0 μM 5 μM 10 μM 

Sox2 96,0% 97,3% 98,0% 

Oct4 97,7% 98,0% 98,4% 

Nanog 98,6% 99,3% 98,9% 

Tra-1-60 75,4% 88,1% 91,1% 

SSEA4 97,5% 97,9% 94,1% 

-  
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- TUDCA’s impact on BrdU incorporation in hiPSCs 

 Taking the growth kinetics results under 

consideration, the increase in the number of hiPSC 

after treatment with 5 and 10 μM TUDCA might be 

due to either an increase in proliferation or decrease 

in apoptosis. Cell proliferation was assessed by 

analysing BrdU incorporation in cells treated with 0.5 

and 10 μM of TUDCA. Similar experiments 

performed in NSCs have already showed a 

significant increase in BrdU incorporation after 

treatment with TUDCA
20

 due to an augment in cell 

cycle progression. In those experiments using mouse 

NSCs, the time of incubation with BrdU was 4 hours. 

In this work, we began with the same period of  BrdU 

incubation. Two replicates were analysed and the 

average results are presented at Figure 2-A.  

Curiously, the results obtained show no 

impact of TUDCA in altering the percentage of BrdU 

incorporation in hiPSCs. One possible explanation is 

that TUDCA reduces apoptosis in hiPSC cultures 

without influencing the proliferation potential of cells. 

 
 

 

Figure 2: Representation of BrdU incorporationafter 
TUDCA treatment. The average in the percentage of BrdU 
incorporation for the concentrations of 0, 5 and 10 μM of 

TUDCA are presented (A) for a BrdU incubation time of 4h. 
Also, the results are presented for an incubation time of two 

hours 

 

Another explanation can be related with the 

choice of the 4 hours for BrdU incubation time in 

our model, which proliferate faster than NSCs. 

Therefore, in the following assay, we tested 2 hours 

of BrdU incubation. Again, the percentages were 

very similar among each other, so no conclusions 

were drawn regarding TUDCA’s effect on hiPSC 

proliferation. In order to obtain valuable results, the 

BrdU incorporation time must be optimized and 

might have to be even lower for the future 

experiments. 

 

- Effect of TUDCA on hiPSCs viability, death 

and apoptosis  

 

Figure 3: Guava ViaCount assay results for hiPSCs 
cultured in the presence of different cncentrations of 

TUDCA. hiPSC cultured in the presence of 5 μM and 10 
μM of TUDCA in their expansion were analysed to obtain 
the percentage of completely viable (A), apoptotic (B) and 
dead(C) cells. These were compared to control hiPSC that 
were not cultured under TUDCA’s influence. Two separate 
assays, each with two replicates were performed and the 

average data was organized at a table (D). 

    

The Guava ViaCount assay allows 

measuring percentages of viable, mid-apoptotic and 

dead cells within a sample. Figure 3 shows the 

average of the two isolated performed assays. From 

these results, one can observe an increase in the 

percentage of viable cells, along with a decrease in 

apoptotic and dead cells for the concentrations of 5 

and 10 μM of TUDCA, compared to the control, 

which is the desired situation. From the three 

measurements, the one that was expected to 

decrease according to the literature
20

 was the 

percentage of apoptosis, which was verified in the 

average results. Nonetheless, the percentages are 

too close to conclude that TUDCA has any valuable 

influence on cell viability and cell death of these cells, 
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and further experiment under the same conditions should be performed to confirmed these results.

2. Effect of TUDCA in Neural Commitment of hiPSCs 

 

- Cell marker characterization of hiPSCs-derived NPs 

cultured with TUDCA  

Neural marker expressions of Pax6 and 

Nestin were analysed by immunocytochemistry. DAPI 

was also used to allow identifying nucleated regions 

in the images.  The fluorescence microscopy imaging 

results are shown in figure 4. The visualization of the 

positive Pax6 and Nestin cell areas accounts for the 

visual confirmation of the successful neural 

commitment of hiPSCs into NPs.  

 

Figure 4: Intracellular staining of hiPSC-derived NPs cells 
against Pax6/Nestin (A,C and E) and Pax6/DAPI (B,D and 
F) following neural commitment protocol in the presence of 
concentrations of  0, 5 and 10 μM of TUDCA. Scale: 50μm. 

The approach used to analyse and compare 

the expression of the NP marker Pax6 among the 

different differentiation culture conditions (0, 5 and 10 

μM) was to use the Pixel count tool in the ImageJ® 

software. Blue areas in images of stained DAPI cells 

nuclei were isolated and the number of pixels 

quantified. The process was repeated for the red 

coloured Pax6 expression images obtained in the 

same exact frame, in order to obtain an approximate 

percentage of Pax6
+
 cells among the nucleated NP 

population identified. The average percentages of 

Pax6
+
/DAPI obtained were 92.23% ± 0.04% for 5 μM 

of TUDCA and 99.28% ± 0,01% for 10 μM, which 

translates into an increase of roughly 31% and 41% 

when compared to the control, which had an 

approximate result of 70.65%. Importantly, it was not 

only possible to confirm the successful neural 

commitment of hiPSCs to NPs when combined with 

the addition of TUDCA but also to obtain preliminary 

results suggestive of the fact that the substance 

potentiates an efficiency increase in the neural 

commitment protocol. 

 

- Effect of TUDCA on viability, death and 

apoptosis of hiPSCs-derived NPs 

The Guava ViaCount® test was repeated for NPs. 

Two replicates for each concentration (0, 5 or 10 μM) 

of TUDCA were cultured and their average 

percentages were represented in figure 5. 

 

Figure 5: Effect of the different concentrations of TUDCA 
0,5 and 10 μM on the percentage of viable (A), apoptotic 
(B) and dead (C) NP cells, obtained by Guava ViaCount 
assay. Each bar of the graphic corresponds to a different 

TUDCA concentration (0,5 or 10 μM). 

Figure 5 indicates that the best results 

regarding the three studied parameters happen for 

the concentration of 10 μM added during the neural 

commitment phase. However, the differences in 

percentages are, once more, not considered 

significant. This experiment should be repeated in 

appropriate number of times for statistical 

significance and to allow formulating any valid 

conclusion. 
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- Neuroepithelial Rosettes formation  

Early rosettes were obtained upon replating 

of hiPSCs-derived NPs that were obtained with 

concentrations of TUCDA of 0, 5 and 10 μM added 

into the differentiation media. These were expanded 

in the presence of bFGF and quantified with 

immunofluorescence microscopy. Rosettes have a 

zonal increase of ZO-1 protein in their centres due to 

the appearance of junctions between the cells in that 

region to allow folding around the middle. Hence, a 

practical manner to quantify the rosettes was staining 

their central region with an anti-ZO-1 antibody and 

counting them with fluorescence microscopy. Also, all 

cell nucleous were stained with the DNA-binding dye 

DAPI and there was immunostaining to detect the 

intracellular marker Sox2. The immunofluorescence 

images are shown at figure 6 and the counting results 

are presented at table 2. 

 

 

Figure 6: Immunocytochemistry images of hiPSC-derived 
neural rosettes stained for Sox2/ZO-1 (A,C and E) and 

DAPI(B, D and F) for each concentration of TUDCA (0,5 
or 10 μM). Neuroepithelial rosettes of hiPSCs-derived 

cells were observed four days after replating NPs. Scale: 
50 μm. 

 

It is possible to observe a considerable 

difference in the number of rosettes obtained with 

and without TUDCA, reinforcing the idea that the bile 

acid improves the efficiency of the neural 

commitment process. Calculating the percentage 

increase in the average number of rosettes for each 

concentration normalized to the control a result of 

56,1% was obtained for the concentration of 5 μM 

and 98,9% for the concentration of 10 μM. 

 

Table 2: Count of ZO-1+ neural rosette centres expanded 
from replated hiPSCs-derived NPs after regular neural 

commitment and under TUDCA addition in the 
concentrations of  5 and 10 μM. 

 
Concentration of TUDCA 

 
Number of 

rosettes/cm
2
 

0 μM 186 ± 23 

5 μM 290 ± 27 

10 μM 369 ± 116 

 

Conclusions and future work 

Undoubtedly, hiPSCs and their neural 

derivatives will have a huge impact in the evolution of 

modern biomedical sciences in the next few years. 

However, the field has still yet to overcome the 

limitations in the number of cells that are generated 

by current expansion culture systems, unlikely to 

meet the clinical needs. Testing new strategies to 

optimize the existent culture media is a step forward 

towards overcoming this obstacle. To this regard, the 

processes of expansion and differentiation of hiPSCs 

might benefit from the addition of TUDCA as an 

inductor of proliferation and inhibitor of apoptosis at 

the mitochondrial level, which result in an increase in 

the amount of desired cells obtained.  

Firstly, the effect of TUDCA on the 

proliferation potential of hiPSCs was tested and the 

results limited the optimal interval of concentrations 

to 5-10 μM, in which maximum fold increases were 

gathered. BrdU incorporation capacity was measured 

and compared. Unexpectedly, the results were 

approximately similar to 0, 5 and 10 μM of TUDCA. 

One possible reason to explain this result is the lack 

of knowledge on how to perform the protocol in 

hiPSCs, specifically the amount of time that the BrdU 

is left incorporating into the cell nucleus. That 

depends on the length of the S phase of each cell 

type, being essential to have an ideia about its 

duration. If the BrdU incubation time is too long, cells 

have almost total incorporation in their strands, 

making impossible to distinguish and identify 

differences.   

A flow cytometry analysis confirmed the 

maintenance of the normal levels of expression of the 

pluripotency markers Oct4, Sox2, Nanog, Tra-1-60 

and SSEA4. So, as expected there is no interaction 

with those markers and the bile acid. 

 In addition, membrane cell integrity was tested 

using the ViaCount® Reagent, to account for 

percentage differences in cell viability between 
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cultures with concentrations of 0, 5 and 10 μM of 

TUDCA. The results were inconsistent between 

replicates or different trials, so, it was not possible to 

claim that TUDCA influences cell viability.  Moreover, 

the ViaCount® Reagent also allowed the 

quantification of apoptosis and death events within a 

population of cells under the mentioned 

concentrations of TUDCA. Once again, the results 

were not coherent among all the analysed samples, 

being insufficient to take any proper conclusion. 

The second important objective to 

accomplish was to evaluate the efficiency of hiPSC 

neural commitment with TUDCA concentrations of 0, 

5 and 10 μM supplemented to the differentiation 

media during the 12-day protocol
5
. At the 12

th 
day, 

cells were immunostained against the markers Nestin 

and Pax6. Positive expression of both markers was 

visualized with fluorescence microscopy, confirming 

the sucessful attainment of NPs. From 

immunofluoresce pictures, an ImageJ pixel 

quantification method showed an increase in the 

proportion of Pax6
+
 expressing areas for the working 

TUDCA concentrations. Specifically, results showed 

a 31% increase for 5 μM and 41% for 10 μM, when 

compared to control. 

Additionally, percentages of viability, 

apoptosis and NP cell death for each tested TUDCA 

concentrations were obtained and compared with the 

control. Overall, the deviations in the percentages 

obtained were not very significant and followed no 

tendency with the increase in TUDCA concentration. 

The apoptosis results were inconsistent between 

them and with what was expected from the literature. 

Anyway, the most positive results were obtained for 

the neural commitment media supplemented with 10 

μM of TUDCA, suggesting that 5 μM could not be 

enough to induce differences regarding the properties 

studied in this test. Upon several repetitions, such 

assumption can be validated in the future. 

Neural rosettes were obtained and expanded 

in the presence of bFGF and ZO-1+ rosette centres 

were counted with the fluorescence microscope. An 

average of 186 rosettes/cm
2
 was counted for the 

control condition, 290 and 369 for 5 μM and for 10 

μM, respectively.  This translates into an increase in 

nearly 56% for 5 μM and 99% for 10 μM. 

Considering that this project was the first 

attempt at including the bile acid TUDCA in hiPSC 

expansion and differentiation cultures, several 

aspects will have to be further developed and 

improved. Still, the positive results obtained 

constitute a starting point towards the set objectives 

and may motivate the discovery of other fascinating 

applications for this molecule. 

 Firstly, all performed experiments should be 

repeated and validated under the same conditions to 

confirm the preliminary results obtained. Due to time 

limitations, only the growth kinetics and ViaCount® 

assay in hiPSCs were performed more than once 

exactly under the same conditions. Most experiments 

were performed in replicates and the results 

presented here represent the average values. 

However, for statistical significance, it is 

recommended to have multiple repetitions with 

TCLab hiPSCs thawed at different time points. 

 Importantly, after addition of TUDCA to 

proliferative hiPSC cultures, the only pluripotency 

verification test was the extracellular and intracellular 

marker expression, which is insufficient. For example, 

spontaneous differentiation of hiPSC, as Embryoid 

bodies, as well as their controlled differentiation into 

cells of the three germ layers, would largely 

contribute to confidently claim the pluripotency 

maintenance. 

 Moreover, it would be important to understand 

and control the decrease in cell proliferation verified 

across the hiPSC samples in the growth kinetics tests 

after six days. In this sense, the time duration and 

frequency of TUDCA addition to the culture media 

might have to be adjusted. 

Another essential upswing is the optimization 

of the BrdU protocol. As mentioned, the results were 

approximately similar across the concentrations of 0, 

5 and 10 μM. Having the growth kinetics results in 

consideration, these results were against what we 

were expecting. The incubation time tested for 

incorporation of BrdU into the hiPSC DNA strands 

were 4 and 2 hours. In the future, the time frame 

tested should be even lower, perhaps a period 

surrounding 30 or 45 minutes. 

 Regarding the hiPSC mitochondrial function, it 

would be interesting to expand and differentiate 

hiPSCs and measure the production of mtROS and 

p53, after TUDCA treatment. These parameters 

could be related to cell cycle regulation, 

mitochondrial-related apoptosis and differentiation 

induction in our cell model. Also, the measurement of 

cytochrome c release could be useful to compare the 

hiPSC apoptosis levels under the three TUDCA 

concentrations and a good complement to the 

ViaCount® apoptosis results. Furthermore, changes 

in mtDNA have also been shown to be involved in 

stem cell differentiation, and, therefore, they could 

also be investigated by Polymerase Chain Reaction 

(PCR).  
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 Regarding the neural differentiation process, a 

future step would be certainly to pass from the 

preliminary neural commitment to complete 

differentiation protocols. This way, the final product is 

closer to the cells needed for therapies with 

neurodegenerative diseases. In this regard, testing 

TUDCA along the entire process of neurogenesis 

from hiPSCs could potentially increase the neuronal 

pool at the finish line.  

 To enrich the differentiation tests, measuring the 

expression of the characteristic markers by PCR 

might confirm the visual results obtained from the 

immunocytochemistry test.  

In addition, it makes sense to translate the 

results regarding neural differentiation to hiPSCs 

differentiation into other lineages, namely from other 

germ layers other than ectoderm. For example, the 

generation of higher numbers of pancreatic and 

cardiac cells can contribute to research and cell 

therapies towards the treatment of diseases affecting 

those cells in the organism. 

 An interesting analysis to perform would also be 

the observation of the sub-cellular localization of 

TUDCA, either in the hiPSCs expansion, neural 

commitment conditions and future complete 

differentiation protocol. Indeed, it is expected that 

TUDCA directly interacts with the mitochondria in all 

cell types, but it would be an alluring verification. This 

experiment could be performed by labelling TUDCA 

and observing its localization by confocal microscopy.  

Collectively we might conclude that the results 

obtained in this thesis were relevant and promising, 

motivating the introduction of new protocols that 

include the bile acid in hiPSC expansion and 

differentiation cultures. In the future, adapting 

TUDCA addition into large scale could be an 

important step towards obtaining clinical-grade cell 

numbers, combined with GMP compliance. 
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