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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 (PSCs), 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 general aims of this work were 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, while it also appears to shift mitochondrial dynamics towards fusion and 

repress reactive oxygen species (ROS) levels. 

The results demonstrate that TUDCA has a positive impact in the proliferation and neural 

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

damage. 
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Células estaminais pluripotentes induzidas humanas (hiPSCs) são uma ferramenta importante 

na investigação com células estaminais, pois contornam as questões éticas e quantidades limitadas de 

células estaminais embrionárias humanas, e tornam possível a geração de células estaminais 

pluripotentes (PSCs) específicas de pacientes e doenças, sendo úteis na modelação de doenças 

neurológicas. 

O ácido tauroursodesoxicólico (TUDCA) é um ácido biliar que tem um efeito neuroprotetor e anti-

apoptótico, aumentando a proliferação de células estaminais neurais e modulando a diferenciação na 

linhagem neuronal. 

Os objetivos gerais deste trabalho são clarificar se o ácido biliar constitui uma ferramenta robusta 

para o aumento da eficiência da expansão de hiPSCs e investigar o seu papel no comprometimento 

neuronal das hiPSCs em condições quimicamente definidas. 

Um meio de cultura para hiPSCs quimicamente definido foi suplementado com TUDCA 5 µM, 

durante passagens celulares consecutivas, resultando num aumento do número de células em 55% em 

relação ao controlo. O uso de TUDCA 10 µM nos 16 dias de indução neuronal, com meio E6 ou por 

inibição da sinalização Smad, aumentou a geração de rosetas neurais em 33% e 54%, respetivamente. 

Nos últimos dias desta diferenciação, o ácido biliar promove o aumento do número de cópias de DNA 

mitocondrial e a biogénese mitocondrial, favorecendo a fusão mitocondrial e um decréscimo dos níveis 

de espécies reativas de oxigénio (ROS). 

Os resultados demonstram o impacto positivo do TUDCA na proliferação e comprometimento 

neuronal de hiPSCs, reforçando a importância da sua ação protetora ao nível da mitocôndria. 
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1.1. Stem cells 

 

1.1.1. Definition and promise 

 

Stem cells were first described by Ernest McCulloch and James Till in the early 1960s. Since 

then, it has been established that two unique features characterize these cells: their capacity to self-

renew while maintaining an undifferentiated state, and their ability to differentiate into all cell lineages in 

response to specific triggers. These two characteristics (Figure 1. 1) make stem cells an ideal raw 

material for regenerative medicine applications, such as tissue engineering and cell therapies, as well 

as robust platform for drug screening and disease modelling. 

 

 

Figure 1. 1: Stem cells are characterized by their ability to self-renew and differentiate into specific cell lineages. 

Figure created using Servier Medical Art. 

 

1.1.2. Potency classification 

 

Stem cells can be classified according to the degree to which they can differentiate into specific 

cell lineages (Figure 1. 2). As such, stem cells can be classified as totipotent, pluripotent, multipotent or 

unipotent, according to their loss of differentiation potential. 

The zygote and the cells that constitute the morula are the only totipotent cells in the entire 

process of embryonic development, meaning that these cells will give rise to all cell types, including 

those that will form the embryo and those that will compose the extraembryonic structures, such as the 

placenta. 

As the gestation progresses, the blastocyst will be formed. This structure has two different groups 

of cells: the inner cell mass (ICM) and the trophoblast (outer layer of cells). The cells that constitute the 

ICM are pluripotent stem cells (PSCs) since the ICM will give rise to the three germ layers – ectoderm, 

mesoderm and endoderm – from which all cell types that compose an organism will arise. The 

extraembryonic membranes come from the trophoblast. 
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The stem cells that constitute each germ layer are classified as multipotent, due to their 

differentiation potential being restricted to the tissues within each germ layer, for example neural stem 

cells. 

Finally, the unipotent stem cells can differentiate only into one specific type of cell, for example 

the germline cells. 

 

 

Figure 1. 2: Embryonic development paired with potency classification. Figure created using Servier Medical Art. 

 

1.1.3. Human stem cell sources 

 

Another form of stem cell classification is based on their source, as summarized in Figure 1. 3. 

Embryonic stem cells (ESCs) are originated by collection from the ICM of five days old 

blastocysts, whilst embryonic germ cells (EGCs) are derived from primordial germ cells of the gonadal 

ridge of few weeks old foetuses. Foetal stem cells are primitive cells originated in foetuses’ organs, and 

umbilical cord stem cells are collected from the umbilical cord blood. Adult stem cells are unspecialized 

cells that can be found in tissues that compose the human body, having the capacity to differentiate into 

specialized cells of said tissue [1,2]. 
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Figure 1. 3: Classification of human stem cells in accordance to their source. From Bongso A, Lee EH. Stem Cells: 

Their Definition, Classification and Sources. Stem Cells: From Bench to Bedside. 1st ed. Singapore: World Scientific 

Publishing Co. Pte. Ltd.; 2005. pp. 1–13. 

 

1.1.4. Human pluripotent stem cells 

 

Human pluripotent stem cells (hPSCs) are, as the name suggests, PSCs of human origin. These 

share the same characteristics as described in section 1.1.2., therefore allowing a single hPSC to form 

a human being. Overlapping with the source classification, hPSC types include human EGCs, human 

embryonic stem cells (hESCs), and human induced pluripotent stem cells (hiPSCs). 

The assay for testing such pluripotency requires embryoid body formation to test in vitro three 

germ layer differentiation capability [3]. In addition, the expression of alkaline phosphatase (AP) helps 

demonstrate pluripotency; and so does the expression of pluripotency markers, including nuclear 

transcription factors Oct4, Nanog and Sox2, keratan sulfate antigens Tra-1-60 and Tra-1-81, and 

glycolipid antigens SSEA3 and SSEA4 [4]. Nevertheless, the gold standard for pluripotency testing is 

still teratoma formation in immunocompromised mice, since as an in vivo assay it is considered more 

reliable than the in vitro assays [3]. 

 

1.1.4.1. Human embryonic stem cells 

 

As stated in section 1.1.3., ESCs are defined by their origin. Particularly, the cells used to derive 

hESCs are collected from blastocysts with five days of development, discarding the trophectoderm 

(trophoblast) and thus obtaining the ICM [2]. Figure 1. 4 demonstrates the derivation of ESCs. 
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Figure 1. 4: Derivation of ESCs. The sperm and egg cells are fused to form a zygote, which is the initial cell of the 

embryo. The zygote undergoes multiple divisions and after five days in culture the blastocyst is formed. The 

blastocyst is comprised of the ICM and a surrounding outer trophoblast layer. The ICM is isolated and cultured 

under specific growth conditions to support pluripotency and self-renewal. The resulting cells are now termed ESCs, 

which can be further differentiated into cells of any of the three germ layers: endoderm, mesoderm and ectoderm. 

Figure created using Servier Medical Art. 

 

Even though they have a source oriented classification, hESCs are in fact hPSCs as they exhibit 

pluripotency, great proliferation potential for long periods of time while maintaining a normal karyotype, 

and they can differentiate into cells belonging to the three germ layers [5,6]. The pluripotency markers 

stated in the previous section are also demonstrated in hESCs [4,7]. 

The fact that hESCs have the capacity to grow indefinitely while maintaining pluripotency and that 

they can differentiate into cells from the three germ layers has led to expectations that hESCs might be 

useful to understand disease mechanisms, to treat patients for various diseases and injuries, as well as 

to screen effective and safe drugs. However, one of the major points of discussion on the use of hESCs 

for research is the source of these cells, since the most obvious would be the use of spare embryos 

from in vitro fertilization (IVF) clinics, which generates moral and ethical concerns. An alternative would 

be reprogramming somatic cells into hESCs by somatic cell nuclear transfer (SCNT) [8]. Though, this 

option is dependent on oocyte donors and country laws [9]. Such controversies and the difficulty of 

generating patient and disease-specific ESCs hinder the effective use of hESCs [10]. 

 

1.1.4.2. Human induced pluripotent stem cells 

 

For all the problems associated with hESCs there was a need to create a more viable source of 

hPSCs. One that could be used without ethical concerns by researchers and that had the potential to 

be an unlimited source by being easily generated and expanded. 
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The previously described reprogramming of somatic cells by fusion with ESCs showed that these 

cells have factors that induce pluripotency. This knowledge led to the analysis of candidate pluripotency-

inducing factors, which resulted in the demonstration that retrovirus-mediated introduction of Oct-3/4, 

Sox2, c-Myc, and Klf4 transcription factors into human dermal fibroblasts resulted in the generation of 

cells with a pluripotent status similar to that of ESCs. The resulting hiPSCs are similar to hESCs in 

morphology, proliferation feeder dependence, surface markers, gene expression, promoter activities, 

telomerase activities, in vitro differentiation and teratoma formation [10]. 

On the other hand, it has been demonstrated that the expression of c-Myc leads to differentiation 

of hESCs, and it causes apoptosis of these cells as well [11]. 

An alternative method for reprogramming was then suggested, where human fibroblasts were 

transduced with OCT4, SOX2, NANOG and LIN28. The rationale was that the use of the latter two genes 

could improve the survival rate of reprogrammed cells. The generated hiPSCs had a typical hESC 

morphology and a normal karyotype, expressed telomerase activity and the hESC–specific cell surface 

antigens SSEA-3, SSEA-4, Tra-1-60, and Tra-1-81. The formation of embryoid bodies and teratomas 

verified that the iPSCs had the potential to give rise to cells of the three germ layers [12]. 

 

1.1.4.2.1. Applications 

 

As previously mentioned, hiPSCs are a way to circumvent the controversy surrounding the use 

of hESCs, as well as making possible the generation of patient and disease-specific PSCs, being 

particularly useful for studying disease mechanisms and drug screening. For instance, the generation 

of a patient-specific model for long-QT syndrome type 1 using hiPSCs, where it was possible to 

recapitulate the phenotype of diseased cardiomyocytes [13]. Another example is the development of a 

model for diabetic cardiomyopathy using patient-specific iPSCs, where the authors also tested 480 

compounds in a screening workflow using standard cells and the patient-derived ones, identifying 18 

drugs that preserve cardiomyocyte phenotype in vitro during diabetic stress [14].  

One more potential use of hiPSCs is transplantation therapies. Apart from autoimmune diseases, 

the concern of immune rejection would virtually be eliminated by the use patient-specific iPSC lines. 

However, before these cells can be used in the clinic, reprogramming techniques must be improved to 

safely state that no genomic mutations will take place after transplantation into the patient. Nevertheless, 

alternative reprogramming techniques are being reported, such as the use of microRNAs that do not 

require vector-based gene transfer, and therefore hold great promise for regenerative medicine 

applications as the ones mentioned before [15]. 

 

1.1.4.2.2. Culture conditions for human induced pluripotent stem cells 

 

For all the potential uses of hiPSCs, it is of the utmost importance to keep the cells in a viable 

state in culture and to produce a sizeable number of cells. As such, an appropriate culture medium and 

adhesion substrate are necessary to support the expansion of hiPSCs. 

Culture conditions for iPSCs have evolved over the years since they were derived for the first time 
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in 2006 using mouse fibroblasts. Then, iPSCs were maintained on feeder layers of STO (Sandos inbred 

mice, 6-Thioguanine resistant, Ouabain resistant [16]) cells treated with mitomycin-C, and Dulbecco’s 

Modified Eagle’s Medium (DMEM) was used as a mouse ESC culture medium [17]. 

Once human iPSCs were derived by the same group, culture conditions were modified to 

accommodate differences between mouse and human cells. Therefore, hiPSCs were generated and 

maintained in Primate ESC Medium, supplemented with recombinant human basic fibroblast growth 

factor (bFGF), and the feeder layer was replaced with Matrigel, a mixture of extracellular matrix (ECM) 

proteins derived from Engelbreth-Holm-Swarm (EHS) mouse tumours [10]. 

Given the similarities between hESCs and hiPSCs, it was intuitive to use similar culture medium 

formulations. TeSR is a culture medium developed for culturing hESCs in defined conditions, and it is 

composed of DMEM/F12 (DMEM and Ham’s F12) medium, supplemented with human serum albumin, 

vitamins, antioxidants, trace minerals, lipids and growth factors [18]. Although initially developed for 

hESC culture, it has successfully been used for hiPSC culture [19]. 

The complexity of this TeSR and especially the inclusion of animal proteins (for example, bovine 

serum albumin - BSA) in its formulation make this medium not completely defined due to batch-to-batch 

variations. The cases where human proteins are used make it extremely expensive, and still chemically 

undefined. These reasons have led to the formulation of a new culture medium by reducing the number 

of components using combinatorics. The optimized medium was called E8 medium because it reduced 

the number of components of TeSR from eighteen to only eight, apart from those belonging to 

DMEM/F12. The exclusion of animal proteins, namely serum albumin, makes it a less expensive and 

completely chemically-defined culture medium ideal for hPSC expansion protocols. Its use coupled with 

either Matrigel and vitronectin was assessed [20]. 

Human PSCs, as many cell types, require an adhesion surface for attachment which complies 

with their ECM needs for maintaining pluripotency. One example is the above mentioned Matrigel. Even 

though its composition is a source of variability due its animal sourced proteins, it is still widely used for 

hiPSC expansion and maintenance. Vitronectin is a recombinant human protein that can be used as an 

alternative to Matrigel. It has been demonstrated to support hiPSC attachment as effectively as Matrigel, 

with the added benefit of removing animal components from the culture conditions when used with E8 

medium [20]. 
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1.2. Central nervous system 

 

The human central nervous system (CNS) is composed of the brain and the spinal cord, both of 

which form a complex neuronal network that arises from a mostly uniform population of neural 

precursors (NPs). 

How the CNS comes to be formed is a very important subject nowadays due to the growing 

numbers of people affected by neurological diseases. By understanding both the normal and diseased 

CNS development, one could take new approaches to treatment of neurological diseases by modelling 

them in vitro and testing drugs that can attenuate the diseased phenotype. 

 

1.2.1. Central nervous system development 

 

In embryonic development, the gastrula is a structure composed of three layers, the endoderm, the 

mesoderm, and the ectoderm. The first will give rise to the viscera, the second to bones and muscles, and 

the third to the skin and nervous system. As such, the CNS will arise from the ectoderm, more precisely the 

neuroectoderm. 

The neural plate is a flat sheet of neuroectodermal cells. An evagination process takes place over time, 

and when the neural plate fuses itself dorsally, a cylindrical structure called the neural tube will be formed, as 

shown in Figure 1. 5. 

 

 

Figure 1. 5: Neural tube embryologic development. The neural plate evaginates and folds on itself to form the neural 

tube. Upper panel represents a view from above of the developing neural tube. Green lines indicate the 

perpendicular cuts shown on lower panel. Figure created using Servier Medical Art. Based on Gammill LS, Bronner-

Fraser M. Neural crest specification: migrating into genomics. Nat Rev Neurosci. 2003;4: 795–805. 

 

The neural tube can be analysed by looking at it by two axes: the rostral-caudal axis and the dorsal-

ventral axis, as depicted in Figure 1. 6 [21]. 
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Figure 1. 6: Schematic depiction of secreted signalling factors that pattern the rostro-caudal and dorso-ventral 

neuroaxis during embryonic development. From Petros TJ, Tyson JA, Anderson SA. Pluripotent stem cells for the 

study of CNS development. Front Mol Neurosci. 2011;4. 

 

The neural tube contains neural stem cells (NSCs) along the rostro-caudal axis that differentiate into 

neurons and glial cells. The dorsal portion of the neural tube has a population of cells, the neural crest, that 

migrates peripherally, therefore forming the peripheral nervous system (PNS). Later, the rostral portion of the 

neural tube develops three primary vesicles: the prosencephalon (forebrain), the mesencephalon (midbrain), 

and the rhombencephalon (hindbrain). The caudal part of the neural tube will eventually mature into the spinal 

cord. The appearance of secondary vesicles from the prosencephalon will lead to the formation of the 

telencephalon (cerebral hemispheres) and diencephalon (thalamus and hypothalamus) [21,22]. 

 

1.2.1.1. Neural induction 

 

Neural induction starts during gastrulation, where specific molecules prompt the cells to follow 

neural fates [23]. 

It has been shown in Xenopus that two signalling gradients (perpendicular to each other) that are 

activated by bone morphogenic protein (BMP) and Wnt proteins are present in the early embryo. During 

gastrulation, a clump of cells called the organizer secretes BMP antagonists, such as Noggin and 

Chordin, which induces neural specification. Wnt-mediated stabilization of β-catenin also induces neural 

fate by blocking BMP4 transcription and inducing expression of BMP antagonists. However, Wnt signals 

appear to shift throughout time from pro-neural to an anti-neural function. The action of molecules, like 

fibroblast growth factor (FGF), as active neural inducers has also been demonstrated in vertebrates and 

hESCs [24–30]. 

Smad transcription factors are effectors of BMPs, which belong to the transforming growth factor 

β (TGFβ) family. BMP signalling can occur through a canonical pathway or non-canonical ones. In the 

canonical pathway, BMPs bind to serine-threonine kinase receptors type I (BMPRI) and type II (BMPRII), 
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and both are necessary for signal transduction. Type I includes several activin receptor-like kinases 

(ALK), whereas activin type IIa receptor and activin type IIb receptor belong to type II. When a BMP 

ligand binds to a BMPRII this receptor transphosphorylates the intracellular domain of the BMPRI. The 

latter recruits and phosphorylates Smad proteins, which in turn bind to other Smad proteins forming 

complexes that will translocate into the nucleus and regulate transcription of certain genes. This pathway 

is briefly schematized in Figure 1. 7. Noggin and Chordin (BMP antagonists) block phosphorylation of 

Smad proteins, thus inhibiting Smad signalling and allowing ectoderm to acquire a neural fate (default 

state) [23,31,32]. 

Canonical Smad signalling is directly involved in the neurogenesis of CNS neural populations, as 

it has been shown for instance in the induction of neurite growth in a model of human dopaminergic 

neurons [33]. 

 

 

Figure 1. 7: Signal transduction by BMP receptors and Smads. Signalling from BMP receptors at the plasma 

membrane to the nucleus by Smads. BMP ligands bind to heterotetrameric complex of type II and type I receptors. 

Upon phosphorylation by type I receptors, R-Smads form complexes with co-Smad (Smad4), translocate into the 

nucleus and regulate transcription of target genes through interaction with transcription factors (DNA-binding 

proteins) and transcriptional coactivators. From Miyazono K, Kamiya Y, Morikawa M. Bone morphogenetic protein 

receptors and signal transduction. J Biochem. 2010;147: 35–51. 

 

1.2.1.1.1. Dual inhibition of Smad signalling in vitro 

 

Recapitulation of neural induction in vitro can be accomplished by employing a differentiation 

protocol based on dual inhibition of Smad signalling. 

The key aspect of this protocol is the use of molecules that will mimic the effects of BMP 

antagonists. The research group that constructed this inhibition protocol used the actual BMP inhibitor 

Noggin and a small molecule called SB431542 that blocks phosphorylation of ALK receptors, thus 

inhibiting the Lefty/Activin/TGFβ pathways, as schematized in Figure 1. 8 [34]. The simple addition of 
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these two molecules to the culture medium led to neural conversion greater than 80% [35]. 

The protocol followed in this work replaces Noggin with the small molecule LDN-193189, which 

works as an inhibitor of BMP receptors ALK2 and ALK3, preventing Smad1, Smad5 and Smad8 

phosphorylation. The culture medium is also supplemented with bFGF from the moment neural rosettes 

(two-dimensional structures that mimic the neural tube in vitro) are observed, as schematized in Figure 

1. 8 [36]. 

 

 

Figure 1. 8: Modelling neural induction and regional patterning. (A) Neural induction is considered a ‘default’ 

pathway of differentiation, and occurs mainly through inhibition ofBMP/Nodal signaling in vivo, resulting in neural 

cells with rostral identity. (B) This is mimicked in vitro during neural differentiation from PSCs, where rostral neural 

plate-like cells also display landmark features of NE cells such as apicobasal polarity. Adapted from Suzuki IK, 

Vanderhaeghen P. Is this a brain which I see before me? Modeling human neural development with pluripotent 

stem cells. Co Biol. 2015;142: 3138–3150. 

 

1.2.1.2. Neural stem cells and adult neurogenesis 

 

Neural stem cells (NSCs) are cells that can self-renew and that can differentiate into all kinds of 

neural cells. Neural precursor or progenitor (NP) is the name given to dividing cells that show some 

degree of neural differentiation capacity, therefore being more committed than NSCs. 

Neurogenesis is the process of formation of differentiated neural cells, such as neurons, 

oligodendrocytes, and astrocytes. Adult neurogenesis specifically occurs in two areas of the brain: the 

subventricular zone (SVZ) of the lateral ventricles, where NSCs have been isolated from, and the 

subgranular zone (SGZ) of the dentate gyrus in the hippocampus [37]. 

Given the regional specificities of neuronal differentiation, the in vitro generation of neuronal 

subtypes is still a trial to overcome. 
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1.2.1.3. Neural commitment of human induced pluripotent stem cells 

 

The use of hiPSCs for in vitro neural commitment can be explored as a platform to study neural 

development, as well as a system to derivate neural cells for replacement therapy, neurological disease 

modelling, and drug screening for neurological pathologies. 

The key point of this methodology is to perfectly replicate in vivo neural differentiation in a dish. 

The in vitro process of neural differentiation of hiPSCs is based on the generation of neural rosettes. 

These are structures that mimic a transverse section of the neural tube, as this happens in monolayer 

adherent cell culture. Figure 1. 9 schematizes neural rosette progression and differentiation possibilities. 

Neural rosettes exhibit all properties of the neural plate, and NSCs derived from hiPSCs in this way 

possess an anterior identity similar to that of the early neural precursors found during development in 

vivo [38–40]. 

 

 

Figure 1. 9: Neural rosette formation and progression into differentiation. During neural induction, hiPSCs form early 

neuroepithelial structures developing into neural rosette structures. At the rosette stage, both anterior and posterior 

rostral NSC–stage cells can be patterned toward a broad range of fates. Depending on culture conditions, 

multilineage differentiation toward astrocytes, oligodendrocytes, and neurons can be accomplished. Figure adapted 

from Elkabetz Y, Studer L. Human ESC-derived Neural Rosettes and Neural Stem Cell Progression Human ESC-

derived Neural Rosettes and Neural Stem Cell Progression. 2009; LXXIII: 377–387. 

 

Neural rosette formation starts with a redistribution of ZO-1 (a tight junction protein) in an 

asymmetric apical location. The co-localization of N-cadherin (a neuroepithelial marker) with ZO-1 

indicates neural induction [40]. NPs that constitute neural rosettes also express Pax6, which is a 

transcription factor that is a NSC multipotency and proliferation marker [41]. NPs derived from neural 

rosettes also express NSC markers Sox1, Sox2 and Nestin [38–41]. 

hiPSC-derived NSCs show the potential to differentiate into all subtypes of neural cells, for 

example differentiation into mature (pyramidal and serotonergic) neurons with the ability to form dendritic 

trees has already been shown [39]. 

More recently, in a tissue engineering approach, a functional enteric nervous system coupled to 

intestinal tissues has been developed. The neural crest cells were derived from hiPSCs, and could 

migrate and differentiate into neurons and glial cells, both cell types showing neuronal activity [42].  
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1.3. Tauroursodeoxycholic acid 

 

1.3.1. Bile acids 

 

Bile acids (BAs) are water-soluble steroids synthetized during cholesterol catabolism in the liver, 

and are stored in the gallbladder in very high concentrations [43]. 

Primary BAs, such as cholic acid (CA) and chenodeoxycholic acid (CDCA), are mainly conjugated 

to glycine or taurine, which makes them more soluble at low pH levels and more resistant to precipitation 

in the presence of calcium ions. The conjugated forms are important in fat digestion and absorption. 

Even so, BAs are extremely cytotoxic. When the primary acids reach the colon, they are deconjugated 

to free acids and then converted to secondary acids, like deoxycholic acid (DCA), after which they rejoin 

primary BAs in the liver to be conjugated and are also stored in the gallbladder [43,44]. 

Ursodeoxycholic acid (UDCA) is a primary BA and an isomer of DCA, and, as its name suggests, 

is abundant in black bears (Ursus americanus), but can also be found in humans. UDCA can be 

chemically synthetized from CA, which is in turn obtained from abattoirs or zoos [43,45]. This acid is an 

FDA-approved molecule for the treatment of hepatic diseases. UDCA augments mitochondria integrity 

by preventing mitochondria membrane instability by elevated permeability, it also prevents cytochrome 

c release, leading to an apoptosis inhibitory action [46–48]. 

Tauroursodeoxycholic acid (TUDCA) is the taurine-conjugated form of UDCA, and as such it is 

also classified as a bile acid. Taurine conjugation increases the aqueous solubility of BAs in general, 

thus having the same effect on UDCA [43]. This property makes TUDCA easier to manipulate than 

UDCA, while sharing at least some of the benefits, as it will be discussed below. 

 

1.3.2. Tauroursodeoxycholic acid as an apoptosis inhibitor and neuroprotective agent 

 

It has been reported that UDCA had an anti-apoptotic effect as mentioned in the previous section, 

hence, it was logical to perform similar studies with TUDCA given that the only difference in their 

chemical structure was the taurine. It has been established that taurine does not inhibit cell death, 

therefore, the antiapoptotic effects attributed to TUDCA are not caused by the inclusion of this chemical 

compound in its chemical structure [49].  

Studies using 3-nitropropionic acid, an apoptotic agent in neuronal cells that mimics the 

anatomical and neurochemical changes that occur in Huntington’s disease, have concluded that TUDCA 

can rescue rat neuronal cells from apoptosis induced by this compound. The same study has also shown 

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, as well as poly(ADP-

ribose) polymerase (PARP; a DNA repairing protein) cleavage [49]. A continuing study with a genetic 

mouse model of Huntington’s disease showed that TUDCA is neuroprotective, as the administration of 

this acid reduced symptoms of this disease, solidifying what had already been shown [50]. 
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Cytochrome c release from mitochondria to the cytosol leads to activation of caspases (cysteinyl 

aspartate-specific proteases), proteins responsible for the morphological changes in apoptosis. So, by 

inhibiting Bax-induced cytochrome c translocation to the cytosol, TUDCA also avoids the activation of 

caspases, therefore diminishing the occurrence of cell death [49,51]. 

TUDCA 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. The fact that it markedly protects against neurological 

injury in rats after acute haemorrhagic stroke further solidifies these findings [52].  

The suggestion that TUDCA has an anti-apoptotic and neuroprotective activity was consolidated 

by showing that it prevents vision loss in two light-induced retinal degeneration mouse models [53]. A 

study from Johns Hopkins University also attested to the protective role of TUDCA against oxidative 

stress by showing its antioxidant effect in retinal degeneration due to retinitis pigmentosa [54]. 

Having established the role of TUDCA in preserving mitochondrial integrity and function, and 

knowing that mitochondria are a key factor in NSC fate regulation (see section 1.4.), the possibility was 

risen that TUDCA can 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 differentiating cells, as well as the translocation of 

p53 protein from the cytosol to the mitochondria, meaning that apoptosis occurring during neural 

differentiation was decreased by lowering oxidative stress and blocking certain mechanisms responsible 

for apoptosis, as schematized in Figure 1. 10. ATP levels typically decrease during differentiation due 

to mitochondrial stress, but were increased in the presence of TUDCA, once again represented in Figure 

1. 10. All these suggest that TUDCA prevents differentiation-induced mitochondrial stress [55,56]. 

 

 

Figure 1. 10: TUDCA helps regulate NSC fate. The NSC modulatory properties of TUDCA result from inhibition of 

differentiation-induced mitochondrial apoptotic events, and from subsequent decrease in ROS and increase in ATP 

levels. This, in turn, contributes for the enhancement of both NSC proliferation and neuronal rather than astroglial 

conversion of differentiating NSCs. From Xavier JM, et al. Tauroursodeoxycholic acid increases neural stem cell 

pool and neuronal conversion by regulating mitochondria-cell cycle retrograde signalling. Cell Cycle. 2014;13: 

3576–3589. 
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It has also been shown that this acid helps to maintain the self-renewal potential of NSCs during 

differentiation and contributes to an increase in the NSC pool. Another interesting finding was the role 

TUDCA plays in determining NSC fate, as the ratio of neurons versus glial cells was augmented in the 

presence of the bile acid. This confirmed that mitochondrial integrity (particularly, integrity of 

mitochondrial DNA) is related to which neural lineage NSCs further commit to (depicted in Figure 1. 10) 

[56–58]. 

Recently, it has been reported that TUDCA might have some influence in hiPSC expansion, as 

the number of cells seems to increase by each passaging procedure in the presence of the acid when 

compared to control cultures. Tough, further work needs to be done to confirm these results [59,60].  

Also, using hiPSCs with the purpose of studying the role of TUDCA in the commitment of these 

cells towards a neural fate, it has been demonstrated that TUDCA visibly exacerbates the formation of 

neural rosettes with a more structured and well-defined appearance. Although TUDCA does not seem 

to influence expression of pluripotency (Nanog and Oct4) or neuroectodermal (Pax6) markers, it does 

appear to increase Sox2 (a transcription factor required for pluripotency maintenance) expression at 

later stages of neural commitment. This suggests that TUDCA potentiates the self-renewal of neural 

progenitors until later stages of neural differentiation as opposed to what occurs without addition of the 

bile acid. Moreover, it has been shown that TUDCA does not have any negative cumulative effects by 

exposure for long periods of time, as it was observed in culture neurons expressing the neural markers 

Map2, NeuN and Tuj1 at day 70 of differentiation. Once more, positive effects in mitochondria were 

attested by elevated ATP levels and by an increase in manganese superoxide dismutase (MnSOD, an 

anti-oxidant enzyme) expression in TUDCA-treated differentiating cells, which could reveal the role of 

TUDCA in reducing mitochondrial stress and, consequently, reducing apoptosis. Less damage to 

mitochondria can also be shown by the influence of TUDCA in mitochondrial biogenesis, fusion and 

fission phenomena, although these results still need to be further explored and completed [60]. 

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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1.4. Mitochondria 

 

Mitochondria are found in the cytoplasm of most eukaryotic cells, where they play a critical role 

in energy metabolism. These organelles perform oxidative phosphorylation (OXPHOS), which 

contemplates the conversion of ADP to ATP coupled to the energetically favourable transfer of electrons 

to molecular oxygen as the final acceptor in an electron transport chain. 

Mitochondria contain their own DNA (mtDNA), and most mitochondrial proteins are translated on 

the cytosol and imported into the organelle by specific targeting signals. As for their structure, a double-

membrane system (inner and outer membranes with an intermembrane space in-between) surrounds 

the mitochondria. The matrix is the interior space of the organelle, where the inner membrane extends 

its folds called cristae. Mitochondria organization is depicted on Figure 1. 11 [61]. 

Peroxisome proliferator-activated receptor-α coactivator (PGC-1α) is a transcriptional coactivator 

that plays a central role in the regulation of cellular energy metabolism, as it promotes mitochondrial 

biogenesis and stimulates a metabolic shift to OXPHOS [62]. 

 

 

Figure 1. 11: Structure of a mitochondrion. A double-membrane system bounds mitochondria, consisting of inner 

and outer membranes. Folds of the inner membrane (cristae) extend into the matrix. From Cooper GM. Chapter 10. 

Bioenergetics and Metabolism - Mitochondria, Chloroplasts, and Peroxisomes. The Cell: A Molecular Approach. 

2nd ed. Sunderland (MA): Sinauer Associates; 2000. 

 

1.4.1. Fission and fusion of mitochondria 

 

Mitochondria are dynamic organelles that have varying morphologies in different cell types, for 

instance mitochondria can appear as long filaments in fibroblasts or as spheroids in hepatocytes. 

Besides differences attributed to cell type, mitochondria also change their morphology within live cells 

by processes of fission and fusion, which are mediated by guanosine triphosphatases (GTPases) [63]. 

Dynamin-related protein 1 (Drp1), a GTPase, mediates mitochondrial fission in mammals by 

recruitment from the cytosol to form spirals around the organelle that will constrict until severing both 
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inner and outer membranes, as schematized on the left panel of Figure 1. 12. Fission happens when 

there is a need for a higher number of mitochondria, for instance when there is cell growth and division 

[63,64]. 

Mitochondrial outer membrane fusion is mediated in mammals by two membrane-anchored 

dynamin family GTPases: Mitofusin-1 (Mfn1) and Mitofusin-2 (Mfn2). Mnf1 and Mnf2 are integral outer 

membrane proteins that have a high homology and can form complexes with themselves or each other. 

The polypeptide chain that faces the cytosol allows mitofusins from different mitochondria to contact and 

start the fusion of the outer membrane. The inner membrane fusion is mediated by another dynamin 

family member: optic atrophy 1 (Opa1). The contact between Opa1 of different mitochondria whose 

outer membrane fusion has started, initiates the fusion of the inner membranes of said mitochondria. A 

fusion mechanism is illustrated on the right panel of Figure 1. 12. The fusion process is important for 

rescuing damaged mitochondria, for example by cross-complementation of mutated genes or by 

exchange of proteins and lipids that might have been affected by stress factors [63–65]. 

 

    

Figure 1. 12: A model of the mechanism of mitochondrial fission (left panel) and fusion (right panel). On the left, red 

spheres represent Drp1 forming constricting spirals around mitochondria. On the right, purple represents GTPases 

Mnf1 and Mnf2, and light blue represents Opa1 in a sequential interaction of outer (MOM) and inner (MIM) 

membranes. Figure adapted from Hoppins S, Lackner L, Nunnari J. The Machines that Divide and Fuse 

Mitochondria. Annu Rev Biochem. 2007;76: 751–780. 

 

1.4.2. Mitochondria in pluripotent stem cells 

 

Another relevant property of mitochondria is their morphological and number difference in cells 

with different degrees of pluripotency, which is due to a shift in metabolic needs from one cell type to 

the other. For instance, it has been shown that hESCs have fewer mitochondria with an ovoid shape, 
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arranged in small perinuclear clusters, showing a less mature morphology, whilst differentiated cells 

tend to possess tubular networks of more mature mitochondria, shown by the larger number of cristae 

[66–68]. 

The bioenergetic function and redox status of hESC during differentiation has been examined, 

leading to the observation of an increase in mitochondrial mass, mtDNA copy number and  intracellular 

ATP content, as well as maturation of mitochondria structure along increasingly differentiated stages 

[67]. 

It has also been reported that inhibition of mitochondrial respiratory enzyme Complex III in hESCs 

lead to the maintenance of a pluripotent state in the absence of bFGF, suggesting that repression of 

mitochondrial function helps maintain a pluripotent state. These findings are in accordance with an 

immature mitochondrial state and a decreased amount of mitochondria in pluripotent stem cells [69–

71]. 

The question of whether hiPSCs energy metabolism is closer to that of hESCs or differentiated 

somatic cells was answered by analysing intracellular ATP levels, lactate production and oxygen 

consumption rates. The findings point toward a preference for glycolysis to meet the energy 

requirements by hiPSCs, suggesting that reprogramming leads to a regression in mitochondria maturity. 

One could conclude that energy metabolism shifts from glycolysis to oxidative phosphorylation with 

differentiation, or from oxidative phosphorylation to glycolysis again with reprogramming to pluripotency, 

as schematized in Figure 1. 13 [68,72–74]. 

 

 

Figure 1. 13: Metabolic regulation and mitochondrial changes in the maintenance of self-renewal capability and 

induction of differentiation of stem cells. The left panel shows that cellular reprogramming induces rejuvenation of 

mitochondria and decrease intracellular ROS of iPSCs. The upper-right panel shows that the respiratory enzyme 

complex activity and distribution of mitochondria are associated with ESC pluripotency. Mitochondrial activation is 

essential for the differentiation of ESCs. Figure adapted from Chen CT, et al. Mitochondrial bioenergetic function 

and metabolic plasticity in stem cell differentiation and cellular reprogramming. Biochim Biophys Acta - Gen Subj. 

Elsevier B.V.; 2012;1820: 571–576. 
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1.4.3. Mitochondria and neural differentiation 

 

As oxidative phosphorylation is superior to glycolysis in terms of energy efficiency, mitochondrial 

mass should be increased for efficient oxidative phosphorylation in differentiating or differentiated cells. 

In cells undergoing differentiation metabolic changes are occurring, and metabolic pathways are often 

more energetically demanding due to more complex functions of these cells when compared to 

undifferentiated ones. One could consider the mitochondrial changes paired with metabolic shifts as 

hallmarks of the differentiation process [66,69,72,75,76]. 

The process of neural differentiation in particular is closely related to the level of mtDNA damage, 

and is therefore related to the integrity of mitochondria residing within NSCs. The redox state of a cell 

can damage mitochondria through oxidative stress, which will then regulate the NSC differentiation 

lineage, as shown by the increased astrogliogenesis instead of neurogenesis in the absence of 8-

oxoguanine DNA glycosylase (OGG1), essential for DNA repair. The absence of the ogg1 gene leads 

to an accumulation of mtDNA damage and a consequent shift towards astrogliogenesis. Protection from 

oxidative stress with antioxidant agents on the contrary leads to an increased neurogenesis. 

Translocation of p53 to mitochondria during early stages of neural differentiation decreases oxidative 

stress and other apoptotic events, increasing neurogenic differentiation potential and neurite growth. 

These demonstrate the neural differentiation dependence on mitochondria integrity [55,57]. 

Additionally, mitochondrial respiratory dysfunction caused by mutations in mtDNA severely 

disturbs maturation and survival of neurons derived from human iPSCs. A mutation in MT-TL1 gene 

(m.3243A4>G) has a molecular pathogenic influence on neural lineage commitment, as the more severe 

the mutation the lesser rate of survival of differentiating NSCs, as can be seen in Figure 1. 14. 

Furthermore, the increasing degree of functional maturation in mitochondria contributes to cellular fate 

determination [77]. 
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Figure 1. 14: Graphical summary showing the relationship between mtDNA pathogenic threshold and inhibited 

neuronal differentiation. iPSC lines carrying over the pathogenic threshold level of m.3243A4>G showed neuronal 

maturation defect and even neuronal cell death during neuronal lineage commitment; however, no cell death was 

observed during NSC specification and expansion in these iPSC lines, suggesting that m.3243A4>G has minimal 

molecular pathogenic influence on NSCs. From Yokota M, et al. Mitochondrial respiratory dysfunction disturbs 

neuronal and cardiac lineage commitment of human iPSCs. Cell Death Dis. Nature Publishing Group; 2017. 

 

Interestingly, mitochondrial dynamic processes, such as fusion and fission, also play a role in 

NSC fate. Inhibiting Drp1 or overexpressing Mnf2, thus inhibiting mitochondrial fission, lead to longer 

mitochondrial networks and to different neurite growth rates in retinal ganglion cells [78]. 

Findings like the previously described have the potential to reveal new strategies for developing 

therapeutics focused on mitochondria to treat several neural diseases. Concomitantly, it has already 

been shown by whole genome analysis that phenotypical alterations in mitochondria (for example, 

mitochondrial volume fraction) of dopaminergic neurons appear to be related to Parkinson’s Disease 

[79]. 

 

1.4.4. Mitochondria in apoptosis 

 

As described in section 1.3.2., mitochondria play a key role in apoptosis since they function as a 

central control point of this cell death mechanism. 

Apoptosis-inducing proteins, such as cytochrome c, are confined to the mitochondrial 

intermembrane space, being released to the cytosol upon apoptotic stimuli. This protein release is 

controlled by Bcl-2 family members, that are often associated with mitochondrial outer membrane, where 

these proteins change topology either to promote or inhibit apoptosis. When proteins like Bcl-2 and Bcl-

xL are overexpressed, release of cytochrome c from mitochondria and subsequent caspase activation 

are supressed, thus avoiding cell death through apoptosis. This is schematized in Figure 1. 15 [80–83]. 

On the other hand, proapoptotic proteins like Bax and Bak (also members of Bcl-2 family) undergo 
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conformational changes, leading to the permeabilization of the outer membrane of mitochondria through 

pore formation. These changes allow the escape of cytochrome c to the cytosol, where it will induce the 

activation of caspases, therefore leading to apoptosis. This is also schematized in Figure 1. 15 

[80,84,85]. 

 

 

Figure 1. 15: After an apoptotic signal, Bax moves from the cytosol to the mitochondria. In some cell types, Bax is 

already loosely attached to the organelles and this translocation cannot be detected. After this, Bax undergoes a 

conformational change, and inserts into the outer mitochondrial membrane. This is rapidly followed by cytochrome 

c release. These events are induced by apoptotic signals and prevented by Bcl-2 or Bcl-xL. Figure adapted from 

Desagher S, Martinou J-C. Mitochondria as the central control of apoptosis. Trends Cell Biol. 2000;10: 369–377. 
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2. Aim of studies 
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2.1. Aim of studies 

 

The last decade has seen big changes in the stem cell field with the discovery of hiPSCs, which 

are a powerful research tool since they share the pluripotent characteristics of hESCs, while not sharing 

the ethical concerns or source limitations. 

One of the greatest concerns of today’s society is the rising numbers of neurological diseases 

affecting the world’s population. Human iPSCs are a useful tool to develop in vitro neurological disease 

models, like Parkinson’s or Alzheimer’s disease, among many others. 

Unfortunately, state-of-the-art research still struggles with large scale expansion of hiPSCs. 

Considering that, the first goal of this study was to address this difficulty by using TUDCA to 

expand hiPSCs more efficiently in static culture under chemically-defined conditions. 

Work done by Xavier et al. (2014) has shown that TUDCA has neuroprotective characteristics, 

and it increases mouse NSC pool by acting as an anti-apoptotic and anti-oxidant molecule at the 

mitochondrial level. Such effects have been further explored by Pinho (2015) and Gomes (2016) to see 

if TUDCA’s action is maintained on hiPSCs. Following up on these cues, the second objective was 

defined as the study of the role of TUDCA in the neural commitment of hiPSCs under chemically-defined 

conditions. 

Summing up, the goals of this study were to prove the robustness of using TUDCA in the neural 

commitment of hiPSCs from different cell lines and using different differentiation processes; to evaluate 

the influence of TUDCA on pluripotency and neural markers during commitment; and to uncover the 

impact of TUDCA in processes related to mitochondria, such as apoptosis, mtROS levels, mitochondrial 

dynamics and biogenesis. 
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3.1. Cell lines 

 

The studies presented in this work were performed using two different human iPSC lines. 

Most work was done using the cell line F002.1A.13 (TCLab – Tecnologias Celulares para 

Aplicação Médica, Unipessoal, Lta.). Retroviral reprogramming was accomplished through ectopic 

expression of the reprogramming factors Oct4, Sox2, Klf4 and c-Myc, from fibroblasts obtained from a 

skin biopsy of an adult female. Cells were tested for the presence of pluripotency markers and alkaline 

phosphatase, differentiation potential towards the three germ layers, and karyotyping, which was found 

normal. 

For validation purposes, that will be explained further ahead, a second cell line was used. The 

Gibco™ Episomal hiPSC line (Gibco®) is a zero-footprint, viral-integration-free human iPSC line 

generated using cord blood-derived CD34+ progenitors with seven episomally expressed factors (Oct4, 

Sox2, Klf4, Myc, Nanog, Lin28, and SV40 T). The iPSC line was cultured on mouse feeder cells and 

subsequently adapted to feeder-free, serum-free culture conditions. Whole genome expression and 

epigenetic profiling analyses demonstrated that the Gibco™ Episomal hiPSC line is molecularly 

indistinguishable from human ESC lines. In directed differentiation and teratoma analyses, the hiPSCs 

retained their differentiation potential for the ectodermal, endodermal, and mesodermal lineages. 

 

3.2. Culture media 

 

3.2.1. Essential 8™ medium 

 

Essential 8™ Medium (Gibco®) is a xeno-free and feeder-free medium specially formulated for 

the growth and expansion of hiPSCs. It contains 8 essential components needed for stem cell culture – 

insulin, transferrin, selenium, L-ascorbic acid, FGF2 and TGFβ, as well as NaHCO3 for pH adjustment –

, which are supplemented to the basal medium Dulbecco’s Modified Eagle Medium: Nutrient Mixture 

F12 (DMEM/F12, Gibco®) [20]. Essential 8™ Medium has been extensively tested and proved to 

maintain pluripotency in multiple iPSC lines. In addition, Essential 8™ Medium has been used to scale 

up production of iPSCs and shown to support iPSC growth for >50 passages without any signs of 

karyotypic abnormalities, along with maintaining the ability of iPSCs to differentiate into all three germ 

line lineages. 

This culture medium will be referred to as E8 medium when a penicillin-streptomycin mix (Pen 

Strep, 10000 U/mL, Gibco®) has been added in a 1:200 (v/v) dilution ratio. Pen Strep supplementation 

of Essential 8™ Medium guaranteed that all hiPSC cultures were expanded free of both Gram-negative 

and Gram-positive bacterial contamination. 

 

3.2.2. Essential 6™ medium 

 

Essential 6™ Medium (Gibco®) is a feeder-free and xeno-free medium that supports the 

reprogramming of somatic cells and differentiation of human PSCs. The formulation is based on 
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Essential 8™ Medium, minus two components (bFGF and TGFΒ). This provides a basal medium that 

will ensure maximum cell health and pluripotency, while allowing levels of TGFΒ and bFGF to be 

adjusted and additional components to be added to match a given application, making it a base for the 

formulation of custom media for the culture of PSCs. 

This culture medium will be referred to as E6 medium when Pen Strep (10000 U/mL, Gibco®) 

has been added in a 1:200 (v/v) dilution ratio. Pen Strep supplementation of Essential 6™ Medium 

guaranteed that all cell cultures were expanded free of both Gram-negative and Gram-positive bacterial 

contamination. 

 

3.2.3. Neural differentiation medium 

 

N2B27 medium is the name given in this work to a culture medium used for neural differentiation 

of hiPSCs. This medium 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 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. 

In addition, two small molecules were added to the medium to guarantee the commitment to the 

neural lineage of hiPSCs. These molecules were diluted to final concentrations of 10 μM SB431542 

(StemMACS™) and 100 nM LDN193189 (StemMACS™) from stock solutions. On later stages of 

differentiation human basic fibroblast growth factor (bFGF, Peprotech) was added to N2B27 medium in 

a concentration of 10 ng/mL. 

 

3.2.4. Washing medium 

 

The term washing medium will be used to designate a medium used to stop enzymatic activity, 

and for other cell processing activities. The base of this medium is DMEM/F12 (Gibco®), supplemented 

with L-glutamine and sodium bicarbonate (Sigma-Aldrich®), as well as 10% (v/v) KnockOutTM Serum 

Replacement (KO-SR, Gibco®), 1% (v/v) minimum essential medium (MEM), non-essential amino acids 

(Gibco®) and 1% (v/v) Pen Strep. 

 

3.3. Adhesion substrates 

 

3.3.1. Matrigel® 

 

Matrigel® (Corning®) is a reconstituted basement membrane preparation that is extracted from 

the Engelbreth-Holm-Swarm (EHS) mouse sarcoma, a tumour rich in ECM proteins. This material, once 

isolated, is composed of laminin, collagen IV, and entactin. Matrigel® also contains growth factors that 

occur naturally in the EHS tumour, such as TGF-β, epidermal growth factor, insulin-like growth factor, 

and fibroblast growth factor. Matrigel® composition re-enacts that of natural occurring ECM. 
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Matrigel® becomes a gel at temperatures higher than 10ºC, so when thawing aliquots that were 

stored at -20ºC the first step was to let it sit in ice for 60 minutes. Then, while still liquid, it was diluted in 

DMEM/F12 in a 1:100 (v/v) ratio, and applied to the culture wells in such a way that the bottom was fully 

coated. After sitting for two hours at room temperature, the culture plates were ready to use, but could 

be stored up to two weeks at 4ºC if not immediately used. 

 

3.3.2. Poly-L-ornithine and laminin 

 

Poly-L-ornithine solution (0.01% (w/v), Merck Millipore) was used as an adhesion substrate for 

cells undergoing neural differentiation, from day 12 of culture onwards. It served as a primary coating of 

the culture wells, resting overnight at 37ºC, and a layer of laminin (Sigma-Aldrich®) was added on top 

the following day. After sitting for three to four hours at 37ºC, NP cells could be plated. 

 

3.4. Tauroursodeoxycholic acid 

 

TUDCA (Sigma Aldrich®) was stored at 4ºC as a 100 mM stock solution (provided by 

iMed.ULisboa, Faculdade de Farmácia, Universidade de Lisboa), and was used in working 

concentrations of 5 µM and 10 µM. 

 

3.5. Human induced pluripotent stem cell general manipulation techniques 

 

3.5.1. Cryopreservation of human induced pluripotent stem cells 

 

The cryopreservation of hiPSCs uses liquid nitrogen in order to achieve a storing temperature of 

-196ºC. The first step comprised a washing step with 0.5 mM EDTA (InvitrogenTM) solution after the 

aspiration of the culture medium from the wells to be stored. The cells were then incubated using 0.5 

mM EDTA solution at room temperature for 5 minutes. After the aspiration of the EDTA, the cells were 

scraped from the wells (up to 4 times) using washing medium and a 1000 µL micropipette. The scraped 

off cells were collected in a Falcon tube and centrifuged (Hermle Z 400 K, Qlabo) at 1500 g for 3 minutes. 

The supernatant was removed and the pellet was resuspended in 250 µL of KO-SR containing 10% 

(v/v) DMSO (Gibco®) and transferred to a cryovial. One should keep in mind that each cryovial should 

not store more than 106 cells/250 µL. The cryovial was finally stored at -80ºC until it is convenient to 

transfer it into a liquid nitrogen container. 

 

3.5.2. Thawing cryopreserved human induced pluripotent stem cells 

 

After removing the cryovials from the liquid nitrogen container with a gauze wet with a 70% (v/v) 

ethanol solution, these were placed in a 37ºC water bath (AQUAline AL 5, Lauda-Brinkmann) for 40 

seconds. To resuspend the thawing cells, 1 mL of pre-heated washing medium was added drop by drop 



 

32 

to the cryovial, subsequently the contents were transferred to a Falcon tube containing an additional 

volume of 3 mL of pre-heated washing medium. The Falcon tube was then centrifuged (Hermle Z 400 

K, Qlabo) during 3 minutes at 1500 g. Afterwards the supernatant was removed and the pellet 

resuspended in E8 medium. The cells were evenly plated in Matrigel coated plates with 9.6 cm2 wells, 

and stored in a 5% CO2 incubator (INCO2, Memmert GmbH) at 40ºC and 20% O2. 

 

3.5.3. Passaging of human induced pluripotent stem cells 

 

The medium present in the wells was aspirated, following a washing step with 0.5 mM EDTA 

(InvitrogenTM) solution. This chelating agent was chosen for the dissociation step in order to promote a 

detachment into small aggregates instead of single cells, thus being a less aggressive method. Next, 

the cells were incubated with the same EDTA solution at room temperature for 4 minutes. After the 

removal of the EDTA, the cells were scraped from the wells (up to 3 times) using a 1000 µL micropipette 

and E8 medium. The cells were then collected into a Falcon tube and made up to necessary volume for 

replating with E8 medium. Finally, the cells were plated at a density of 50,000 cells/cm2 in Matrigel 

coated plates, and stored in a 5% CO2 incubator (INCO2, Memmert GmbH) at 40ºC and 20% O2. 

 

3.5.4. Cell counting 

 

The protocol for cell passaging was applied until the step of collecting cells in a Falcon tube. Then, 

a 10 µL cell suspension sample was collected and mixed with 0.4% (w/v) Trypan blue stain (Gibco®) in 

a 1:1 (v/v) ratio, which colours dead cells in blue, enabling the counting of only live cells. 10 µL of the 

mix were then applied to a haemocytometer (Neubauer-improved, depth 0.1 mm, Marienfield-Superior), 

which was observed under an optical microscope and cells were counted. Equation (1) allowed the 

calculation of cell concentration, where each square of the haemocytometer used for counting has a 

volume of 10-4 cm3. 

 

Total cell number = Number of cells counted × 
Dilution factor

Number of squares × Square volume
 × Sample volume  (1) 

 

3.6. Kinetic analysis of the expansion of human induced pluripotent stem cells 

 

The role of TUDCA in the expansion of hiPSCs was evaluated in terms of cell proliferation after a 

set number of consecutive cell passages. Since the optimal TUDCA concentration for hiPSC expansion 

in E8 medium had been defined in previous works, only one concentration was tested – 5 µM [59,60]. 

Cell counting at each time a cell passage was to be performed was used to study growth kinetics. 

Starting with a cell density of 5x104 cells/cm2, cells were passaged when close to reaching 80% 

confluence, which coincided with 4 days in culture. After counting, the cells were reseeded at the same 

density and grown until reaching the same degree of confluence. The process (depicted on Figure 3. 1) 

was repeated three times, until the fourth and final cell count. 
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Figure 3. 1: Schematics of the expansion protocol of hiPSCs used for the kinetic cell growth analysis with (5 µM) or 

without (0 µM) TUDCA addition to E8 medium. At day 0 cells were seeded at a density of 50 000 cells/cm2 and 

grown until nearing 80% confluence, at which point cells were counted for the two conditions. After counting cells 

were reseeded at the same density as the one on day 0, and the same steps were followed. The process was 

repeated three times. Figure created using Servier Medical Art. 

 

At each cell counting, a fold change for each condition (control or with addition of acid) was 

calculated using equation (2). 

Fold change =
Final number of cells counted

Number of seeded cells
  (2) 

 

Similarly, a cumulative fold change was calculated after each cell counting by multiplying the 

current fold change by the previous values, as shown by equation (3). 

Cumulative fold change𝑖 =  ∏ 𝐹𝑜𝑙𝑑 𝑐ℎ𝑎𝑛𝑔𝑒𝑖
𝑛
𝑖=0     (3) 

 

An exponential growth rate was assumed for hiPSCs , therefore the kinetic equation (4) was used 

for the calculation of the specific growth rate µ (day-1), where t symbolizes the timepoint in days when 

each cell counting took place, x is the number of cells at each cell counting and x0 is the initial number 

of cells seeded [86]. Consequently, the doubling time Td (days) of the cell population was determined 

by using equation (5). 

x =  x0 ∙ e μ t    (4) 

Td =  
ln2

μ
  (5) 
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3.7. Neural commitment of human induced pluripotent stem cells 

 

3.7.1. Dual Smad inhibition protocol for neural differentiation 

 

Neural induction of hiPSCs was based on a pre-existing protocol of neural conversion of human 

ESCs and iPSCs by dual inhibition of Smad signalling [35].  

Firstly, hiPSCs were seeded in Matrigel coated plates and maintained in E8 medium (changed 

daily) until reaching a degree of confluence greater than 90%. At which point one would consider it the 

starting point of the differentiation protocol, referred to as day 0 of differentiation. At day 0 the culture 

medium was switched to N2B27 medium, supplemented with small molecules at concentrations of 10 

µM of SB431542 and 100 nM of LDN193189. For the test condition, TUDCA was added to the medium 

in a 10 µM concentration for 12 days. The medium was changed daily for both conditions, up to day 12 

of differentiation, when cells had already been converted to neural precursors. On day 12, neural 

precursors were dissociated with 0.5 mM EDTA (as described before), and passaged using N2B27 

medium and a 5-mL pipette, in a 1:1 ratio, to culture plates coated with a layer of laminin (20 µg/mL) on 

top of a layer of poly-L-ornithine (15 µg/mL). On day 13, only N2B27 medium was added. From day 14 

onwards N2B27 medium was supplemented with 10 ng/mL of human basic FGF. Culture media were 

changed daily. Cell cultures were kept no further than day 16 of differentiation. Figure 3. 2 summarizes 

the protocol described. 

 

 

Figure 3. 2: Protocol for conversion of hiPSCs into neural progenitors. Human iPSCs are maintained in E8 medium 

until at least 90% of confluence is reached, at which point culture medium is changed to N2B27 medium 

supplemented with 10 µM SB431542 and 100 nM LDN193189, and 10 µM TUDCA for the test condition. After 12 

days of differentiation, neural precursors are replated in laminin-coated plates, and kept on N2B27 medium until 

day 14. From day 14 until day 16, culture medium is then supplemented with 10 ng/mL human bFGF. Culture media 

were changed daily. Figure created using Servier Medical Art. 

 

3.7.2. Neural differentiation protocol using Essential 6™ medium 

 

A simpler hiPSC neural conversion strategy was also studied by adapting the protocol described 

in section 3.7.1, and incorporating the use of E6 medium for neural induction and removing the use of 

small molecule inhibitors, as described in recent studies [87]. 

Human iPSCs are seeded at a density of 2x105 cells/cm2 in Matrigel-coated plates, and are kept 

overnight in E8 medium. The culture medium is then switched to E6 medium. For the test condition, E6 
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medium was supplemented with a 10 µM TUDCA solution. At day 12 of differentiation and upon replating 

neural precursors, the culture medium is switched to N2B27 medium, and the protocol is as described 

in section 3.7.1. Culture media were changed daily. Figure 3. 3 summarizes the protocol described. 

 

 

Figure 3. 3: Protocol for conversion of hiPSCs into neural progenitors. Human iPSCs are seeded at a density of 

2x105 cells/cm2 in Matrigel-coated plates, and maintained overnight in E8 medium. Culture medium is then switched 

to E6 medium, until day 12 of differentiation. Culture medium is supplemented with 10 µM TUDCA for the test 

condition. After 12 days, neural precursors are replated in laminin-coated plates, and kept on N2B27 medium until 

day 14. From day 14 until day 16, culture medium is then supplemented with 10 ng/mL human bFGF. Culture media 

were changed daily. Figure created using Servier Medical Art. 

 

3.7.3. Rescue assay with cyclosporine A and oligomycin A 

 

Mid commitment cells were treated separately with varying concentrations of two chemical 

compounds, namely cyclosporine A (CsA, 30024, Sigma-Aldrich Corp.), which augments ROS levels by 

inhibiting MnSOD, and oligomycin A (OligA, sc-201551, Santa Cruz Biotechnology Inc.), which inhibits 

ATP synthesis and ATP hydrolysis by ATP synthase [88–91]. Incubation time periods and timepoints 

were varied as well. Cells were differentiated by following the dual Smad inhibition protocol described 

in section 3.7.1. The experimental design for this assay is summarized on Table 3. 1. 

Initially, based on experiments with mouse NSCs [56], cells were treated from day 9 to day 11 of 

differentiation, for 2 hours each day, with concentrations of 10 µM CsA and 6 µM OligA. 

On a later trial, cells were treated with the same concentrations, but for 15 minutes each day, on 

days 8 and 9 of differentiation, so the shock of metabolizing these compounds would not contribute to 

further cell death already associated with replating of neural precursors on day 12. 

Further on, cells were treated with CsA concentrations of 3 µM and 1.5 µM, and OligA 

concentrations of 1 µM and 0.5 µM, based on different purpose studies with these compounds [92–95]. 

Three incubation periods were tested – 15 minutes, 1 hour and 2 hours –, on days 8 and 9 of 

differentiation. 

For all trials, there were two conditions studied: one where only the chemical compound was 

added, and one with the chemical compound and 10 µM TUDCA added to the culture medium. Culture 

medium was changed after the incubation period was over, always supplementing the medium with a 

new addition of 10 µM TUDCA to the corresponding conditions. 
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Table 3. 1: Experimental design of the conditions tested on the rescue assay with 10 μM TUDCA. Variables included 

concentration of cyclosporine A (CsA) and oligomycin A (OligA), incubation times and timepoints for the addition of 

each compound. 

Compound Concentration Incubation time (min) Incubation timepoints 

CsA 

10 μM 
120 Days 9 to 11 

15 Days 8 and 9 

3 μM 120 
60 
15 

Days 8 and 9 
1.5 μM 

OligA 

6 μM 
120 Days 9 to 11 

15 Days 8 and 9 

1 μM 120 
60 
15 

Days 8 and 9 
0.5 μM 

 

3.7.4. Flow cytometry 

 

Flow cytometry comprises three stages: sample collection, staining, and the flow cytometry 

analysis itself. In this study, the analysis was performed using FACSCaliburTM flow cytometer (BD 

Biosciences®), and the analysis software BD CellQuestTM Pro (BD Biosciences®). 

 

3.7.4.1. Ki-67 – Proliferation assay 

 

Samples were collected at different time points of the differentiation process, which included days 

0, 1, 3, 9, 12 and 16. On day 0 there was only one condition, but from day 1 onwards there were two 

different conditions, the control and the one where TUDCA was added with a concentration of 10 µM. 

Each time a sample was collected the first step was to aspirate the culture medium from the well 

and to wash it with phosphate-buffered saline (PBS; Sigma Aldrich®). After removing the PBS used for 

washing, 1 mL of Accutase® solution (Sigma Aldrich®) was added to dissociate the cell colonies, 

followed by an incubation period of 7 minutes at 37ºC. Next, cells were scraped off from the well by 

using a 1000 µL pipette and transferred with the Accutase® solution to a Falcon tube containing 2 mL 

of washing medium, leading to the arrest of the activity of the enzyme. The well was then washed with 

1 mL of washing medium, which was also added to the Falcon tube. It was then centrifuged (Hermle Z 

400 K, Qlabo) for 3 minutes at 1500 g. The supernatant was removed and the remaining pellet was 

resuspended with 1 mL of 2% (v/v) PFA in PBS. The Falcon tube containing the sample was then stored 

at 4ºC. 

Eppendorf tubes were coated with 1% (v/v) of BSA (Invitrogen) in PBS, and left to rest for at least 

15 minutes. The samples stored in Falcon tubes underwent cell counting to guarantee an appropriate 

number of cells, and were then centrifuged for 3 minutes at 1500 g and washed with 1% (v/v) normal 

goat serum (NGS, Sigma) in PBS, repeating this process once more to have the samples washed twice. 

Cells were resuspended in 3% (v/v) NGS and at least 5x105 cells per condition for intracellular staining 

were transferred to the previously BSA-coated Eppendorf tubes, after removal of excess BSA. 
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To proceed to the intracellular staining step, the Eppendorf tubes were centrifuged (Hermle Z 300 

K, Qlabo) for 3 minutes at 1500 g. Cells were incubated at room temperature with 3% (v/v) NGS and 

1% (v/v) saponin in a 1:1 (v/v) ratio for 15 minutes to promote cell membrane permeabilization. Followed 

by another washing step using 3% (v/v) NGS, and then resuspension of the pellets of negative controls 

in the same concentration of NGS, whilst the other pellets were resuspended and incubated in 3% (v/v) 

NGS with the primary antibody – Ki-67 (BD PharmingenTM), in 1:40 dilution ratio – during 1 to 2 hours 

at room temperature. The samples were washed twice with 1% (v/v) NGS and incubated in the dark 

with the secondary antibody – goat anti-rabbit IgG Alexa Fluor® 488 (Thermo Fisher Scientific), in a 

1:300 dilution ratio – during 30 to 45 minutes. Cells were then centrifuged for 3 minutes at 1500 g and 

resuspended in PBS. 

Finally, the samples were transferred to FACS tubes and analysed by flow cytometry. 

 

3.7.4.2. FITC Annexin V/Propidium Iodide – Apoptosis and viability assay 

 

Samples with and without the addition of 10 µM TUDCA were collected at day 12 of differentiation, 

as well as hiPSCs for baseline. 

After washing the wells with PBS, Accutase® solution was added to dissociate the cell colonies, 

followed by an incubation period of 7 minutes at 37ºC, 5% CO2 and 20% O2. Next, cells were scraped 

off from the well by using a 1000 µL pipette with Accutase® solution, and transferred to a Falcon tube 

containing washing medium, leading to the arrest of the activity of the enzyme. The well was then 

washed with washing medium, which was also added to the Falcon tube. It was then centrifuged (Hermle 

Z 400 K, Qlabo) for 3 minutes at 1500 g. The supernatant was removed and the remaining pellet was 

resuspended with 1 mL of PBS and centrifuged. After washing once more with PBS, cells were 

resuspended in 1X Binding Buffer (BD Biosciences®) at a concentration of 1x106 cells/ml. 100 µl of the 

solution (1x105 cells) were then transferred to FACS tubes. 5 µL of FITC Annexin V (BD Biosciences®) 

and 5 µL of Propidium Iodide (PI, BD Biosciences®) were added to the test conditions. FITC Annexin V 

binds to cells that are losing membrane integrity at early stages of apoptosis, while PI is a vital dye that 

permeates membranes of dead and damaged cells. The controls consisted of unstained cells, cells 

stained with FITC Annexin V, cells stained with PI, and stressed cells stained with both compounds. 

Cells were gently vortexed, and incubated for 15 min at room temperature in the dark. Finally, 400 µl of 

1X Binding Buffer were added to each tube, and cells were analysed by flow cytometry within 1 hour. 

 

3.7.4.3. Mitochondrial ROS quantification with MitoSOX™ Red 

 

For mtROS quantification, live cells were washed with PBS and pre-treated with 5 µM MitoSOX™ 

Red (Molecular Probes®, Life Technologies Corp.) mitochondrial superoxide indicator in PBS at 37ºC 

for 15 minutes. NPs were then washed with PBS, collected with Accutase® solution and resuspended 

in FACS buffer (1% (v/v) BSA in PBS). Flow cytometry was used to analyse red fluorescence emission. 
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3.7.5. Immunocytochemistry 

 

During this work, immunocytochemistry was performed in both live cells as well as in fixed cells. 

In both cases, staining was intracellular. 

Stained cells were observed using a fluorescence optical microscope (Leica Microsystems CMS 

GmbH, model DMI3000 B) or a confocal microscope (Leica TCS SP5 laser scanning microscope). 

 

3.7.5.1. Intracellular staining of fixed cells 

 

The first step was to fix the cells, which was accomplished by washing the cells with PBS and 

incubating for 20 minutes in 4% (v/v) PFA in PBS at room temperature. Washing with PBS was repeated 

twice and cells were then incubated with blocking solution (10% (v/v) FBS, and 1% (v/v) Triton in PBS) 

for 30 to 60 minutes at room temperature. 

The primary antibodies (Table 3. 2) were diluted in staining solution (5% (v/v) NGS and 0,1% (v/v) 

Triton in PBS) and cells were incubated in this solution overnight at 4ºC. The secondary antibodies 

(Table 3. 3) were diluted in staining solution and after washing cells thrice with PBS, these were 

incubated for 1 hour at room temperature in the dark. Once more cells were washed thrice with PBS, 

and then incubated with DAPI 1:1000 (v/v) in PBS (4',6-diamidino-2-phenylindole, a dye that binds to 

DNA, therefore staining nuclei) for 2 minutes at room temperature, and washed thrice more with PBS. 

Finally, the stained cell cultures were observed using a fluorescence optical microscope. 

 

Table 3. 2: List of primary antibodies used in immunocytochemistry assays throughout this study, and corresponding 

dilution ratio and reactivity. 

Primary antibody Dilution ratio Reactivity Brand 

Pax6 1:400 rabbit Covance 

ZO-1 1:100 rabbit Novex 

Sox2 1:100 mouse R&D 

Nestin 1:400 mouse R&D 

N-cadherin 1:1000 mouse BD Transduction 

 

Table 3. 3: List of secondary antibodies used in immunocytochemistry assays throughout this study, and 

corresponding dilution ratio. 

Secondary antibody Dilution ratio Brand 

Goat anti-mouse IgG Alexa Fluor – 488/546 1:400 Invitrogen 

Goat anti-rabbit IgG Alexa Fluor – 488/546 1:400 Invitrogen 

 

3.7.5.2. Optimization of incubation with MitoTracker Red CMXRos 

 

MitoTracker Red CMXRos (Molecular Probes®, Life Technologies Corp.) is a dye that permeates 

live cell membranes and stains active mitochondria. So, this probe is an asset in the evaluation of 

mitochondrial content in cells undergoing neural differentiation. As an optimal concentration and 

incubation time had not been established for hiPSC-derived NSCs, an attempt was made to pinpoint an 

appropriate range of these two parameters. 
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The 1 mM stock solution was diluted in N2B27 medium to final working concentrations of 10, 25, 

50, 100, 200 and 300 nM. The incubation time tested was 20 minutes for each concentration at 37ºC. 

After staining, live cells were washed twice with PBS and fixed with 4% (v/v) PFA in PBS for 20 

minutes. The fixed cells were washed twice with PBS and incubated with DAPI (1:1000 in PBS) for 2 

minutes at room temperature, and washed thrice more with PBS. 

Finally, the stained cells were observed using a fluorescence optical microscope, and the most 

promising concentration of 50 nM was observed by confocal microscopy. 

 

3.7.5.3. Confocal microscopy imaging 

 

In the cases where confocal microscopy was resorted to, cells were grown on top of lamellas, and 

using the mounting medium Mowiol® (Sigma Aldrich®), they were assembled on blades. Images 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). Alexa Fluor – 488 

(green for Sox2 detection) excitation was performed using 476 nm line of an Argon ion laser as well as 

Alexa Fluor – 546 (red for N-cadherin and MitoTracker Red CMXRos detection) excitation was 

performed using 514 nm. DAPI excitation was made by using a multiphoton obtained by a Ti:sapphire 

laser (Spectra-Physics Mai Tai BB, 710– 990 nm). Fluorescence emission was collected at selected 

wavelengths, using the tunable system and beam splitter of Leica TCS SPC5. Fluorescence emission 

of Alexa Fluor – 488 was collected at 488–560 nm, while Alexa Fluor – 546 was at 566-671 nm and 

DAPI at 400-478 nm. Images were obtained at a resolution of 512x512 pixels. To record serial optical 

sections without recording photo-damaged areas, random images were acquired at different x and y 

coordinates, and the z-plane was advanced from the bottom of the culture to the highest focal plane in 

steps of 1.5 μm. The image treatment and merge was performed using ImageJ 1.50i software. 

 

3.7.6. Western blot 

 

Western blot is an analytical technique used in cell and molecular biology to detect specific 

proteins in a complex sample of proteins extracted from cells. This method uses gel electrophoresis for 

separation by size, followed by transfer to a membrane support, and finally visualization of target 

proteins using specific antibodies [96]. 

Samples from the two conditions (control and 10 µM TUDCA) were collected at pre-established 

timepoints: 0, 1, 3, 6, 9, 12 and 16 days of culture. At each timepoint the samples were incubated with 

Accutase® solution at 37ºC for 5 minutes. Then, the cells were scraped from the wells using washing 

medium and a 1000 µL micropipette. The scraped off cells were collected in a Falcon tube and 

centrifuged (Hermle Z 400 K, Qlabo) at 1500 g for 3 minutes. The supernatant was removed and the 

pellet was resuspended in PBS, followed by a second centrifugation, after which the supernatant was 

removed and the mostly dry pellets were stored at -80ºC until protein isolation took place. 
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3.7.6.1. Protein isolation and quantification 

 

The stored pellets were thawed and resuspended with a total protein lysis buffer – 10 mM Tris-

HCl (pH 7.6), 5 mM magnesium chloride, 1.5 mM potassium acetate, 1% Nonidet P-40 –, 2 mM 

dithiothreitol and a protease and phosphatase inhibitor cocktail (Thermo Fisher Scientific). The 

homogenates were transferred to 1.5 mL Eppendorf tubes and vortexed for 5 minutes, after which they 

were incubated for 30 minutes. Sonication (UP100H Ultrasonic Processor, Hielscher Ultrasound 

Techonology) using ultrasounds was performed for 30 seconds, followed by centrifugation at 3200 g for 

10 minutes. The supernatant containing total protein was then collected. Every step of protein isolation 

was performed on ice. Protein homogenates were diluted in a 1:800 ratio in MilliQ water for protein 

quantification. BSA was used as a standard. BSA stock (10 mg/mL) was diluted in a 1:100 ratio in MilliQ 

water, and from this solution six standards were prepared with different BSA mass. Bradford method 

(Bio-Rad assay dye from Bio-Rad Laboratories, Inc.) was used to measure both samples’ and standards’ 

protein content in an absorbance microplate reader (Model 680 Microplate Reader from Bio-Rad 

Laboratories, Inc.) set for a 595 nm wavelength. 

 

3.7.6.2. Gel electrophoresis 

 

The two separating gels (7.5% and 12%) that were used were sodium dodecyl sulfate-

polyacrylamide electrophoresis gels (SDS-PAGE). These were prepared by mixing acrylamide/bis 

(Protogel), 4x lower buffer (1.5 M Tris-HCl, pH 8.8, 0.4% SDS), water, ammonium persulfate (APS) and 

tetramethylethylenedianine (TEMED), but in different amounts for each gel. The stacking gels (one for 

each separating gel) were then prepared by mixing acrylamide/bis (Protogel), 4x upper buffer (0.5 M 

Tris-HCl, pH 6.8, 0.4% SDS), water, APS and TEMED. 

Appropriate volumes of each sample containing 60 µg of protein were mixed with 10 µL of Tris-

EDTA buffer (10 mM Tris-HCl, pH 7.4; 1 mM EDTA, pH 8.0) and 4 µL of 5x cracking buffer (0.5 M Tris-

HCl, pH 6.8, 20% glycerol, 10% SDS, 10 mM β-mercaptoethanol, water, bromophenol blue) and kept 

on ice. The samples were heated at 95ºC for 5 minutes, then spun for 5 seconds, and iced once more. 

Finally, a molecular weight protein marker (Precision Plus ProteinTM Standards Dual Color, BioRad) was 

loaded into the first lane of the gel, followed by loading each sample into a lane, and the gel was run at 

a constant voltage of 140 V (power supply Power Pac 200, Bio-Rad Laboratories, Inc.) for 1 hour. 

 

3.7.6.3. Gel transfer to nitrocellulose membrane 

 

An 8.5 cm x 6.5 cm Hybond-C nitrocellulose membrane was soaked in water for 5 minutes, as 

was the gel after disassembly of the electrophoresis apparatus. The transfer sandwich was assembled 

starting with a cassette with black side down, followed by a sponge, filter paper, gel, nitrocellulose 

membrane, filter paper, sponge and closing the cassette underneath transfer buffer (95 mM Tris-base 

and 0.73 M glycine, methanol, and water). The transfer took place with an ice block mounted into the 

apparatus during 1 hour at a constant amperage of 0.3 A (power supply Power Pac 200, Bio-Rad 
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Laboratories, Inc.). The blot was rinsed with distilled water and stained with Ponceau S 1X to check for 

equal sample loading and complete transfer. The membrane was then blocked with 5% (w/v) milk in 1X 

Tris-buffered saline (TBS) for 30 minutes. 

 

3.7.6.4. Western blot incubations and detection 

 

The milk was poured off the membrane, followed by rinsing in distilled water and washing thrice 

in 1x TBS and 0.1% (v/v) Tween 20. The primary antibody (Table 3. 4) was added in BSA or in 5% (w/v) 

milk in 1x TBS, and the membrane was shaken overnight at 4ºC. The washing step was repeated and 

the secondary antibody (Table 3. 5) was incubated in 5% (w/v) milk in 1x TBS for 2 to 3 hours at room 

temperature. Another washing step was necessary before detection. At last, the membrane was washed 

with SuperSignal™ West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific) or with 

Immobilon™ Western Chemiluminescent HRP Substrate (Merck Millipore Corp.) and the ChemiDoc MP 

System (Bio-Rad Laboratories, Inc.) was used for detection. 

 

Table 3. 4: List of primary antibodies used for incubation of the nitrocellulose membrane in Western blot analysis, 

and corresponding dilution ratio and reactivity. 

Primary antibody MW (kDa) Reactivity Dilution ratio Brand 

Pax6 47 rabbit 1:500 Biolegend® 

Sox2 39 rabbit 1:2000 Millipore 

Mnf2 86 mouse 1:1000 Abcam® 

PGC-1α 113 mouse 1:1000 Calbiochem 

Oct4 45 rabbit 1:1000 Cell Signaling Technology®, Inc. 

Drp1 80 rabbit 1:200 

Santa Cruz Biotechnology, Inc 

SOD2/MnSOD 25 rabbit 1:200 

PARP (full/cleaved) 116/89 rabbit 1:1000 

Bax 23 mouse 1:200 

Bcl-xL 32 rabbit 1:200 

Bcl-2 26 mouse 1:200 

GAPDH 37 mouse 1:200 

 

Table 3. 5: List of secondary antibodies used for incubation of the nitrocellulose membrane in Western blot analysis, 

and corresponding dilution ratio. 

Secondary antibody Dilution ratio Brand 

Goat Anti-Rabbit IgG (H+L)-HRP conjugate 1:5000 Bio-Rad Laboratories, Inc 

Goat Anti-Mouse IgG (H+L)-HRP conjugate 1:5000 Bio-Rad Laboratories, Inc 
 

3.7.7. Real time polymerase chain reaction 

 

Real time polymerase chain reaction (RT-PCR) was used to perform a relative quantification of 

mitochondrial DNA (mtDNA) copy number, as well as to evaluate the expression of energy metabolism 

regulators, and pluripotency and neural markers. 

Samples from the two conditions (control and 10 µM TUDCA addition) were collected at pre-

established timepoints: 0, 1, 3, 6, 9 and 12 days of culture. At each timepoint the samples were incubated 

with Accutase® solution at 37ºC for 5 minutes. Then, cells were scraped from the wells using washing 
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medium and a 1000 µL micropipette. The scraped off cells were collected in a Falcon tube and 

centrifuged (Hermle Z 400 K, Qlabo) at 1500 g for 3 minutes. The supernatant was removed and the 

pellet was resuspended in PBS, followed by a second centrifugation, after which the supernatant was 

removed and the mostly dry pellets were stored at -80ºC until RNA or DNA isolation took place. 

 

3.7.7.1. Relative quantification of mitochondrial DNA 

 

The quantification of mtDNA copy number was achieved by analysing the expression of human 

mitochondrial encoded cytochrome c oxidase I (CO-1) gene, using 18S ribosomal DNA (18S) as 

housekeeping gene. 

 

3.7.7.1.1. Total DNA extraction 

 

QIAamp DNA Mini Kit (Qiagen, Germany) was used for total DNA extraction and isolation by 

following the spin protocol detailed in QIAamp DNA Mini and Blood Mini Handbook 04/2010 from the 

manufacturer. Isolated total DNA was quantified using NanoDrop™ ND-1000 Spectrophotometer 

(Thermo Fisher Scientific). 

 

3.7.7.1.2. Relative mtDNA copy number quantification 

 

The primer sequences used for amplification were the following: 5`- TAG AGG GAC AAG TGG 

CGT TC -3` (forward) and 5`- CGC TGA GCC AGT CAG TGT -3` (reverse) for 18S; 5`- CTA TCC GGA 

ATG CCC CGA -3` (forward) and 5`- TCT TCT ACT ATT AGG ACT TTT CGC T -3` (reverse) for CO-1. 

Duplicates of each timepoint sample were run in 73000 Real Time PCR System (Applied 

Biosystems®, Life Technologies Corp), using SensiFAST™ SYBR Hi-ROX Mix, 2x (BIOLINE). 

Results were obtained in terms of threshold cycles (CT) for each sample. Using a curve of the 

amount of DNA versus CT, CT values were corrected and normalized as a ratio between 10CT for CO-1 

and 10CT for 18S. The relative mtDNA copy number was expressed as fold change of the previous ratio 

over that of day 0. 

 

3.7.7.2. Evaluation of the expression of pluripotency and neural markers, and 

metabolic regulators 

 

3.7.7.2.1. Total RNA extraction and cDNA synthesis 

 

PureLink® RNA Mini Kit (Ambion®) was used for total RNA isolation, following manufacturer’s 

instructions. RNA quantification was done by using NanoVueTM Plus spectrophotometer (GE 

Healthcare®), while complementary DNA (cDNA) was synthetized from 1 μg of RNA, using High-

Capacity cDNA Reverse Transcription Kit (Applied Biosystems®). 
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3.7.7.2.2. Gene expression quantification 

 

3.7.7.2.2.1. Pluripotency and neural markers 

 

The primers used were Pax6 (HS00240871-m1, Thermo Fisher Scientific), Sox1 (HS01057642-

s1, Thermo Fisher Scientific), Oct4 (HS00999634-sh, Thermo Fisher Scientific) and Nanog 

(HS02387400-g1, Thermo Fisher Scientific). The endogenous gene used for normalization was the 

housekeeping gene GAPDH (HS02758991-g1, Thermo Fisher Scientific). RT-PCR was performed in 

StepOne Real-Time PCR Thermal Cycling System (Applied Biosystems®), using Taqman® Gene 

Analysis Assays (Life Technologies). 

Results were obtained in terms of threshold cycles (CT) for each sample, being then compared 

with CT from the endogenous gene, resulting in ΔCT. ΔCT values were then normalized with CT from the 

day 0 sample, resulting in ΔΔCT. Finally, the results of gene expression were evaluated and shown as 

2–ΔΔCT. 

 

3.7.7.2.2.2. Metabolic regulators 

 

The primer sequences used for this part of the experiment for PGC-1α were 5'- CAG CCT CTT 

TGC CCA GAT CTT -3' (forward) and 5'- TCA CTG CAC CAC TTG AGT CCA C -3' (reverse), and for 

ERRα were 5’- GAG CCT CTC TAC ATC AAG GCA -3’ (forward) and 5’- CGA GGA ACC CTT TGG 

ACT GT -3’ (reverse). The endogenous gene used for normalization was the housekeeping gene 

GAPDH with primers 5’- CGC TCT CTG CTC CTC CTG TT -3’ (forward) and 5’- CCA TGG TGT CTG 

AGC GAT GT -3’ (reverse). RT-PCR was run in 73000 Real Time PCR System (Applied Biosystems®, 

Life Technologies Corp), using SensiFAST™ SYBR Hi-ROX Mix, 2x (BIOLINE). 

Results were obtained in terms of threshold cycles (CT) for each sample, being then compared 

with CT from the endogenous gene, resulting in ΔCT. ΔCT values were then normalized with CT from the 

day 0 sample, resulting in ΔΔCT. Finally, the results of gene expression were evaluated and shown as 

2–ΔΔCT. 

 

3.7.8. Metabolic analysis of induced pluripotent stem cells undergoing neural 

commitment 

 

For the metabolic analysis, exhausted medium was recovered at timepoints 0, 1, 3, 6, 9 and 12 

days of culture. The samples were then centrifuged (Hermle Z 300 K, Qlabo) for 10 min at 1500 g to 

remove dead cells and debris, and the supernatants were collected and stored at -20ºC until analysis. 

Fresh medium was also analysed and the results used for the determination of substrate consumption 

and metabolite production rates. Glucose and lactate concentrations were measured using a multi-

parameter analyser (YSI 7100MBS, Yellow Springs Instruments). 

The specific metabolic rates (qMet, pmol/(cell∙day)) were calculated for every time interval using 
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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 also calculated as the ratio between qlactate and qglucose. 

 

3.8. Statistical analysis 

 

Statistical analysis was applied when at least two independent experiments were completed. This 

analysis was performed using the software GraphPad Prism 6. 

When analysing unpaired data sets, statistical analysis was performed using a two-tailed 

nonparametric test, specifically the Mann-Whitney test. The software ranks the values from low to high 

and computes the P value, which depends on the discrepancy between the mean ranks of two data 

sets. When a P value of less than 0.05 was computed, then the results were considered statistically 

significant. Error bars represent the standard error of the mean (SEM). 
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4. Results and discussion 
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4.1. Effect of TUDCA on the proliferation capacity of human induced 

pluripotent stem cells 

 

Previous studies have been continuously reporting the positive effect of TUDCA on augmenting 

in vitro stem cell proliferation and on regulating cell cycle progression, both on mouse NSCs and human 

iPSCs [56,59,60]. 

Since the current project also 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 [59,60]. As such, cells were grown in monolayer with daily change of the chemically-

defined E8 medium, with the addition of TUDCA to the culture medium in an optimal concentration of 5 

μM. At each cell passaging, cells were counted and replated at a density of 5x104 cells/cm2. The cell 

counting values were used to determine the fold change for each cell passage, and by multiplying the 

current value for the previous one, a cumulative fold change on cell proliferation was obtained. 

The results of the single experiment performed in this work are represented independently on 

Figure A. 1 of the Appendix, as well as on Figure 4. 1 together with four independent experiments 

previously performed at SCERG laboratory. Both figures clearly show a higher increase in both fold 

change and cumulative fold change in 5 μM TUDCA-treated cells. Furthermore, the overall P4 

cumulative fold change of the 5 μM condition doubles the control condition value, by going from 14.09 

to 31.40 with the addition of TUDCA to the culture medium, suggesting a 55% increase of hiPSCs 

proliferation capacity in the presence of this bile acid in this concentration, as similarly reported by 

Gomes (2016). 

In light of 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 are not within the scope of the error. However, these 

differences might be due to slight alterations in the expansion protocol itself. For instance, the criterion 

used to decide the time passed between cell passages was different, opting for regular intervals of 4 

days in this experiment, instead of percentage of confluence. This decision also resulted in the 

experiment lasting longer, at 16 days, when compared to the former 13 days. 

Interestingly, there is a decrease in fold change after P1 for the control condition (Figure 4. 1 A), 

which suggests a decline in proliferation after two consecutive passages. However, such phenomenon 

only happens after P3 for the condition where 5 μM TUDCA was added, suggesting a delay in the loss 

of proliferative capacity when the bile acid is added. 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 [97,98]. 
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A 

  

B 

 

Figure 4. 1: (A) Fold change and (B) cumulative fold change in cell number for four consecutive passages, 

throughout 13 to 16 days of hiPSCs expansion with 0 or 5 μM TUDCA in E8 medium. Results were obtained with 

cell counting procedures, and represent the mean of five independent experiments. The error bars represent SEM. 

* P-value<0.05. ** P-value<0.01. 

 

As for the kinetic parameters obtained, the results of a single experiment are represented in 

Figure 4. 2. The specific growth rate (μ) was 0.174 day-1 for the control and 0.223 day-1 for the test 

condition, whilst the average doubling times (Td) were 95.66 and 74.60 hours, correspondingly. A higher 

growth rate and a lower doubling time are in accordance with an increase in cumulative fold change, 

therefore corroborating the hypothesis of 5 μM TUDCA increasing the proliferative capacity of hiPSCs. 

 

A 

 

B 

 

Figure 4. 2: (A) Average specific growth rates μ (day-1) and (B) average doubling times Td (hours) of hiPSCs 

expanded throughout 16 days of culture with 0 or 5 μM TUDCA in E8 medium, by performing four consecutive cell 

passages. Results represent a single experiment. 
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4.2. TUDCA’s effect on neural rosette number and morphology 

 

4.2.1. Effect of TUDCA addition in dual Smad inhibition protocol in terms of neural 

rosette number in different cell lines 

 

As mentioned in section 1.2, neural rosettes are two-dimensional structures that mimic the neural 

tube in vitro. In this study, these structures were obtained in vitro at day 16 of neural commitment of two 

human iPS cell lines (F002.1A.13 and Gibco™ Episomal hiPSC line), using the dual Smad inhibition 

protocol with 0 or 10 μM TUDCA addition. 

The neural induction of cell line F002.1A.13 by this method had already been accomplished, 

where statistical significance of the 76.6% increase in neural rosette number between the control and 

10 μM TUDCA test condition had already been reported [60]. Therefore, immunofluorescence staining 

for N-cadherin (a transmembrane protein found in neural rosettes’ centres) and Sox2 (an NP marker) in 

neural rosettes obtained from this cell line was performed as a proof of concept, shown in Figure 4. 3. 

 

 

Figure 4. 3: Immunofluorescence staining for N-cadherin (red) and Sox2 (green) of neural rosettes at day 16 of 

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

addition. Images acquired through confocal microscopy, using a laser scanning microscope. Scale bars: 50 μm. 

 

To prove the robustness of this protocol, the differentiation method using 10 μM TUDCA 

associated to the dual Smad inhibition was repeated with a different cell line, the Gibco™ Episomal 

hiPSC line. Immunocytochemistry with Zo-1 (a tight junction protein found in neural rosettes’ centres) 

and Sox2 was performed to observe the presence of neural rosettes in vitro, through optical 

fluorescence microscopy, as shown in Figure 4. 4.  

The rosettes observed with immunofluorescence 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 conditions, which was found statistically significant. 

As demonstrated in Figure 4. 5, the TUDCA-induced increase of neural rosettes at day 16 of neural 
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commitment appears to not be dependent on the hiPSC line, as an increase of approximately 30% was 

also observed in rosette number per cm2 for the Gibco™ Episomal hiPSC line treated with TUDCA. 

In sum, TUDCA improves the formation of neural rosettes by day 16 of neural induction 

independently of the hiPSC line used, showing the robustness of TUDCA in regulating stem cell fate. 

The reason behind the TUDCA effect 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. 

 

 

Figure 4. 4: Immunofluorescence staining for Sox2 (red) and Zo1 (green) of neural rosettes at day 16 of neural 

commitment in Gibco™ Episomal hiPSC line, using the dual Smad inhibition protocol with 0 or 10 μM TUDCA 

addition. Images were acquired with a fluorescence optical microscope. Scale bars: 50 μm. 

 

A 

 

B 

 
Figure 4. 5: (A) Number of counted rosettes per cm2 at day 16 of neural commitment of Gibco™ Episomal hiPSC 

line, using the dual Smad inhibition protocol with 0 or 10 μM TUDCA addition. (B) Counted rosettes per cm2 were 

normalized with the mean of the control (0 μM TUDCA) condition. Results are represented as the mean of three 

independent experiments, each performed in triplicate. Error bars represent SEM. * P-value<0.05. 
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4.2.2. Effect of TUDCA addition in E6 differentiation protocol in terms of neural rosette 

number 

 

Having demonstrated that the positive effects of TUDCA in neural rosette number are maintained 

between different cell lines, it was next decided to clarify whether the effectiveness of this bile acid was 

dependent, or not, on the neural commitment method used. For such a task, a new neural differentiation 

method for hiPSCs was created by merging and adapting two methods. This protocol is based on the 

dual Smad inhibition protocol described in section 3.7.1, but switching the N2B27 medium supplemented 

with small molecules for a simpler culture medium, the E6 medium. Thus, the method is hereby 

referenced to as E6 differentiation protocol, which is fully described in section 3.7.2. 

The neural induction with E6 medium was performed with cell line F002.1A.13. 

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

commitment is shown in Figure 4. 6, where it is possible to view fully formed neural rosettes for both 

conditions (0 and 10 µM TUDCA). 

 

Figure 4. 6: Immunofluorescence staining for N-cadherin (red) and Sox2 (green) of neural rosettes at day 16 of 

neural commitment of the hiPSC line F002.1A.13, using the E6 differentiation protocol with 0 or 10 μM TUDCA 

addition. Images acquired through confocal microscopy, using a laser scanning microscope. Scale bars: 50 μm. 

 



 

52 

The fold increase between 0 and 10 µM TUDCA conditions of the E6 differentiation protocol was 

calculated. Using cells thawed from the same cryovial (with the same passage number), a differentiation 

with dual Smad inhibition was performed in parallel. 

Figure 4. 7 shows that TUDCA-induced increase in neural rosette formation, at day 16 of neural 

commitment, is maintained from one differentiation method to the other. In fact, the increase in rosette 

number for the E6 method appears to not be as significant as in the dual Smad inhibition. However, a 

third independent experiment is necessary to draw conclusions. Even so, 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% of the other method, the results suggest that the effect of 10 µM TUDCA on rosette formation is 

not dependent on the differentiation method used, even if the method itself is not as efficient. 

These results reveal that TUDCA improves the formation of neural rosettes by day 16 of neural 

induction independently of the neural induction protocol used, showing once more the robustness of 

TUDCA’s effect. 

 

A B 

  
Figure 4. 7: (A) Number of counted rosettes per cm2 at day 16 of neural commitment of the hiPSC line F002.1A.13, 

using the E6 differentiation protocol or the dual Smad inhibition protocol, with 0 or 10 μM TUDCA addition. (B) 

Counted rosettes per cm2 were normalized with the mean of the control (0 μM TUDCA) condition for each 

differentiation protocol. Results for the E6 differentiation protocol are represented as the mean of two independent 

experiments, each performed in duplicate. The error bars represent SEM. 
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4.2.3. Effect of TUDCA addition in neural rosette morphology 

 

After witnessing a rise in neural rosette number when 10 µM TUDCA is added to distinct 

differentiation media or different cell lines, it was pertinent to look more closely into potential effect of 

TUDCA in neural rosette morphology. 

By observing Figure 4. 3, Figure 4. 4 and Figure 4. 6, one can see that neural rosettes have a 

circular shape, and appear to be slightly bigger after TUDCA treatment. As such, the most direct 

measurement to verify this observation was to measure the rosette diameter for the different conditions 

for both differentiation methods, using the imaging software ImageJ. 

Notably, analysis of the graphics presented in Figure 4. 8 indicates that there is in fact an increase 

in average neural rosette diameter from the control to the test condition. This rise was more accentuated 

in the E6 differentiation method, although performing a third independent experiment is needed to 

increase confidence in the results. 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, possibly leading 

to several rosettes fusing and to a bigger neural structure. 

 

A B 

  
Figure 4. 8: (A) Neural rosettes’ diameter (μm) at day 16 of neural commitment of the hiPSC line F002.1A.13, using 

the dual Smad inhibition protocol, with 0 or 10 μM TUDCA addition. Results are represented as 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 the human iPS cell line F002.1A.13, using the E6 differentiation protocol, with 0 or 

10 μM TUDCA addition. Results are represented as the mean of 12 images analysed with ImageJ from two 

independent experiments, done in duplicate. Error bars represent SEM. * P-value<0.05. ** P-value<0.01. 

 

Microscopic analysis of the neural rosettes shows that these structures are not perfect circles, but 

possess more elongated shapes akin to that of an ellipse. To quantify the deviation of morphology from 

a perfect circle, a ratio between the minor axis and the major axis of each rosette analysed was 

calculated. This measurement was named circularity, with values between 0 and 1, in which the closer 

it is to 1, the closest the ellipse is to being a circle. 

The results presented in Figure 4. 9 derive from experiments performed with cells thawed from 
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the same cryovial with the same passage number. Curiously, the graphic in Figure 4. 9 shows no 

differences in terms of circularity between control and test conditions, or even between differentiation 

methods used, as all conditions appear to have a circularity close to 0.9. This value translates into a 

shape of an ellipse but still very round, as there is not a significant difference between the minor and the 

major axis lengths. 

 

 
Figure 4. 9: Neural rosettes’ circularity (minor axis/major axis) at day 16 of neural commitment of the hiPSC line 

F002.1A.13, using the E6 differentiation protocol and the dual Smad inhibition protocol, with 0 or 10 μM TUDCA 

addition. Results are represented as the mean of 7 images analysed from at least two independent experiments. 

The error bars represent SEM. 

 

Overall, the addition of 10 µM TUDCA to the differentiation medium 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. 
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4.3. The influence of TUDCA addition on neural precursors’ proliferative 

capacity 

 

A higher degree of cell proliferation due to TUDCA’s effect has already been shown both in mouse 

NSCs [56], and in this work with hiPSCs. Keeping that in mind, and 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 this was due to an increase in 

proliferative capacity of neural precursors needed to be answered. For that, immunostaining with Pax6 

(a specific NP marker, that is present in neuroectodermal differentiation) was performed at day 12 of the 

neural induction process, using DAPI to stain cell nuclei as it binds to DNA. 

Images as the ones presented in Figure 4. 10, showing a positive staining for Pax6 as a visual 

confirmation of successful NP induction from hiPSCs, do not suggest a significant difference between 

conditions. However, the 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 4. 11 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 at 12 days of neural commitment. 

 

 

Figure 4. 10: Immunofluorescence staining for Pax6 (red) and DAPI (blue) at day 12 of neural commitment of the 

hiPSC line F002.1A.13, using the E6 differentiation protocol with 0 or 10 μM TUDCA addition. Images were acquired 

with a fluorescence optical microscope. Scale bars: 50 μm. 
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Figure 4. 11: 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 differentiation protocol with 0 or 10 μM TUDCA addition. Percentage 

values were obtained through pixel quantification of immunofluorescence images using the image processing 

software CellProfiler 2.2.0. Results are represented as the mean of 9 images analysed from three independent 

experiments. Error bars represent SEM. 

 

Nonetheless, these results are in contrast to 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 [59]. Since the results presented in this study were obtained with the E6 

differentiation method, a different proliferation assay was performed this time using the dual Smad 

inhibition method. This method utilized flow cytometry with the intracellular marker Ki-67 (a protein which 

is present during interphase, but absent during the resting phase G0 of the cell cycle) to understand 

whether there were any differences in proliferative capacity of the cells throughout the 16 days of neural 

commitment. 

Two assays were performed, however Figure 4. 12 A shows the average percentage of Ki-67 

positive cells of three independent experiments by incorporating the result obtained by Gomes (2016). 

Figure 4. 12 B shows a representative dot plot of the side and forward scatter for the control 

condition of day 3 of neural commitment. It depicts the two distinct proliferative populations that are 

gated, identifiable in green and red in both graph and dot plot. The remaining dot plots can be found in 

Table A. 1 and Table A. 2 of the Appendix, showing proliferative cell populations with pluripotent 

characteristics: R1 (red) – days 0 and 1; R4 (light blue) – day 3, and proliferative committed cell 

populations: R6 (dark blue) – day 3; R7 (yellow) - days 9, 12 and 16. 

The population on days 0 and 1 shows the proliferation of hiPSCs (later confirmed by the 

presence of pluripotency markers). However, the distinct proliferative population at day 3 of neural 

commitment suggests this time is a turning point where a population with neural characteristics starts to 

appear (further confirmed by the presence of neural markers). From day 9 till day 16 of neural 

commitment, there is only a proliferative population corresponding to one of neural precursors, that is 

noticeably increased on day 16. 

Nevertheless, no significant differences in percentage of proliferative cells are seen between the 

0 and 10 µM TUDCA conditions, during the entire neural commitment process. Indeed, this result is in 

accordance to the percentage of Pax6+ cells presented before, leading to the conclusion that 10 µM 

TUDCA has no effect in the proliferation of hiPSCs undergoing the neural commitment process. 
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Although, it is important to note that, considering the effect of TUDCA in enhancing hiPSC 

proliferation, as well as mouse NSCs, there is a chance that a different concentration and time of TUDCA 

exposure could also promote the same effect in NPs. Even if the increase in number of neural rosettes 

would not be as great as in the 10 µM condition, this could mean that different concentrations of TUDCA 

could translate into different targets of action. 

 

A B 

 

 

Figure 4. 12: Proliferation analysis during neural commitment of the hiPSC line F002.1A.13, using the dual Smad 

inhibition protocol with 0 or 10 μM TUDCA addition. (A) 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. The error bars represent 

SEM. (B) Representative dot plot of the gated populations at day 3 of neural commitment, where there is an overlap 

of two proliferative populations. Red circle corresponds to a population characteristic of pluripotent cells, while green 

circle represents a proliferative population characteristic of neural precursors. Remaining dots plots can be found 

in Table A. 1 and Table A. 2 of the Appendix. 
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4.4. Impact of TUDCA addition on apoptosis during neural commitment 

 

So far, the results indicate that the mechanism through which TUDCA increases the number of 

neural rosettes in culture is not related to its effect on NP proliferation. As such, if the bile acid does not 

interfere with proliferative capacity, another hypothesis was that it could have an effect in inhibiting NP 

cell death. For example, by decreasing mitochondrial apoptotic events, as it was previously 

demonstrated in rats [52]. 

To test the supra mentioned hypothesis, a flow cytometry assay with FITC Annexin V and PI was 

performed. 

Figure 4. 13 shows the percentage of viable and apoptotic cells at day 12 of neural commitment 

(A), and the distribution of the gated populations in the four quadrants of the channels (B). Through the 

analysis of Figure 4. 13 B, it is possible to conclude that most of the population is situated on the lower 

left quadrant for both conditions, which translates into 96.66% and 95.91% viable cells for the 0 and 10 

M TUDCA conditions, correspondingly, on Figure 4. 13 A. This outcome suggests that both conditions 

produce high percentages of viable cells, and there are no significant differences between conditions in 

apoptotic events at day 12 of neural induction. 

In agreement, previous findings by Pinho (2015) using Guava ViaCount assay also showed that 

addition of TUDCA, in these cells, does not generate significant differences in cell death levels between 

conditions. 

Nonetheless, the result of a single experiment with FITC Annexin V/PI is not enough to draw 

definite conclusions on this subject. For this reason, a more adequate assay should be performed, for 

instance measuring the evolution of the number of apoptotic cells on several timepoints, as there might 

be an anti-apoptotic effect of TUDCA on earlier stages of the neural commitment process, not observed 

at day 12. 
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Figure 4. 13: Viability and apoptosis analysis of neural commitment at day 12 in hiPSC line F002.1A.13, using the 

dual Smad inhibition protocol with 0 or 10 μM TUDCA addition. (A) Percentage of viable and apoptotic cells. Analysis 

was performed by flow cytometry, staining cells with FITC Annexin V/PI. Results represent a single experiment. (B) 

Dot plots of the gated populations at day 12 of neural commitment, showing the distribution of the gated populations 

for control (left panel) and 10 μM TUDCA condition (right panel) over four quadrants of FL1 and FL2 channels. The 

lower left quadrant marks the viable cells as they are both FITC Annexin V and PI negative. Upper left contains PI 

positive and FITC Annexin V negative cells, which are damaged or dead; lower right contains FITC Annexin V 

positive and PI negative cells, which are early apoptotic cells. Upper right quadrant includes both FITC Annexin V 

and PI positive cells, which are either late apoptotic or necrotic cells, distinguishable only through an analysis over 

time. The distribution of the population in the quadrants shows a majority of viable cells in both conditions. 

 

It is known that mitochondria play a central role in apoptosis, for example by inducing DNA 

degradation through ROS, activating caspases, and releasing apoptogenic proteins from the 

intermembrane space. The latter needs the outer mitochondrial membrane to be permeabilized, and 

this process is controlled by the Bcl-2 family of proteins. Bcl-2, Bcl-xL and Bax are members of the Bcl-

2 family, the first two playing anti-apoptotic roles and the other being a pro-apoptotic member. When an 

apoptotic stimulus is received, pro-survival proteins, like Bcl-2 and Bcl-xL, are inhibited, enabling the 

activation of pro-apoptotic effectors such as Bax. After which the mitochondrial membrane is disrupted, 

allowing for example the release of cytochrome c, which activates caspase-9, and in turn effector 

caspases, culminating in apoptosis [51,80,81,83]. 

Still with the anti-apoptotic effect hypothesis in mind, it was appropriate to study the possible 

effect of TUDCA in the expression of proteins that are involved in cell death mechanisms and DNA 

repair. For this purpose, the relative quantification of protein expression was accomplished with an 

imaging technique for the quantification of the intensity of the bands obtained with Western blot. The 
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proteins analysed were Bcl-2, Bcl-xL, Bax, and PARP (both full and cleaved form), as represented in 

Figure 4. 14. 

If TUDCA was interfering in the expression of these proteins, then an increase in the relative 

expression of the anti-apoptotic proteins and a decrease in the active forms of pro-apoptotic proteins 

would be expected with TUDCA treatment. 

However, as seen in Figure 4. 14 A there was no increase in the expression of Bcl-2 between 

conditions throughout the differentiation process, only a slight decrease in this levels in the presence of 

TUDCA. The same is mostly true for Bcl-xL, except for day 3 of differentiation, where a sudden increase 

in its expression for the TUDCA condition is observed. 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 

[52]. 

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 4. 14, 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 [99,100]. 

Figure 4. 14 C, in turn, 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 its cleaved form, 

suggesting that lowering PARP expression is not due to its cleavage. The decrease in full form of PARP 

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. 

In sum, TUDCA appears to not have a relevant impact on differentiation-induced apoptotic events, 

at least until 16 days of neural commitment. 
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Figure 4. 14: 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 pro-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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4.5. Effect of TUDCA on pluripotency and neural differentiation 

 

The generation of a higher number of neural rosettes by TUDCA might also suggest a more 

efficient process of neural induction. To examine that possibility, gene and protein expression of 

pluripotency and neural markers was studied throughout 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 4. 15. The relative 

expression of pluripotency marker Oct4 was also studied by its relative protein expression with Western 

blot (Figure 4. 16), as well as neural marker Pax6, and Sox2, which is expressed in neuroepithelial cells 

during embryonic development. 

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 4. 15), which is consistent 

with loss of both gene and protein expression for Oct4 after day 1 of neural commitment (Figure 4. 15 

and Figure 4. 16). 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 [101]. 

On the other hand, downregulation of Oct4 accompanies Sox2 upregulation, observed in Figure 

4. 16 [102]. Therefore, 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 [101,103]. 

Sox1 and Sox2 transcription factors have been found to maintain proliferation of NPs and their 

multipotency, while preventing further differentiation. Pax6, in turn, 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 [41,103–105]. 

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 again required to draw definite 

conclusions, and/or achieve a significant difference in the values. 
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Figure 4. 15: Relative gene expression of pluripotency markers Nanog (A) and Oct4 (B), neuroectodermal markers 

Sox1 (C) and Pax6 (D), 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. Gene expression was evaluated by qRT-PCR, and GAPDH 

expression was used as control. Results are from a single experiment. 
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Figure 4. 16: Quantification of Western immunoblotting of pluripotency marker Oct4 (A), neural marker Pax6 (B), 

and Sox2 (C) (expressed on embryonic stem cells and neuroepithelial cells during development), 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. (D) Representative Western blot of Oct4, Pax6, Sox2, and GAPDH. 
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4.6. 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 [75,106]. It has also been shown that TUDCA reverts the decrease in mtDNA 

copy number observed upon NSC differentiation [56]. Additionally, Gomes (2016) found the same effect 

on hiPSC-induced NPs, observing an increase in mtDNA copy number at day 12 of neural commitment 

[60]. 

Therefore, the evolution of mtDNA copy number throughout the neural differentiation process was 

again analysed by qRT-PCR to further elucidate the role of TUDCA in mitochondrial mass. The results 

are presented in Figure 4. 17, as a mean of the single experiment performed in this work and the 

previous results by Gomes (2016), the latter to reinforce the foregone conclusion of the effect of TUDCA 

on mitochondrial mass. Results of the single experiment are represented in Figure A. 2 of the Appendix. 

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 of differentiation, when TUDCA doubled mtDNA copy number. This 

indicated that this bile acid positively increases the amount of mtDNA. This TUDCA 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. 

 

 

Figure 4. 17: Relative mtDNA copy number by qRT-PCR, 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. 18S expression was used as 

control. Results are presented as the mean of three independent experiments, each performed in duplicate. Error 

bars represent SEM. P-value for day 12 = 0.057. 
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Peroxisome proliferator-activated receptor-α coactivator (PGC-1α) is a transcriptional coactivator 

that plays a central role in the regulation of cellular energy metabolism. PGC-1α promotes mitochondrial 

biogenesis and stimulates a metabolic shift to OXPHOS [62]. Estrogen-related receptor α (ERRα) is an 

effector of PGC-1α, and it regulates the expression of genes involved in OXPHOS and mitochondrial 

biogenesis. In fact, inhibition of ERRα compromises the ability of PGC-1α to induce the expression of 

genes encoding mitochondrial proteins and to increase mitochondrial DNA content [107,108]. 

Knowing that PGC-1α and ERRα are key players in mitochondrial biogenesis, qRT-PCR was 

used to investigate the impact of TUDCA on their gene expression (Figure 4. 18), while Western blot 

was performed to determine whether TUDCA affects PGC-1α protein expression (Figure 4. 18 and 

Figure 4. 19 B). 

Curiously, PGC-1α gene expression tends to rise from day 6 onwards, accompanied by an 

increase on the same timepoints of ERRα expression. On days 9 and 12, an increase in expression 

between control and test conditions was detected for both genes, suggesting that TUDCA stimulates 

mitochondrial biogenesis by inducing a more pronounced expression of mitochondrial biogenesis-

related genes. 

Moreover, PGC-1α protein expression accompanies the increase in gene expression from day 9 

onwards, where an upregulation by TUDCA is observed as well. Thus, these data strongly suggest that 

addition of TUDCA positively affects mitochondrial biogenesis. Yet, performing at least an additional 

experiment is advisable considering the error bars in the graphics in Figure 4. 18. 
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Figure 4. 18: Relative gene expression 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. Gene expression was evaluated by qRT-PCR, and GAPDH expression was used as control. 

Results are presented as the mean of two independent experiments, each performed in duplicate. Error bars 

represent SEM. (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. 

 

As discussed in section 1.3, mitochondrial dynamic shift between fission and fusion, being 

regulated by GTPases, like Dpr1 and Mnf2. The former is responsible for fission, and the latter for fusion-

associated events. 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 [109]. 

By Western blot analysis, it was possible to establish a mitochondrial fusion to fission ratio by 

dividing the relative expression of Mnf2 by Drp1. The ratio is presented in Figure 4. 19, while individual 

quantifications of relative protein expression can be found in Figure A. 3 of the Appendix. This ratio 

between fusion and fission allowed a more direct visualization of the effect of TUDCA on mitochondrial 

dynamics, as it gives the tendency towards fusion or fission throughout commitment time. By observing 

the graphic in Figure 4. 19, it is possible to realize 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, thus indicating 
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that around this timepoint there was an increase in mitochondrial fusion and/or a decrease in fission. 

When comparing TUDCA and control conditions on day 16, TUDCA appears to shift mitochondrial 

dynamics even more towards fusion, possibly leading to more energetically efficient organelles. 

Of note, studies in budding yeast have reported that mitochondrial fusion increases mtDNA copy 

number [110]. In face of the results in mtDNA copy number, as well as in 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 [111,112]. 

By analysing the expression of MnSOD, a specific mitochondrial ROS scavenger, by Western 

blot (Figure 4. 19), it was possible to see that its expression was increasingly higher along neural 

commitment, possibly to fight the intensification of mtROS levels triggered by the differentiation process. 

One can also observe a slight tendency for an overexpression of this enzyme when TUDCA was 

present, especially at day 12. The increase in MnSOD relative expression at day 12 by TUDCA 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 triggered 

by high ROS levels. 

 

A Mnf2/Drp1

 

MnSOD 
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Figure 4. 19: (A) Quantification of Western immunoblotting of ROS scavenger MnSOD, and the ratio of relative 

expression of mitochondrial proteins Mnf2 and Drp1, 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 loading control. Results are presented as the mean of three independent experiments. Error bars represent 

SEM. (B) Representative Western blot of PGC-1α, Drp1, Mnf2, MnSOD and GAPDH. 
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The quantification of mtROS levels by flow cytometry at day 12 of neural commitment is presented 

in Figure 4. 20. Interestingly, the data show a 20% decrease in mtROS levels between the control and 

the 10 µM TUDCA condition before daily medium changes being performed (0 h). However, at 1 and 6 

hours after medium being changed, there were barely any visible differences between conditions. On 

one hand, this suggests that changing spent medium for fresh one containing or not TUDCA has the 

same effect on mtROS levels. On the other hand, 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. 

In agreement, Rodrigues et al (2000) have already shown that co-incubation with TUDCA 

lessened the increase in ROS levels caused by 3-nitropropionic acid [49]. Similarly, Xavier et al (2014) 

showed that incubation with TUDCA also resulted in lower mtROS levels, when compared to the control 

condition [56], while CsA (an MnSOD inhibitor) partially rescued the effect of TUDCA in decreasing 

mtROS levels. Both studies validate the results presented in Figure 4. 20, where exposure to TUDCA 

appears to partially inhibit the generation of mtROS in hiPSC-derived NPs. 

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 12 and 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, that were discussed before. 

To sum up, the results reinforce the possibility that TUDCA is involved in the protection against 

oxidative stress at later stages of this neural commitment process, by decreasing mtROS levels, and 

increasing mtDNA copy number, mitochondrial biogenesis and fusion. However, performing at least an 

additional experiment would be advisable considering statistical significance. 

 

 

Figure 4. 20: Representative quantification of mtROS levels at day 12 of neural commitment of the hiPSC line 

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

performed without medium change (0 hour), and after 1 hour or 6 hours of fresh medium being added. Analysis 

was done by flow cytometry, staining cells with MitoSOX™ Red. Results represent a single experiment. 
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4.7. Influence of TUDCA in energy metabolism during neural commitment 

 

The effect of 10 µM TUDCA on the metabolism of hiPSC-derived NPs along the commitment 

process was evaluated through the specific consumption rate of glucose (Figure 4. 21 A) and the specific 

production rate of lactate (Figure 4. 21 B). The apparent yield of lactate from glucose was also evaluated 

(Figure 4. 21 C). 

The concentration of lactate in the exhausted medium was found consistently above 15 mM from 

day 3 of neural induction onwards (data not shown), for both control and TUDCA conditions. Previous 

studies show that lactate concentrations above 15-20 mM often exert an inhibitory effect on cell growth, 

but such cannot be evaluated with these results [113,114]. However, cell viability assays performed by 

Pinho (2015) showed an increase in the percentage of viable cells and Pax6 positive cells in the 

presence of TUDCA at day 12 of neural commitment. This suggests that TUDCA might partially 

counteract the inhibitory effect of lactate on cell growth [59]. 

The graphics in Figure 4. 21 show that throughout the neural commitment process both glucose 

specific consumption rate and lactate specific production rate are lower in the presence of TUDCA than 

in the control condition. As mentioned before, when hiPSCs differentiate into the neural lineage, there 

is a shift from glycolysis to OXPHOS, lowering the consumption of glucose. In that case, a decrease in 

lactate formation is to be expected as well. 

Indeed, 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 [115–117]. This is in 

accordance with the reduced mtROS levels found in the presence of TUDCA. Nonetheless, a relation 

between reduced lactate formation and lowering of ROS levels by the action of TUDCA, raises the 

question of whether TUDCA interferes in the metabolic pathways cells resort to, for instance promoting 

the use of alternative substrates in addition to glucose [118,119]. 

In terms of apparent yield, one molecule of glucose generates at most two molecules of lactate 

through glycolysis. As such, the maximum apparent yield of lactate from glucose should be two. 

However, Figure 4. 21 C shows yields higher than two when TUDCA is present. This discrepancy might 

be explained by the fact that TUDCA may promote alterations in cellular metabolism. 

Given the results already discussed in this work about the effect of TUDCA at the mitochondrial 

level, one can wonder if TUDCA induces alternative metabolic pathways based on mitochondrial activity. 

  



 

71 

A 

 

B 

 
C 

 
Figure 4. 21: Specific metabolic rates calculated 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. (A) Glucose specific consumption rate, 

qglucose (µMcell-1day-1), and (B) lactate specific production rate, qlactate (µMcell-1day-1). (C) Apparent yield of lactate 

from glucose. Results are presented as the average value of three independent experiments. Error bars represent 

SEM. 
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4.8. TUDCA’s interaction with cyclosporine A on pharmacological rescue and 

its effect on neural rosette number 

 

CsA has an inhibitory action on MnSOD, thus it can be utilized to specifically induce mtROS 

formation. As already stated, CsA can rescue the effect of TUDCA on lowering mtROS levels in mouse 

NSCs [56]. The aim of this part of the work was to evaluate whether TUDCA-induced neural rosette 

number was also dependent on its effect in repressing mtROS in hiPSC-derived NSCs. Of the CsA 

concentrations tested (1.5 to 10 µM), only 1.5 µM CsA guaranteed cell survival. 

Surprisingly, CsA incubation did not demonstrate an inhibitory effect on neural rosette formation, 

instead it displayed an increase on the number of neural structures in the presence of 1.5 µM CsA 

(Figure 4. 22). Albeit not as effective as TUDCA, supplementation of the culture medium with CsA 

appears to have a positive outcome in rising the number of neural rosettes derived from hiPSCs using 

the dual Smad inhibition protocol. In addition, co-incubation of CsA and TUDCA did not promote an 

increase of the number of rosettes, generating a neural rosette number similar to the control condition. 

This solidifies the evidence that CsA rescues the effect of TUDCA, as proposed by Xavier et al (2014). 

It is possible that higher concentrations of CsA (e.g. 3 to 10 µM) are toxic to hiPSC-derived cells, 

but when lowering the concentration and a certain threshold is hit, the effects of CsA on neural induction 

start being positive. Curiously, studies by Hunt et al (2010) and Sachewwsky et al (2014) have indeed 

demonstrated that CsA has direct effects on NSCs and NPs (together termed neural precursor cells, 

NPCs) in the adult CNS. Both groups showed that CsA increases the number and size of neurospheres 

derived from mouse adult brain dissections, and expands the pools of NPCs in mice. Moreover, CsA 

administration is effective in promoting NPC activation, tissue repair and functional recovery in a mouse 

model of cortical stroke [120,121]. 

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 4. 22: Normalized number of counted rosettes per cm2 at day 16 of neural commitment of the hiPSC line 

F002.1A.13, using the dual Smad inhibition protocol, with 0 or 10 μM TUDCA addition. Results are represented as 

the mean of two independent experiments. Error bars represent SEM.  
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5.1. Conclusions 

 

The main objectives of this project were to study the use of TUDCA to expand more efficiently 

hiPSCs in static culture under chemically-defined conditions, and to study the role of TUDCA in the 

neural commitment of hiPSCs also under chemically-defined conditions. The presence of TUDCA in the 

culture media has proven to positively affect hiPSCs and their neural differentiated counterparts. 

With this work, it was possible to conclude that a lower concentration (5 µM) of TUDCA increases 

hiPSC proliferative capacity, and might protect against dissociation-induced apoptosis, as the results 

support a faster cell growth, and higher number of viable cells after successive passages. 

It was also possible to conclude that supplementing neural-inducing medium with 10 µM TUDCA 

increases the number of neural rosettes formed at day 16 of differentiation, independently of cell line 

and differentiation method used, showing the robustness of the bile acid’s effect. 

The addition of 10 µM TUDCA to the differentiation medium also appears to have an effect in 

neural rosette morphology, independently of differentiation medium used. This effect is only noticeable 

in terms of size and not in terms of shape, as the average rosette diameter increases between 

conditions, but no effects are seen on circularity. 

No significant differences in percentage of proliferative cells are seen between the 0 and 10 µM 

TUDCA conditions, during the entire neural commitment process according to the percentage of Ki-67 

positive cells, as well the percentage of Pax6+ cells at day 12. This leads to the conclusion that TUDCA 

has no effect in the proliferation of hiPSC-induced NPs. Yet, considering the enhancing effect that 5 µM 

TUDCA has in the proliferation of undifferentiated hiPSCs, and that previous results with mouse cells 

show that TUDCA increases NSC pool, there is a chance that a different concentration of TUDCA could 

increase NP proliferation. This could signify that different concentrations of TUDCA could translate into 

different targets of action for this bile acid. 

In addition, TUDCA seems to not have an impact in apoptotic events during neural commitment, 

as no differences between 0 and 10 µM TUDCA conditions were found in either the percentage of 

apoptotic cells by day 12, or the expression of DNA repairing protein and anti and pro-apoptotic proteins. 

Indeed, it is possible that the apoptotic events triggered by neural differentiation are not strong enough 

stimuli to warrant the apoptotic-preventing action of TUDCA. 

It also appears that TUDCA has no effect in the loss of pluripotency of hiPSCs during neural 

commitment. However, the expression of neural markers presents slight differences between conditions 

after reaching a peak in expression that need to be further investigated. 

The doubling of mtDNA copy number, in turn, at day 12 of differentiation, coupled with an increase 

in both gene and protein expression of PGC-1α from day 9 onwards, indicates that TUDCA might 

stimulate mitochondrial biogenesis. When comparing conditions for the fusion to fission ratio on day 16, 

TUDCA appears to shift mitochondrial dynamics towards fusion, and could be cause-related to the 

preceding rise in mtDNA copy number at day 12. It also suggests that a more efficient OXPHOS might 

be taking place, perhaps due to a greater quality control of the mitochondria, making these organelles 

more energetically efficient. 
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Notably, the increase in MnSOD relative expression at day 12 for the TUDCA condition could 

translate into the demonstrated lower levels of ROS, thus promoting mitochondrial fusion in detriment 

of fission. It also matches the rise in mtDNA copy number for the 10 µM TUDCA condition, explained 

perhaps by protection against mtDNA damage by oxidative stress. 

Summing up, the results support the hypothesis that TUDCA increases neural rosette formation 

through protection against oxidative stress at later stages of this in vitro neural commitment process. 

These positive effects of TUDCA might rely on its effect in promoting increase of mtDNA copy number 

and mitochondrial biogenesis, to shifting mitochondrial dynamics towards fusion, and to having an 

antioxidant effect. 

 

5.2. Future work 

 

Although this work has demonstrated that TUDCA affects the expansion and neural commitment 

of hiPSCs, given the time constraints for the conclusion of this Master’s thesis, some results come from 

one or two experiments only, and others are not yet statistically significant, needing further validation. 

When considering the use of TUDCA for constructing a more efficient hiPSC expansion method, 

one must make sure that this bile acid does not interfere with the maintenance of pluripotency of the 

cells. In an initial phase, the expression of pluripotency markers must be assessed, for example by RT-

PCR. If no differences are found, then at a later stage, hiPSCs cultured in the presence of TUDCA could 

be used to generate embryoid bodies, and assess if those could generate cells from the three germ 

layers. 

One of the experiments pertaining to neural commitment that was started here, but was not taken 

a step further, was the optimization of the assay with MitoTracker Red CMXRos. Having reached a 

suspected optimal concentration of this probe, it would be of interest to further optimize the assay by 

testing shorter incubation periods, to diminish non-specific staining. Once optimal concentration and 

incubation time were reached, it would be possible to quantify the number of mitochondria per cell by 

pixel quantification, for example. By comparing the control with the TUDCA condition, a result that 

corroborates the increase in mtDNA copy number might be achieved. By allying the previous assay with 

TUDCA marked with a fluorophore, it might also be possible to track the target sites for TUDCA. For 

instance, it would be possible to see if TUDCA directly interacts with mitochondria. 

It would also be relevant to use MitoTracker Red CMXRos to detect mitochondrial damage by 

flow cytometry. Since the labelling with this probe is dependent on mitochondrial membrane potential, it 

would be interesting to quantitively evaluate the role of TUDCA in reducing mitochondrial stress. An 

alternative would be to use the dye 3,3’-dihexyloxacarbocyanine iodide (DiOC6(3)), as it allows the 

detection of mitochondrial membrane depolarization. Another possibility would be using MitoTracker 

Green FM to determine the mitochondrial mass by flow cytometry, as this reagent labels mitochondria 

in a manner that is independent of the membrane potential. These methods could further reveal the 

direct impact of TUDCA on protecting mitochondrial integrity and possibly on stimulating biogenesis. 

To further complement results on the effect of TUDCA in lowering mtROS levels, a flow cytometry 

assay using the probe MitoSOX Red could be used to compare a condition where cells would be 
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exposed to a mtROS inducer and a condition where cells would be exposed to the mtROS inducer and 

TUDCA simultaneously. The exposure to mtROS inducer would increase ROS levels, and if the 

hypothesis of TUDCA protecting NPs against oxidative stress was proven to be correct, then the addition 

of both molecules to the culture medium should lower mtROS levels. 

Finally, in view of the numerous possibilities for TUDCA’s effect, broader analysis like 

transcriptomics or proteomics might be useful to uncover specific targets of this acid that might otherwise 

go unnoticed. 
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Table A. 1: Flow cytometry dot plots for cells stained with the proliferation marker Ki-67 (n=1). Representative and 

overlapped gated populations with proliferative characteristics. Proliferative cell populations with pluripotent 

characteristics: R1 (red) – days 0 and 1. Proliferative committed cell populations: R7 (yellow) - days 9, 12 and 16. 

Day 
Condition 

0 µM 10 µM 

0 
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9 

  

12 

  

16 
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Table A. 2: Flow cytometry dot plots for cells stained with the proliferation marker Ki-67 (n=2). Representative and 

overlapped gated populations with proliferative characteristics. Proliferative cell populations with pluripotent 

characteristics: R1 (red) – days 0 and 1; R4 (light blue) – day 3. Proliferative committed cell populations: R6 (dark 

blue) – day 3; R7 (yellow) - days 9, 12 and 16. 

Day 
Condition 

0 µM 10 µM 

0 

 

 

1 

  

3 

  

9 

  

12 

  

16 
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A 

  

B 

 
  

Figure A. 1: (A) Fold change and (B) 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 were obtained with 

cell counting procedures, and represent a single experiment. 

 

 

Figure A. 2: Relative mtDNA copy number by qRT-PCR, 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. 18S expression was used as 

control. Results are presented as a single experiment performed in duplicate. 
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Figure A. 3: Quantification of Western immunoblotting of mitochondrial proteins – Drp1 and Mnf2 –, 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. 


