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Mesenchymal stromal cells (MSCs) are multipotent adult cells that have become of 

great interest in the field of regenerative medicine. For these cells to be used clinically 

they first need to be culture expanded in vitro. The current use of fetal bovine serum 

(FBS) as a media supplement during cell expansion is undesirable due to concerns 

related to its unknown components, variability, and xenogenicity. Therefore, veterinary 

researchers are working towards a serum free media (SFM) for MSCs similar to what is 

used to expand various human MSCs. When equine cord blood MSCs are cultured in 

human StemPro™ MSC SFM there are significant changes in proliferation and taurine 

metabolism, with a complete absence of taurine in these cells. Supplementing the 

culture media with taurine corrects changes in metabolism and reduces oxidative stress 

yet does not improve the proliferation of these cells. Suggesting that taurine 

supplementation is required in this serum free media but is not the only supplement 

needed for the cells to thrive.  
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1 Review of the Literature  
A section of this review has been adapted from the publication: “Pilgrim CR, McCahill 
KA, Rops JG, Dufour JM, Russell KA and Koch TG (2022) A Review of Fetal Bovine 
Serum in the Culture of Mesenchymal Stromal Cells and Potential Alternatives for 
Veterinary Medicine. Front. Vet. Sci. 9:859025. doi: 10.3389/fvets.2022.859025” 

1.1 Introduction  

Mesenchymal stromal cells (MSCs) hold great potential as a regenerative therapy both 

in human and veterinary medicine (Schwarz et al., 2012). Compared to embryonic stem 

cells, MSCs are easily isolated and lack ethical concerns surrounding use (Gugjoo et 

al., 2019). More recently equine MSCs have been isolated from birth derived tissues 

such as umbilical cord blood and tissue (Koch et al., 2007). To gain clinically relevant 

numbers of MSCs they first need to be cultured in vitro. Current culture systems utilize 

fetal bovine serum (FBS) as a supplement to the culture media to support growth of the 

cells (Koch et al., 2007; Taylor & Clegg, 2011). Yet there have been various concerns 

raised about its use including contamination, variability, and xenogenicity (Gstraunthaler 

et al., 2013; Jochems et al., 2002; van der Valk & Gstraunthaler, 2017). Although FBS 

has been used in mammalian cell culture for decades, these concerns become 

particularly prominent when using MSCs clinically (Gstraunthaler et al., 2013; Longhini 

et al., 2019). Recent research has focused on finding alternatives to FBS in MSC 

culture including species specific serum, platelet lysate, and serum free media (SFM) 

(Chapman et al., 2020; Clark et al., 2016; L. Pezzanite et al., 2021; Russell & Koch, 

2016; Yaneselli et al., 2019). Unfortunately, none of these options have been found to 

be a suitable replacement for FBS. These studies have also emphasized the species 
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differences and tissue source variation in MSCs (Clark et al., 2016; Schwarz et al., 

2012).  

 

Recent work in our lab evaluated the ability of StemProÔ MSC SFM (SFM) to support 

the growth of equine cord blood MSCs (eCB-MSCs). It was found that proliferation of 

MSCs was significantly reduced when cultured in this media and that differences in 

metabolism that exist when MSCs are cultured in serum containing media (SCM) verses 

SFM (Oji, 2020). By better understanding the changes in metabolism that exist between 

eCB-MSCs cultured in these two conditions, we can tailor the SFM to support the 

unique need of eCB-MSCs. To date this work, and the preceding work, are the only 

studies using a metabolomic approach to tailor SFM to MSCs in the equine species. 

 

This study aims to identify differences in the taurine and hypotaurine pathway between 

eCB-MSCs cultured in SCM verses SFM, which was found to be the most drastically 

altered pathway between these two groups. Through this study mRNA expression was 

utilized to identify differences in key enzymes in the taurine biosynthetic pathway and 

transporters of taurine. Taurine supplementation of the SFM will be provided, and its 

effects on taurine metabolism and cellular functionality will be assessed.  

1.2 Mesenchymal Stromal Cells and Regenerative Therapies 

Stem cells are able to differentiate into a wide variety of tissues and are essential for 

endogenous tissue repair in organisms (Gugjoo et al., 2019). Due to this, stem cells 
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have become of great interest for regenerative therapies. Mesenchymal stromal cells 

(MSCs) are a multipotent adult cell that, in addition to self-renewal, can differentiate into 

various cell linages of the mesoderm, such as the musculoskeletal system (Figure 1) 

(Koch et al., 2007; Musiał-Wysocka et al., 2019). In 2005 the terminology was adjusted 

to use the term stromal rather than stem, avoiding misrepresentation toward a 

therapeutic potential which has yet to be rigorously displayed in vitro and in vivo 

(Horwitz et al., 2005; Viswanathan et al., 2019).  As well as their proliferative abilities, 

MSCs have been investigated for immunomodulatory, anti-inflammatory, and anti-

microbial functions (De Schauwer et al., 2013; Spees et al., 2004). More recently there 

has been a shift in thinking on how MSCs function, as well as repairing injury through 

differentiation, these cells also secrete paracrine factors which promote regeneration 

and healing (Gugjoo et al., 2019). When compared to other stem cells, like embryonic 

stem cells, MSCs are particularly useful due to their ease of isolation and absence of 

blastocyst utilization (Gugjoo et al., 2019; Musiał-Wysocka et al., 2019). In 2006, three 

minimum criteria to define MSCs were proposed; adherence to plastic culture flask, 

surface marker expression, and multipotent differentiation (Dominici et al., 2006). MSCs 

were first identified and isolated from bone marrow, now MSCs can be derived from 

adipose tissue and birth derived tissues (Hass et al., 2011; Koch et al., 2007; Pittenger 

et al., 2019). Recently, MSCs from umbilical cord blood were derived in the equine 

species, providing a less invasive method of obtaining MSCs from horses (Koch et al., 

2007). Although MSCs from different sources all meet the same minimum criteria 

outlined by Dominici, there has been noted differences in their proliferative capacities 
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and functionalities. MSCs isolated from umbilical cord blood are functionally very similar 

to bone marrow MSCs and are considered to be a suitable replacement 

(Thaweesapphithak et al., 2019). However, it has been noted that MSCs from birth 

derived tissues may have additional capabilities, compared to MSCs derived from adult 

tissues, such as improved proliferation rate and differentiation capacity (Hass et al., 

2011). As well, cord blood MSCs were shown to be viable at higher passage number 

without displaying senescence when compared to bone marrow and adipose derived 

MSCs (Hass et al., 2011).  Taken with the non-invasive method of collection, this makes 

cord blood MSCs a promising tool for regenerative therapies in the equine species.  

 

Figure 1. A visual representation of the fate of MSCs, they either undergo self-renewal maintaining 
multipotency, or to undergo terminal differentiation. MSCs can be differentiated into cell lines that arise 
from the mesoderm. Commonly this includes chondrocytes, osteoblasts, and adipocytes. Figure adapted 
from Gugjoo et al., 2019. 

 

The use of MSCs in the equine species is a valuable area of investigation due to the 

economic benefits that horses provide both as working animals and as athletes. These 
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regenerative therapies also benefit more than just the equine species. Large animals, 

such as the horse, play a crucial role in the one health initiative, as they provide a better 

translational model to human medicine than rodents (Cequier et al., 2021; De Schauwer 

et al., 2013). Therefore, utilizing MSCs for regenerative therapies shows promise not 

only for equine specific diseases but also as a translational model for human medicine. 

 

Based on existing research from the human field there are several diseases of interest 

in the equine species that have shown to be promising candidates for MSC treatment.  

Some of which include; autoimmune disease such as recurrent uveitis, inflammatory 

diseases such as laminitis, and wound repair (De Schauwer et al., 2013). Researchers 

have found that MSCs show promise in treating all three of these equine diseases 

through their anti-inflammatory, immunomodulatory, and proliferative abilities (Angelone 

et al., 2017; Cequier et al., 2021; Saldinger et al., 2020).  This further establishes their 

potential as a regenerative therapy for the equine species.  

 

A major focus of MSC treatment in the equine species focuses on dysfunction in the 

musculoskeletal system. The musculoskeletal system is the most common source of 

pathologies in horses, and can be detrimental to their athletic career (Cequier et al., 

2021). Beyond this, horses are an effective model for human musculoskeletal diseases. 

In addition to their large size horses, similar to humans, exercise and experience 

musculoskeletal injury as a result (Smith et al., 2014).  A disease of particular interest 

for MSC treatment is osteoarthritis, as it is the most common cause of lameness in 
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horses, with currently no treatment to halt or reverse the progression (Broeckx et al., 

2019; Frisbie, 2005).  Equine joint disease in particular has a history of being an 

effective human translational model, with many current human surgical techniques 

being initially developed in veterinary medicine (Frisbie, 2005). Several studies have 

shown the beneficial effects of either injected MSCs or chondrogenically differentiated 

MSCs in surgically induced equine models of osteoarthritis (Bertoni et al., 2021; 

Broeckx et al., 2019). These results warrant further investigation into MSCs as a 

potential treatment for equine and human osteoarthritis.  

 

MSCs hold great therapeutic potential but to be utilized in vivo they need to be cultured 

in vitro to gain clinically significant numbers. The current culture system for many 

mammalian cells, including eCB-MSCs, utilize media supplemented with FBS (Taylor & 

Clegg, 2011). While FBS does an effective job of supporting cell growth there have 

been many concerns raised surrounding its use.  

1.3 Fetal Bovine Serum Use in Equine MSC Culture  

FBS has been the standard of mammalian cell culture for over 50 years due to its ability 

to support growth and proliferation of majority of cells (Gstraunthaler et al., 2013; Taylor 

& Clegg, 2011). FBS supplementation to basal media is currently used to isolate and 

culture MSCs in vitro to gain clinically significant numbers of cells. FBS is a complex 

biological product which possesses nutrients, growth factors, transport proteins, and 

attachment factors (Fang et al., 2017). Fetal serum provides an advantage over adult 
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serum because of the comparatively low levels of immunoglobulins, which reduces risk 

of inducing an immune response (Hemeda et al., 2014).  

 

While FBS is extremely effective in supporting MSC growth there are challenges 

associated with its use. The main concerns include: variability, contamination, immune 

reactions, and ethical considerations (Gstraunthaler et al., 2013; van der Valk & 

Gstraunthaler, 2017). A major concern with FBS use is that it is a complex biological 

product which has yet to be completely characterized (van der Valk & Gstraunthaler, 

2017). This raises the question of what the important components of FBS are and how 

they impact cellular function (Hayashi & Sato, 1976; Price & Gregory, 1982).  Of the 

known components of FBS, there has been observed variation in composition and 

concentration between production batches (Price & Gregory, 1982; Vojgani et al., 

2018). Variability in FBS batches have been observed since its initial use by Puck and 

colleagues (Puck et al., 1958). There was observed to be differences in cell proliferation 

based on season the FBS was collected (Puck et al., 1958). As well variability in 

component concentrations has been observed which impacts the cells’ proliferation 

(Price & Gregory, 1982; Vojgani et al., 2018). 

 

FBS has been identified to be a source of bacterial, viral, and prion contamination for 

cell culture (Gagnieur et al., 2014; Marcus-Sekura et al., 2011; York, 1977). This is not 

only concerning for in vitro studies but also in translation to clinical models. Batches of 

FBS are filtered and tested for viral contamination, yet the current screening methods 
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have been shown to be inadequate (Gagnieur et al., 2014; Kniazeff et al., 1975; Kozasa 

et al., 2011; Sadeghi et al., 2017). Studies have shown that the rates of contamination 

are higher than what is currently being reported (Gagnieur et al., 2014; Kniazeff et al., 

1975; Kozasa et al., 2011; Sadeghi et al., 2017).  

 

MSCs shifting from in vitro culture to clinical applications raises the concern of host 

immune response upon cell injection. MSCs have been shown to incorporate FBS 

proteins into the cell, which may lead to the formation of antibodies in the host post 

injection (Heiskanen et al., 2007). Horses in particular have been shown to have 

existing antibodies against FBS due to their previous vaccinations which may have also 

utilized FBS (Owens et al., 2016). Studies have found that injecting horses with MSCs 

cultured in FBS resulted in no difference in level of FBS antibodies when compared to 

injected MSCs not grown in serum (Owens et al., 2016; Rowland et al., 2021). However, 

cells cultured without FBS when used clinically showed less edema at the site of 

injection and less cellular death of the MSCs (Rowland et al., 2021). MSCs are also 

known modulators of the immune system, but culture with higher concentrations of FBS 

has been shown to blunt their antimicrobial effect (L. M. Pezzanite et al., 2021; Uder et 

al., 2018). The research surrounding host immune response in FBS raises some 

concerns around its clinical use, but more studies would need to be carried out to fully 

understand the risk associated with injecting MSCs cultured in FBS.  
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Finally, concerns have been raised surrounding the ethics of using FBS in cell culture. 

To obtain FBS, fetuses are first removed from pregnant cows destined for slaughter 

(Jochems et al., 2002). Blood is then extracted directly from the heart via cardiac 

puncture, where it can then be processed to isolate the serum (Hemeda et al., 2014; 

Jochems et al., 2002). In this process there is the potential for the fetus to feel pain, 

which raises ethical concerns surrounding the process (Jochems et al., 2002). However, 

researchers have suggested that the brains of the fetuses would be experiencing anoxia 

and not experience pain (Mellor & Gregory, 2003). Overall, the concerns surrounding 

FBS use are not only a scientific but an ethical problem and substantial enough to 

initiate research into alternatives for its use. 

1.4 FBS Alternatives 

Due to the concerns associated with FBS use in cell culture there has been a push to 

find suitable alternatives to culture MSCs before clinical use. Several different 

approaches have been proposed including autologous or species-specific serum, 

platelet lysate, and serum free media. The use of adult species-specific serum has been 

investigated with respect to MSCs in both the human and equine field to reduce ethical 

and immune concerns associated with FBS. Researchers found that when equine 

MSCs were cultured in adult equine serum that the cells had similar morphology with a 

longer population doubling time (L. Pezzanite et al., 2021). They also found that cells 

grown in FBS verses equine serum were comparable with respect to chondrogenic 

differentiation (L. Pezzanite et al., 2021).  
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Platelet lysate (PL) is another blood product that can be isolated from adult equine 

blood and used to supplement MSC growth media (Russell & Koch, 2016).  PL contains 

essential growth factors which help to support the growth of cells in vitro (Naskou et al., 

2018). Platelet lysate also would reduce ethical and immune concerns associated with 

FBS as it can be isolated from adults of the same species (Hagen et al., 2021; Russell 

& Koch, 2016). Studies done on equine MSCs cultured in PL have shown a dose-

dependent positive effect on proliferation, with one study showing that this dose 

dependent benefit ends at 30% of PL supplementation (Russell & Koch, 2016; Seo et 

al., 2013; Yaneselli et al., 2019). MSC differentiation has been shown to be maintained 

when cultured in equine PL, with immunomodulatory function still needing to be 

assessed (Naskou et al., 2018; Russell & Koch, 2016; Seo et al., 2013).  

 

Serum free media (SFM) uses known components such as transporters, vitamins, and 

growth factors to functionally replace FBS in the culture media. This is an attractive 

alternative to FBS due to its composition being consistent between batches, eliminating 

variability. Additionally, chemically defined serum free media is made so that it is 

completely free of animal or human products. Alternatively, non-chemically defined SFM 

may contain a few known animal products required to promote cellular survival and 

growth. Many commercially available SFM can be purchased, but majority of these have 

been tailored for use in human MSCs (Chase et al., 2010). Researchers have attempted 

to translate commercially available SFM to other mammalian MSCs with varying results 

(Table 1). SFM when used to grow equine MSCs have had mixed results, showing no 
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change in proliferation or a decrease in proliferation (Clark et al., 2016; Schubert et al., 

2018; Schwarz et al., 2012). This discrepancy may be attributed to the different SFM 

utilized in the study or isolation source of the MSCs. Clark and colleagues cultured 

equine bone marrow MSCs in StemProÔ SFM, where Schubert and colleagues utilized 

equine adipose MSCs in StemMACS SFM, and Schwarz and colleagues used equine 

adipose MSCs in UltraCulture SFM. StemPro, StemMACS, and UltraCulture are three 

commercially available SFM with differing composition and cell targets (Table 1). Equine 

adipose derived MSCs have shown to have altered morphology and surface marker 

expression when cultured in SFM (Schubert et al., 2018). Little research has been done 

evaluating differentiation capacity of equine MSCs after being cultured in SFM, with one 

study finding no differences when compared to FBS culture (Schwarz et al., 2012). 

Additionally, one study assessed equine MSC’s immunomodulatory properties and 

found changes in MSCs grown in SFM when compared to SCM (Clark et al., 2016). 

This phenotypic alteration displays how various factors such as cellular source and type 

of commercial SFM utilized can play a role in a cells ability to thrive in a serum free 

environment and should be taken into consideration. Also, this emphasizes the 

importance of ensuring that changes to a SFM does not impact any cellular functioning 

in the MSCs including proliferation, differentiation, and immunomodulation.  
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Table 1. Examples of commercially available serum free media, their intended application, and if they 
have been tested for culturing equine MSCs. 

Product Name Intended 
Application 

Studies in Equine 
MSCs 

BD Mosaic MSC 
Serum-Free 
(BD Biosciences) 

Human BM-
MSC 

None 

Insulin-Transferrin-
Selenium  
(Gibco) 

Mammalian 
Cells 

None 

MesenCult-XF  
(StemCell 
Technologies) 
 

Human BM-
MSC 

None 

NutriStem  
(Sartorius) 

Human MSC None  
 

RoosterNourish-
MSC-XF 
(Rooster Bio) 

Human BM-
MSC 

None  

StemMACS 
(Miltenyi Biotec) 

Human BM-
MSC 

Schubert et al., 2018 

StemPro MSC 
SFM 
(Invitrogen)  
 

Human MSC Clark et al., 2016; Oji, 
2020 
 

TheraPEAK 
(LonzaBiosciences) 

Spodoptera 
Frugiperda 
(Sf9) cells 
 

None 

UltraCULTURE 
(Lonza) 

Mammalian 
Cells 
(variety) 

Schwarz et al., 2012 

 

Presently, there is not a clear alternative to using FBS in equine MSC culture. In the 

interim, while other alternatives are being studied, other modifications have been 

suggested to reduce the negative impacts associated with FBS supplementation. One 
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of which being the reduction of FBS rather than its elimination. FBS is still required for 

MSC isolation and adhesion to the culture flask, due to this a switch in culture 

conditions is required if growing the cells under serum free conditions (Clark et al., 

2016; L. Pezzanite et al., 2021). In equine MSCs when switching culture from FBS to 

equine serum for 72 hours the cells were found to be comparable in viability to ones 

only grown in FBS (L. Pezzanite et al., 2021). Researchers have found that in addition 

to surviving well, switching to a FBS free culture condition for 42-48 hours significantly 

reduced the amount of intracellular FBS proteins (Joswig et al., 2017; Spees et al., 

2004). Thus, reducing the risk of immune response in the host upon injection of MSCs.  

 

While no perfect alternatives for FBS are available for use in equine MSCs there are 

potential strategies that can be utilized to mitigate risk with its use. Working towards a 

serum free culture condition poses challenges. Yet, utilizing what has been learned from 

human medicine can provide a good foundation that can be tailored to the needs of the 

equine species. A key component to optimizing cell culture is understanding the 

metabolic needs of the cell in vitro and how the culture medium supports those needs.  

1.5 Metabolomic Analysis of eCB-MSCs Cultured in SFM 

Previous work in our lab assessed the differences in metabolism between eCB-MSCs 

cultured in SCM verses SFM (StemProÔ MSC SFM), a SFM that has been tailored for 

use in human bone marrow MSCs. Metabolism was investigated as an important aspect 

of in vitro cell culture, since it has been shown to impact cellular function and survival 

(Burnham et al., 2020; Ghosh-Choudhary et al., 2020). It was observed that cells grown 
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in SFM had a significantly increased population doubling time and altered morphology 

when compared to cells cultured in SCM (Oji, 2020). Using metabolomic analysis of the 

spent media, 44 metabolites were found to be significantly different between MSCs 

cultured in SFM when compared to SCM (Oji, 2020). Of these pathways the most 

drastic difference was in the taurine and hypotaurine pathway, where it was present in 

cells cultured in SCM but absent in cells grown in SFM as seen in Figure 2 (Oji, 2020). 

This piqued interest into what was happening to the taurine pathway in these cells and 

the impact this metabolic change could have on the cell.  

 

Figure 2. Pathway fold enrichment from Oji et al 2021. Of 44 metabolites that significantly differed 
changes in the taurine and hypotaurine pathway were found to be the most drastic. While there was 
evidence of taurine and hypotaurine metabolism present in the spent media of eCB-MSCs cultured in 
serum media, there was not in eCB-MSCs cultured in serum free media. This was the only pathway 
where there was a complete absence of pathway enrichment in one of the culture groups.   

1.6 Taurine in Mammalian Cells 

Taurine (2-aminoethanesulfonic acid) is the most abundant sulfur containing amino acid 

in cells of eukaryotes (Grove & Karpowicz, 2017; Wen et al., 2019). It is considered a 
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semi-essential amino acid, where it can be synthesized by mammalian cells but still 

requires absorption from the diet (Bella, Hahn, et al., 1999; Lambert et al., 2015; Surai 

et al., 2021; Tappaz, 2004; Wen et al., 2019). This molecule does not have traditional 

amino acid characteristics, as it lacks a carboxylic acid group and has not been found to 

be incorporated into proteins (Grove & Karpowicz, 2017; Lambert et al., 2015). 

Alternatively, it has been shown to have various other functions in the cell including: 

energy metabolism, volume regulation, and antioxidant functions to name a few (C. J. 

Jong et al., 2012; Tappaz, 2004; Wen et al., 2019).  

 

Taurine concentration varies in different mammalian tissues but generally is in the 

millimolar range of concentration (Lambert et al., 2015). Taurine can be taken up from 

the extracellular environment by transporters or synthesized directly by cells (Tappaz, 

2004). Biosynthesis of taurine occurs in cells utilizing cysteine, a sulfur containing amino 

acid, as the primary substrate, as seen in Figure 3 (Bella, Hahn, et al., 1999; Tappaz, 

2004). Cysteine is oxidized to form cystine sulfinic acid (CSA) by the enzyme cysteine 

dioxygenase (CDO) encoded by the gene CDO1 (Tappaz, 2004).  CSA then undergoes 

decarboxylation to form hypotaurine by enzyme cysteine sulfinic acid decarboxylase 

(CSAD) (Tappaz, 2004). Also utilizing CSA are enzymes GOT1 and GOT2 which 

convert CSA into pyruvate and sulfite instead of continuing through the taurine pathway 

(Stipanuk & Ueki, 2011). The fate of CSA is determined by CSAD, where it has been 

described as the physiological switch to determine if taurine or pyruvate and sulfite will 

be produced from cysteine (Stipanuk & Ueki, 2011).  The conversion of hypotaurine to 
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taurine was initially believed to be oxidized by the enzyme hypotaurine dehydrogenase 

(Jurkowska et al., 2015; Sumizu, 1962). Yet, hypotaurine dehydrogenase remains 

elusive, with evidence showing that the reaction is non-enzymatic in some tissues (Kohl 

et al., 2019; Vitvitsky et al., 2011).  Recent evidence indicates that the conversion from 

hypotaurine to taurine could be facilitated by the enzyme FMO1 (Veeravalli et al., 2020). 

Another study suggests that hypotaurine reacts with hydrogen peroxide to 

spontaneously form taurine (Grove & Karpowicz, 2017). Despite this gap in the 

knowledge, hypotaurine seems to be rapidly converted to taurine in many tissues, and 

the two molecules are often studied together. Evaluation of brain tissue, blood 

components, and semen found that in all cases there was a higher content of taurine 

when compared to hypotaurine (Holmes et al., 1992; Learn et al., 1990; Vitvitsky et al., 

2011). Taurine does not get metabolized further, it is either utilized by the body, 

excreted in conjugation with bile acids, or excreted in urine (Baliou et al., 2021).  

 

Figure 3. A simplified schematic displaying taurine and hypotaurine metabolism. Taurine can be 
produced endogenously by mammalian cells from sulfur containing amino acid such as cysteine. 
Cysteine is converted to cysteine sulfinic acid by cysteine dioxygenase enzyme encoded by the gene 
CDO1. This is then converted to hypotaurine by cystine sulfinic acid decarboxylase encoded by the gene 
CSAD. Finally, hypotaurine is converted to taurine through an undefined mechanism. 
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In many organisms, taurine is not only endogenously produced but also obtained 

through diet (Baliou et al., 2021).  Cellular concentration of taurine is primarily regulated 

by the biosynthetic enzymes previously discussed, and the taurine transporter TauT 

encoded by the gene SLC6A6 (Tappaz, 2004). TauT is a sodium and chloride 

dependent transporter that is part of the solute carrier 6 family, other members of the 

family are primarily responsible for neurotransmitter transport (Lambert & Hansen, 

2011). TauT is responsible for majority of taurine transport, in models where TauT was 

knocked out cells were unable to accumulate intracellular taurine (Lambert & Hansen, 

2011). TauT knockout mice have been shown to have a reduction in tissue taurine 

content between 70-98% when compared to wild type mice (Warskulat et al., 2007). 

TauT also is responsible for the transport of beta-alanine, which can be used as a 

competitive inhibitor and subsequently reduce intracellular taurine content, this is often 

used as a model of cellular taurine depletion (Anderson et al., 2009; C. Jong et al., 

2010).  This emphasizes the important role that TauT and taurine transport plays in 

cellular taurine concentration.  

 

PAT1 is a pH dependent amino acid transporter, encoded by the gene SLC36A1, that 

has been identified as a transporter of taurine in the intestinal brush border (Anderson 

et al., 2009). PAT1 is responsible for the transport of small non-polar amino acids in 

various tissues, including the brain and liver (Metzner et al., 2006).  When compared to 

TauT, PAT1 has been shown to have a much lower affinity for taurine (Anderson et al., 

2009). These two transporters have been shown to collaboratively work to regulate 
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intracellular taurine concentration (Anderson et al., 2009). Once in the cell taurine can 

then exhibit its many actions to support cellular functioning.  

1.7 Taurine’s Role in Oxidative Stress 

One of the notable roles of taurine and hypotaurine is their ability to promote antioxidant 

functioning in the cell, resulting in a reduction of oxidative stress (C. J. Jong et al., 

2021). Oxidants occur naturally in cells as a by-product of aerobic metabolism, their 

accumulation can be pronounced during times of mitochondrial dysfunction 

(Kalyanaraman, 2013). These oxidants are able to react with and damage material 

within the cell, including DNA (Kalyanaraman, 2013). In response to this, cells have 

endogenous antioxidant defense which work to neutralize these oxidants before 

damage is done (Kalyanaraman, 2013). The antioxidant defense includes enzymes 

SOD, CAT, and GPx as outlined in Figure 4. Damage from oxidative stress can occur 

when the rate of production of oxidants exceeds the antioxidant capacity of the cell (da 

Costa Gonçalves et al., 2017).  
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Figure 4. A simplified depiction of cellular antioxidant defense adapted from (Kalyanaraman, 2013). Free 
radicals are a by-product of oxidative phosphorylation in the mitochondria to generate energy for the cell. 
Superoxide free radical depicted by O2• can be converted to hydrogen peroxide by the superoxide 
dismutase (SOD) enzymes. Hydrogen peroxide can then either be converted to water by the glutathione 
peroxide (GPx) group of enzymes or converted to oxygen and water by the enzyme catalase (CAT). 
These enzymes work together eliminate free radicals within the cell. 

Antioxidant functioning is one of the better explored roles of taurine (Baliou et al., 2021; 

C. J. Jong et al., 2012, 2021; Vitvitsky et al., 2011; Wen et al., 2019).  Unlike 

hypotaurine, which has been identified to directly scavenge free radicals, taurine does 

not act as an antioxidant in a traditional way (Fontana et al., 2008; Grove & Karpowicz, 

2017). Taurine instead has been identified to support mitochondrial functioning, which in 

turn reduces oxidative stress in the cell. Taurine is involved in mitochondrial tRNA 

stabilization, through the conjugation with uridine molecules to form 5-

taurinomethyluridine (C. J. Jong et al., 2012, 2021). The enzymes MTO1 and GTPBP3 

are responsible for catalyzing tRNA conjugation with taurine (Tischner et al., 2015). 

These taurine conjugated mitochondrial tRNAs are involved in the translation of 

mitochondrial proteins ND5 and ND6 which are key components of complex I of the 

electron transport chain shown in Figure 5 (C. J. Jong et al., 2012, 2021). When taurine 

is not present there is a decrease in ND5 and ND6 translation and dysfunction in 
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complex I, which has been shown to increase free radical production which in turn 

increases cellular oxidative stress (C. Jong et al., 2017).  

 

In humans taurine deficiency closely mimics the mitochondrial disease mitochondrial 

myopathy, encephalopathy, lactic acidosis, and stroke like episodes (MELAS) (S. W. 

Schaffer et al., 2014). MELAS itself is a mutation in the genes of the mitochondria 

including the tRNAs in which taurine stabilizes by conjugation, in this disease complex I 

of the mitochondrial electron transport chain is also impacted (S. W. Schaffer et al., 

2014). Additionally symptoms of MELAS have been found to be improved by taurine 

supplementation (C. J. Jong et al., 2021; Wen et al., 2019). Research into MELAS and 

the underlying mechanism of the disease has been beneficial in better understanding 

taurine’s role in mammals, particularly in mitochondrial function.  

 

Taurine’s antioxidant function expands past mitochondrial protein translation. Through 

unestablished mechanisms taurine has been show to promote antioxidant enzyme 

functioning such as superoxide dismutase, glutathione peroxidase, and catalase (C. J. 

Jong et al., 2021; Thirupathi & Gu, 2020; Yahyavy et al., 2020). Ince and colleagues 

found that taurine prevented depletion of antioxidant enzymes SOD and CAT, which 

resulted in less need for production of these enzymes (Ince et al., 2017). 
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Figure 5. Simplified image adapted from Jong et al. 2012 displaying taurine’s role in the mitochondria. 
Taurine become incorporated into mitochondrial tRNAs by the enzyme mitochondrial optimization 1 and 
GTP binding protein 3 encoded by genes MTO1 and GTPBP3 respectively. This stabilizes uridine 
molecules creates a conjugated 5-taurinomethyluridine.  tRNAs with the 5-taurinomethyuridine has been 
identified in being involved in the translation of proteins ND5 and ND6 which are key components of 
complex I of the mitochondrial electron transport chain. 

Taurine deficiency in both mouse and cellular models have exhibited mitochondrial 

dysfunction and greater levels of oxidative stress (C. J. Jong et al., 2021). As well 

taurine deficiency has been shown to impair energy metabolism in skeletal muscle, 

liver, heart, and adipose tissue (Wen et al., 2019). Reversing deficiency through 

supplementation has shown to improve the adverse impacts that insufficient taurine 

causes. In muscle overuse models there is a reduction of taurine levels, which results in 

increase in oxidative stress in these cells, but supplementing with taurine was shown to 

prevent these cellular changes (Thirupathi & Gu, 2020).  Taurine deficient fibroblast 

cells were found to have increased oxidative stress, mitochondrial fragmentation, and 

indications of apoptosis (Shetewy et al., 2016). All of these adverse effects were 
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recovered when cells were incubated in media supplemented with 10mM of taurine 

(Shetewy et al., 2016). In myocytes depleted of taurine a reduction in complex I activity 

and increased superoxide production was observed, all of which was recovered through 

supplementation with 5mM of taurine (C. J. Jong et al., 2012).  

 

Most of the challenges associated with taurine deficiency can be recovered through 

supplementation, including oxidative stress. Additionally, taurine supplementation has 

been investigated as a method of treatment for models of oxidative stress independent 

of taurine deficiency. It has been observed that when oxidative stress is present there is 

a higher demand for taurine in the cell (Huxtable, 1992; Oudit et al., 2004; S. Schaffer et 

al., 2002). This research has implicated taurine as a player in antioxidant defense. 

Studies have evaluated taurine’s antioxidant benefits in models of oxidative stress 

unrelated to taurine deficiency. An iron induced model of oxidative stress taurine 

supplementation was found to increase antioxidant enzymes superoxide dismutase, 

glutathione peroxidase, and catalase (Zhang et al., 2014). In a similar model it was 

found that taurine supplementation reduced apoptosis, fibrosis, and oxidative stress in 

iron overloaded murine cardiac cells (Oudit et al., 2004). This effects on oxidative stress 

were believed to have incurred by taurine’s ability to modulate glutathione levels (Oudit 

et al., 2004).  

 

Taurine’s role in antioxidant defense in the cell may be directly or indirectly related to its 

role in mitochondrial functioning, and its mechanism still needs to be further 
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investigated. Despite this it has been established that taurine is key in supporting 

oxidative functioning of the cell and reducing oxidative stress. 

1.8 Taurine’s Role in Apoptosis 

Closely linked to taurine’s ability to promote antioxidant defense is its role in apoptosis 

and cell survival. Apoptosis is a form of regulated death of a cell, that removes 

damaged cells in a controlled manner (Reed, 2000; Teijido & Dejean, 2010). This can 

occur through extrinsic or intrinsic pathways (Reed, 2000). Apoptosis can be initiated by 

various different cellular signals or stressors, one of which being the over production of 

ROS by the mitochondria (Candas & Li, 2014). Oxidative stress triggers the initiation of 

the intrinsic pathway of apoptosis, which is a mitochondrial dependent pathway (Candas 

& Li, 2014; Kuwana & Newmeyer, 2003). The intrinsic pathway of apoptosis (Figure 6) 

is regulated by the Bcl-2 family of proteins, notably anti-apoptotic gene Bcl-2 and pro-

apoptotic gene BAX (Kuwana & Newmeyer, 2003; Reed, 2000). When an apoptotic 

signal is present, BAX oligomerizes and inserts itself into the outer mitochondrial 

membrane, acting as the first committed step to apoptosis (Edlich, 2018; Teijido & 

Dejean, 2010). This complex then triggers the permeabilization of the outer 

mitochondrial membrane, releasing cytochrome c, which initiates the caspase cascade 

resulting in apoptosis (Reed, 2000). Bcl-2 is an anti-apoptotic gene that physically 

interacts with BAX  preventing the permeabilization of the outer mitochondrial 

membrane (Teijido & Dejean, 2010).  Another mechanism of apoptosis initiation has 

been proposed, in this model apoptotic stimuli can lead to release of calcium from 

endoplasmic reticulum stores (Kuwana & Newmeyer, 2003). This influx of calcium 
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causes the mitochondria to swell and ruptures the membrane, leading to the release of 

pro-apoptotic proteins, such as cytochrome c, from the intermembrane space (Kuwana 

& Newmeyer, 2003).  

 

Figure 6. Simplified mechanism of apoptosis via intrinsic pathway and calcium regulation. Bcl-2 and BAX 
are two regulators of apoptosis, when the ratio of Bcl-2 to BAX is low BAX oligomerizes and pores form in 
the outer mitochondrial membrane. Similarly, if there is an influx of calcium into the mitochondria it can 
rupture the mitochondrial membrane. Both disturbances in the mitochondrial membrane will lead to the 
release of pro-apoptotic proteins such as cytochrome c and subsequent activation of the caspase 
cascade which will result in apoptosis. Green arrows indicate the observed effects of taurine on 
apoptosis.  

Taurine has been thought to act as an anti-apoptotic compound through its ability to act 

as an antioxidant, support mitochondrial function, stabilize membranes, and regulate 

intracellular calcium (Chen et al., 2009; Leon et al., 2009). All these functions work in 

different ways to promote cellular and mitochondrial health and inhibit the initiation of 

apoptosis. Taurine has been mainly studied in neural models, due to its high 

concentration in these tissues, and has been shown to have neuroprotective effects 

demonstrated by a reduction in apoptosis(Gao et al., 2011; Leon et al., 2009; Niu et al., 

2018). Using brain injury as a model of apoptosis,  when treated with taurine there was 

a decrease in reactive oxygen species and an increase in the ratio of Bcl-2 to BAX 
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mRNA expression, promoting cellular survival (Niu et al., 2018). In cultured neurons 

taurine reduced the percent of apoptotic cells in a glutamate induced model of 

apoptosis, it did this by again increasing the ratio of Bcl-2 to BAX (Leon et al., 2009).  

Gao and colleagues utilized a bilirubin model of apoptosis, where they found an 

increase in active caspase-3 and an increase in intracellular calcium (Gao et al., 2011). 

When treated with taurine there was not only a reduction in active caspase-3 but also 

reduction in intracellular calcium levels (Gao et al., 2011). These studies have 

established that intracellular taurine plays a role in promoting cell survival and reducing 

apoptosis. More work still needs to be done to determine the mechanism by which 

taurine promotes cellular survival and its connection to the antioxidant properties.  

1.9 Conclusion  

Taurine is an essential component in mammalian cells. Although all its functions have 

not been fully elucidated, its crucial role in cell survival is clear. Based on previous 

metabolomic analysis, there is an absence of taurine and hypotaurine metabolism eCB-

MSCs cultured in StemProÔ SFM. This lack of taurine could have implications on 

mitochondrial function, oxidative stress levels, and rates of apoptosis. By establishing 

the changes in the taurine pathway between these two culture conditions we can 

appropriately supplement the media to support cellular growth, while also gaining insight 

into taurine’s role in MSCs. Although, the taurine and hypotaurine pathway is only one 

of many metabolic pathways that differ when cultured in SFM, more work will still need 

to be done exploring other metabolic differences to tailor this media to the needs of 

eCB-MSCs.  Ultimately working towards a SFM that can support the growth of eCB-
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MSCs and all their functions, this will provide and more reliable and safe culture 

condition for utilizing MSCs for regenerative therapies in the equine species.    
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1.10  Rationale and Hypothesis  

Based on previous metabolomic analysis it is clear that there are changes in taurine and 

hypotaurine metabolism when eCB-MSCs are cultured in StemProÔ MSC SFM, 

compared to SCM (Oji, 2020). Since this is the only metabolic pathway that was found 

to be completely absent in either group, it warrants further investigation.  

 

Taurine is a semi-essential amino acid in mammals, where endogenous production is 

not able to maintain sufficient levels (Froger et al., 2014). Taurine has not been found to 

be involved in protein synthesis like other amino acids (Lambert et al., 2015; Surai et al., 

2021). Yet, literature has shown the negative impact taurine depletion has on cells and 

organisms (C. Jong et al., 2017; Wen et al., 2019). Taurine is involved in membrane 

stabilization, calcium regulation, mitochondrial functioning, and antioxidant defense, to 

name a few (C. J. Jong et al., 2021; Lambert et al., 2015). One of taurine’s best 

documented roles is its ability to support antioxidant defense in the cell (Baliou et al., 

2021; Das et al., 2009; T. R. Green et al., 1991; C. J. Jong et al., 2012, 2021; Surai et 

al., 2021; Vitvitsky et al., 2011; Wen et al., 2019; Yang et al., 2015). It does this through 

two main mechanisms, supporting mitochondrial protein synthesis and promoting 

antioxidant enzymes (C. J. Jong et al., 2012, 2021). In many different in vitro and in vivo 

models, taurine deficiency causes increase in oxidative stress and subsequent 

apoptosis, which can be improved with taurine supplementation (C. Jong et al., 2010; C. 

J. Jong et al., 2012; Shetewy et al., 2016). Additionally, models of oxidative stress and 

apoptosis, independent of taurine deficiency, benefit from taurine supplementation (Das 
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et al., 2009; Higuchi et al., 2012; Lakshmi Devi & Anuradha, 2010; Niu et al., 2018; 

Oudit et al., 2004).  

 

Based on metabolomic analysis and taurine’s previously established role in cellular 

health, further investigation is needed to elucidate changes in the taurine and 

hypotaurine pathway and the impact this has in MSC function.  

 

Hypothesis: 

Equine cord blood MSCs grown in StemProÔ MSC SFM have altered functioning in the 

taurine pathway which is impacting cellular function.  

 

Objectives: 

1) Analyze differences in the taurine biosynthetic pathway between serum and 

serum free media  

2) Assess the impact of taurine supplementation to serum free media on taurine 

biosynthetic pathway 

3) Analyze the utilization of taurine in supplemented serum free media and its 

impact on cellular function  
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2 Chapter One: Differences in the Taurine and Hypotaurine 
Biosynthetic Pathway in Equine Cord Blood Mesenchymal 
Stem Cells Cultured in Serum and Serum Free Media 

2.1 Introduction 

MSCs have become a very promising form of cell therapy due to their ease of isolation, 

immunomodulatory properties, and differentiation capabilities (Musiał-Wysocka et al., 

2019). In addition to self-renewal, MSCs are able to differentiate into a variety of 

different cell types including adipocytes, osteocytes, and chondrocytes (Gugjoo et al., 

2019). Particularly in the equine species, MSCs have become of great interest in 

treatment of joint diseases and as a translational model for human medicine (Cequier et 

al., 2021; De Schauwer et al., 2013). For these cells to be utilized in vivo they need to 

first be expanded in vitro to achieve therapeutic doses. Current culture conditions for 

expansion of equine MSCs requires a media that is supplemented with FBS to support 

cellular growth.  

 

The use of FBS in the culture of MSCs although extremely effective, has raised many 

concerns surrounding its consistency, immunogenicity, and ethical considerations (van 

der Valk & Gstraunthaler, 2017).  Due to these concerns, there has been a push to 

move towards serum free alternatives for the culture of MSCs. There are many 

components of FBS that have been identified as beneficial to mammalian cell culture 

such as attachment factors, growth factors, and nutrients (Fang et al., 2017). Yet, the 

major challenge in finding an alternative for FBS is the fact that it is a complex biological 

product, with many components that have yet to be characterized (Devireddy et al., 
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2019). This gap in the knowledge is limiting due to uncertainty surrounding components 

in FBS and how they interact and contribute to supporting MSC growth.  

 

Many alternatives for FBS have been proposed including platelet lysate, species 

specific serum and serum free media. These alternatives have had varying levels of 

success, and are not yet capable of completely replacing FBS (Clark et al., 2016; 

Naskou et al., 2018; L. Pezzanite et al., 2021; Russell & Koch, 2016). The most 

straightforward solution to addressing the concerns with FBS in equine regenerative 

medicine would be to utilize an existing SFM for equine MSC culture. A challenge with 

this is that most of the SFM available have been tailored for use in human bone marrow 

MSCs (Chase et al., 2010). When these commercially available SFM are translated to 

cell types from domestic animals there has been changes noted in proliferation and 

functionality of the cells (Clark et al., 2016; Devireddy et al., 2019; Schubert et al., 2018; 

Schwarz et al., 2012). This emphasizes the species-specific differences that can occur 

in the culture requirements of different MSCs.  

 

Recent work in our lab has investigated the impact StemProÔ MSC SFM has on the 

culture of equine cord blood MSCs (eCB-MSCs), StemProä will now be referred to as 

SFM. This SFM had been previously used on equine bone marrow MSCs and was 

found to effectively support proliferation on these cells (Clark et al., 2016). When this 

media was used to culture eCB-MSCs we found a significant differences in proliferation 

and cellular morphology (Oji, 2020). From this we wanted to identify any differences in 
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metabolism occurring between cells grown in SFM and serum containing media (SCM). 

Metabolomic analysis was performed on the spent media and identified 44 metabolites 

that significantly differed between the serum and serum free conditions (Oji, 2020). 

Through pathway analysis it was found that although there were differences in many 

pathways, the most drastic change was within the taurine and hypotaurine pathway, 

being present in cells grown in SCM but not SFM (Oji, 2020).  

 

Taurine is the most abundant sulfur containing amino acid in mammalian species 

(Grove & Karpowicz, 2017; Wen et al., 2019). It is a semi essential amino acid which 

can be produced by cells or taken up from the extracellular environment (Bella, Hahn, et 

al., 1999; Bella, Hirschberger, et al., 1999; Tappaz, 2004; Wen et al., 2019). Taurine is 

produced from cysteine by enzymes Cystine Dioxygenase (CDO1) and Cysteine 

Sulfinic Acid Decarboxylase (CSAD) (Tappaz, 2004). Hypotaurine is then converted to 

taurine through a mechanism which is yet to be fully elucidated (Grove & Karpowicz, 

2017; Kohl et al., 2019; Veeravalli et al., 2020; Vitvitsky et al., 2011). Cysteine sulfinic 

acid, a key metabolite in taurine and hypotaurine production, can also be utilized by the 

enzyme GOT1 and GOT2 to produce pyruvate and sulfite (Stipanuk & Ueki, 2011). 

Taurine can be absorbed from the environment through Protein Coupled Amino Acid 

Transporter (PAT1) and Taurine Transporter (TauT) (Anderson et al., 2009; Lambert et 

al., 2015; Lambert & Hansen, 2011; Tappaz, 2004).  

 



 

 

32 

 

This study attempts to elucidate differences in the taurine and hypotaurine biosynthetic 

pathway and transport of these amino acids between eCB-MSCs grown in serum 

containing verses serum free media. The goal of this study is to better understand the 

difference in metabolism of taurine between the two culture conditions of eCB-MSCs. 

Through better understanding of the metabolic differences between these two groups 

can help to effectively tailor existing SFM to the culture of eCB-MSCs.  

2.2 Materials & Methods  

Chemicals and Reagents  

Unless otherwise stated all chemicals were purchased from Sigma-Aldrich (Burlington, 

ON, CA). PCR primers were purchased from Laboratory Services (University of Guelph, 

ON).  

 

Cell Culture  

Previously frozen and thawed eCB-MSCs at passage four were seeded at 5000 cell/cm2 

in culture flasks with DMEM (Wisent Inc.) containing 10% FBS (Gibco, Lot #: 2051543), 

Penicillin and Streptomycin (10,000 U/mL) (Wisent) and L-Glutamine (100 mM) 

(Wisent). Cells were cultured for 24 hours to allow adherence to the culture flask. After 

24 hours of initial culture the cells were washed 3 times with 1x PBS (Wisent) and 

introduced into experimental conditions either StemProÔ MSC SFM (Gibco) or DMEM 

containing 10% FBS (Wisent). StemProÔ MSC SFM will now be referred to as SFM 

and DMEM with 10% FBS SCM. Cells were cultured in new conditions for 72 hours at 
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38°C and 5% CO2 in air. After 72 hours in the new conditions cells were dissociated with 

0.25% trypsin (Wisent).   

 

Population Doubling Time  

Cells (n=5) were stained with trypan blue (Gibco) at a 5x dilution and counted at 10x 

magnification using a hemocytometer, cells on lines were counted. Cells were counted 

three times for technical replicates and averaged. Growth rate was calculated with gr 

=ln(N(t)/N(0))/t, where N(t) is the cell number at a given time, N(0) is the cell number at 

time zero, and t is the amount of time in days. Using a seeding density of 5000 cells/cm2 

giving the cell number at time zero.  Population doubling time was then calculated using 

the PDT = ln(2)/gr, using the growth rate calculated from the previous equation.  

 

Cell Morphology 

Cells (n=5) were visually assessed by observation under EVOS microscope. The entire 

culture flask was visualized and compared between conditions. Representative images 

were taken on EVOS microscope at 4X and 10X magnification. 

 

Mass Spectrometry 

Cell samples and spent media samples (n=3) at 72 hours of culture were snap frozen 

and stored in -80°C freezer until time of analysis. Analysis was completed by the 

Metabolomic Innovation Center (Hamilton, ON and Calgary, AB). Spent media taurine 



 

 

34 

 

levels were assessed by Direct Injection Mass Spectrometry. Intracellular taurine levels 

were assessed by Capillary Electrophoresis Mass Spectrometry.    

 

Primer Design and Reference Gene Selection 

Primers were designed to target all transcript variants of the selected genes using 

Primer Blast (Appendix 1). Standard curves were generated via RT-PCR using CFX 

MaestroÔ Software (Bio-Rad), and efficiencies of 90-120% were accepted. Primers 

were validated through DNA sequencing (Laboratory Services, University of Guelph) of 

PCR products which were purified using QIAquick PCR Purification Kit 

(Qiagen). Candidate references genes were assessed using geNorm (qbase+ Software, 

Biogazelle). Two reference genes were selected based on lowest geNorm M value as 

an indicator of stability, with selected M values being below 0.5 (Appendix 2).  

 

RNA Extraction and RT-qPCR 

RNA was extracted from cells (n=6) at 72 hours using the RNeasy Mini Kit (Qiagen) 

following the manufacturer’s instructions. On column DNase treatment was performed 

using RNase Free DNase (Qiagen).  RNA concentration was quantified using a 

Nanodrop Spectrophotometer. cDNA was generated using qScript Supermix 

(Quantabio) at 1000 ng/µL of RNA. cDNA was diluted to achieve 5 ng/µL of cDNA. 

qPCR was performed using 5 µL EvaGreen SsoFast (Bio-Rad), 1000 nmol of forward 

primer and 1000 nmol of reverse primer (Laboratory Services, University of Guelph), 2 

µL of cDNA, and the remaining volume RNase free water (Qiagen) in each well. 
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Samples were cycled 95°C for 2 minutes, 95°C for 10 seconds, and 60°C for 30 

seconds and repeated 45 times followed by a melt curve.  Reaction was completed in a 

Bio-Rad Thermocycler Relative expression was quantified on CFX MaestroÔ Software 

(Bio-Rad) using the DDCt method with expression normalized to reference genes ACTB 

and SOX9.  

 

Statistical Analysis  

SPSS (IBM Corporation) was used for statistical analysis. Distribution of data was 

assessed using the Shapiro-Wilk test for normality. If normally distributed students t-test 

was used with a two-sided p < 0.05 being considered significant. If not normally 

distributed, non-parametric Mann Whitney U test was used with a p < 0.05 being 

considered significant.  

2.3 Results 

Proliferation of eCB-MSCs Cultured in SCM verses SFM  

There was found to be a significant increase (p = 0.02) in population doubling time in 

cells grown in SFM when compared to SCM (Figure 7). The SFM cells required 

approximately 1.5 times the length of time to achieve the population numbers of the 

SCM group.  
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Figure 7. Population doubling time results of eCB-MSCs cultured in SCM verses SFM for 72 hours. 
MSCs cultured in SFM had a significantly increased population doubling time when compared to SCM. 
Significance denoted with a star when p<0.05. Data expressed as mean ± SEM; (n=5). 

 

Cell Morphology of eCB-MCS Cultured in SCM verses SFM 

It was visually observed that there were less dense cell population when cultured in 

SFM compared to SCM. These cells also appeared to have altered morphology with 

less spindle formations compared to cells cultured in SCM (Figure 8).  
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Figure 8. Morphological assessment of eCB-MSCs in SFM or SCM at 4X and 10X magnification. MSCs 
cultured in SFM showed less cells present with less spindle formations compared to culture in SCM. 
Scale bars = 500um. 

Assessment of Plain Media and Intracellular Levels of Taurine  

 It was found that cells grown in SCM had an average of 2.44 µM of taurine 

intracellularly, when grown in SFM cells had taurine levels that were below the 

instrument’s level of detection, being less than 0.5uM (Table 2). These values were 

normalized to 1E5 cells where a minimum of 1.5E5 cells were assessed.  
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Assessing spent media raw data from previous metabolomic analysis it was found that 

while taurine was present in the SCM at 16.1 µM it was below level of detection in the 

SFM.  

Table 2. Intracellular and plain media levels of taurine. Intracellular concentrations corrected to cell 
quantity of 1E5. Minimum of 1.5E5 cells quantified. Data presented as average +/- SEM (n=3). <LOD 
indicates below level of instrumental detection which is 0.5uM. 

Media Type MSC Intracellular Taurine 
Concentration (µM)  

Plain Media Taurine 
Concentration (µM) 

Serum Media 2.44 ± 0.3 16.1 ± 0.4 

StemProÔ MSC SFM  <LOD <LOD 

 

Transcript Abundance of Enzymes in the Taurine and Hypotaurine Biosynthetic 

Pathway and Other Associated Pathways 

Enzymes of the taurine biosynthetic pathway Cystine Dioxygenase (CDO1) and Cystine 

Sulfinic Acid Decarboxylase (CSAD) we assessed (Figure 9). There was found to be no 

significant difference (p=0.9) in the expression of CDO1 in eCB-MSC between the SCM 

and SFM groups at 72 hours. The expression of CSAD, the rate limiting enzyme of the 

pathway, was significantly increased (p=0.03) in eCB-MSCs at 72 hours of culture in the 

SFM when compared to SCM.  
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Figure 9. Transcript abundance of CDO1 and CSAD in eCB-MSCs cultured in SCM or SFM at 72 hours. 
Significance denoted by a star indicates p<0.05. Data represented as mean ± standard error of the mean; 
(n=6).  

Since there was a change noted in the expression of CSAD, we wanted to assess other 

pathways utilizing the common substrate CSA, the most common being the enzyme 

Glutamic-oxaloacetic transaminase, GOT1 and GOT2. These enzymes utilize CSA to 

create sulfite and pyruvate. However, there was no difference found in the expression of 

GOT1 (p=0.8) or GOT2 (p=0.25) between SCM and SFM (Figure 10).  

 

Figure 10. Relative expression of GOT1 and GOT2 in eCB-MSCs cultured in SCM or SFM for 72 hours. 
Data represented as mean ± standard error of the mean; (n=5). 

Genes encoding taurine transporters PAT1 (SLC36A1) and TauT (SLC6A6) were 

assessed for gene expression changes between SCM and SFM (Figure 11). No 
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difference was observed in expression either transporter PAT1 (p=0.1) and TauT 

(p=0.2) in eCB-MSCs cultured in SCM verses SFM.  

 

Figure 11.  Relative expression of PAT1 and TauT in eCB-MSCs cultured in SCM or SFM. Data 
represented as mean ± standard error of the mean; (n=6) and (n=4) respectively. 

2.4 Discussion 

Concerns raised about utilizing FBS in the culture of MSCs has initiated researchers to 

investigate alternative supplements to support MSC growth. One potential solution is to 

utilize SFM that have been tailored for use in human MSC culture. This study aimed to 

identify differences in the hypotaurine and taurine pathway between eCB-MSCs grown 

in SCM verses SFM. This was based on previous spent media metabolomic 

assessment which showed drastic differences in hypotaurine and taurine metabolism 

between MSCs grown in SCM verses SFM (Oji, 2020). While there were many 

pathways that differed between the cells grown in SCM vs SFM the difference between 

the taurine and hypotaurine pathway was the most drastic, being completely absent in 

eCB-MSCs cultured in SFM (Oji, 2020). Taurine has been observed to have many 

functionalities that are important to cellular survival including supporting mitochondrial 

function, membrane stabilization and calcium regulation (C. J. Jong et al., 2012; 
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Tappaz, 2004; Wen et al., 2019). Deficiency of taurine could have detrimental effects 

and has been associated with mitochondrial dysfunction and increase in cellular 

oxidative stress in cardiomyocytes (C. J. Jong et al., 2012).  

 

When cultured in SFM eCB-MSCs have a significant increase in population doubling 

time and altered morphology when compared to SCM. This differs from what Clark and 

colleagues found, where they observed no significant changes in population doubling 

time in equine MSCs cultured in the same SFM, but noted other changes in cell 

functionality (Clark et al., 2016). This difference could be due to the source difference of 

the MSCs, in this study utilized MSCs were isolated from equine cord blood, while Clark 

and colleagues utilized bone marrow derived equine MSCs (Clark et al., 2016). Since 

StemPro MSC SFM has been optimized to grow human bone marrow MSCs this could 

explain why it would perform better in equine MSCs isolated from the same source, and 

emphasize the importance of considering source variation in addition to species (Chase 

et al., 2010; Viswanathan et al., 2019). This further confirms the need to understand the 

specific metabolic requirements for eCB-MSCs. 

 

To confirm spent media analysis intracellular level of taurine were assessed in eCB-

MSCs cultured in SCM verses SFM. Cells grown in SFM were deficient in taurine 

compared to the cells cultured in SCM, suggesting these cells are not able to produce 

enough taurine to support cellular functioning when grown in SFM. It was also observed 

that SFM is lacking in taurine when compared to SCM. Therefore, these cells are not 
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able to take taurine up from the environment when cultured in SFM. Taurine is known to 

be a semi-essential amino acid meaning that most mammals are able to produce 

taurine, but not to a sufficient level for normal functioning and require supplementation 

through the diet (Froger et al., 2014; Surai et al., 2021). The eCB-MSCs when cultured 

in SFM were deficient in taurine and unable to take any up from the environment due to 

its absence in SFM. From this we wanted to further investigate the capacity for eCB-

MSCs to synthesize taurine in SFM compared to SCM.   

 

To better understand why this difference in taurine levels exist, mRNA expression 

analysis was used to examine the role of key enzymes in the taurine and hypotaurine 

pathway between these two groups. The two enzymes involved in the main pathway of 

taurine biosynthesis, CDO1 and CSAD were investigated. There was no change in 

CDO1 transcript abundance between SCM and SFM. This was not surprising as 

previous reports have shown that CDO1 activity is regulated at the level of protein not 

mRNA (Stipanuk & Ueki, 2011; Ueki & Stipanuk, 2007). In addition, CDO1 levels have 

been shown to be influenced by the content of sulfur amino acids such as cysteine or 

methionine instead of taurine levels (Bella, Hahn, et al., 1999; Bella, Hirschberger, et 

al., 1999; Stipanuk & Ueki, 2011). In contrast, a significant increase in CSAD transcript 

levels were observed in eCB-MSCs grown in SCM verses SFM. CSAD mRNA levels 

have been shown to parallel CSAD protein levels in many tissues, with the exception of 

the rat kidney, suggesting that at the protein level it is likely to see a similar increase in 

CSAD expression (Ueki & Stipanuk, 2007). CSAD is  the rate limiting enzyme in taurine 
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biosynthesis making it a key regulator of taurine and hypotaurine concentration, a 

taurine deficient state there is an increase in CSAD expression (Rentschler et al., 1986). 

CSAD has been previously described as the physiological switch determining the fate of 

cysteine sulfinic acid (CSA) (Bella, Hahn, et al., 1999; Bella, Hirschberger, et al., 1999; 

Ueki & Stipanuk, 2007). CSA can either be converted to hypotaurine by CSAD or 

converted to pyruvate and sulfite by the enzymes GOT1 and GOT2 (Stipanuk & Ueki, 

2011). Both isoforms of the GOT enzyme were assessed, GOT1 is localized in the 

cytoplasm where GOT2 is localized in the mitochondrial matrix (Mellis et al., 2021). The 

transcript levels of GOT1 and GOT2 was not different in cells cultured in SCM verses 

SFM. This indicates that there isn’t an increased need for CSA to be converted to 

pyruvate and sulfite which would divert CSA from taurine production. We believe that 

this increase in CSAD is signaling a need for increased taurine production in these cells 

based on the changes in mRNA expression and the lack of taurine present within the 

cell. This increase in CSAD expression would consume CSA in the taurine and 

hypotaurine pathway to replenish taurine concentration rather than utilizing it for 

pyruvate and sulfite production.   

 

Transporter expression was also assessed to determine their role in the dysfunction of 

the taurine pathway. The two main transporters of taurine into the cell are PAT1 and 

TauT (Lambert & Hansen, 2011; Tappaz, 2004). There was no significant difference in 

taurine transporter transcript levels between eCB-MSCs cultured in SCM verses SFM, 

suggesting that if taurine was present in the media the cells cultured in SFM should be 
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able to utilize it.  Analysis of the plain media of both SCM and SFM revealed that taurine 

is present in SCM and absent in SFM.  Further investigation should be done to 

determine if taurine, when supplemented to SFM, is utilized and beneficial to cellular 

functioning of eCB-MSCs.   

 

Overall, the results suggest that there is no dysfunction in the taurine and hypotaurine 

biosynthesis pathway in eCB-MSCs that would result in a lack of taurine production. 

Alternately, there is a significant increase in the gene expression of rate limiting enzyme 

of taurine biosynthesis suggesting an increased need for taurine production in these 

cells. Additionally, there was no difference in taurine transporter transcript abundance 

between cells cultured in SCM verses SFM. This indicates that there should be no 

differences in taurine transport and MSCs grown in SFM should be able to utilize taurine 

if provided in the media. This indicates that the reason for absence of taurine in eCB-

MSCs is likely due to the absence of taurine in the SFM. Since this is only looking at 

changes existing at the gene expression level further investigation should be done to 

look at protein expression and transporter functionality. Based on this information 

taurine supplementation would be beneficial in supporting the taurine biosynthesis 

pathway and intracellular taurine content in eCB-MSCs cultured in StemProÔ MSC 

SFM.  

2.5 Conclusion 

This study found that eCB-MSCs when cultured in StemProÔ MSC SFM show 

significant increase in population doubling time and altered morphology when compared 
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to SCM. Previous metabolomic analysis indicated differences in the taurine and 

hypotaurine metabolic pathway which was confirmed in this study. There was complete 

absence of taurine in the cells cultured in SFM as well as a significant increase in the 

biosynthetic enzyme CSAD when compared to SCM. This shows that eCB-MSCs may 

benefit from taurine supplementation when cultured in SFM to correct these metabolic 

differences and improve cellular functioning.  
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3 Chapter Two: The Role of Taurine and Taurine 
Supplementation in The Functionality of Equine 
Mesenchymal Stem Cells Cultured in StemProÔ MSC SFM 

3.1 Introduction 

Mesenchymal stromal cells hold great promise as a future regenerative therapy. To 

obtain clinically significant numbers these cells need to be cultured in vitro. The current 

culture system for equine MSCs requires the supplementation of FBS to the culture 

media (Koch et al., 2007a; Taylor & Clegg, 2011). This raises concerns about the safety 

and consistency of using a biological product in MSC culture, due to variability, 

xenogeneic proteins, and contamination (Gstraunthaler et al., 2013; Jochems et al., 

2002; van der Valk & Gstraunthaler, 2017). Efforts have been made to identify different 

culture supplements to support MSC growth, including platelet lysate, species specific 

serum, and serum free media (Clark et al., 2016; L. Pezzanite et al., 2021; Russell & 

Koch, 2016). Recent work in our lab identified that culturing eCB-MSCs in StemProÔ 

MSC SFM (SFM) was not as effective as SCM, showing a significant increase in 

population doubling time and changes in cell morphology (Oji, 2020). Spent media was 

assessed by metabolic analysis to evaluate how the culture conditions were affecting 

cellular metabolism. It was found that there were 44 significantly different pathways 

expressed between cell cultured in SFM compared to SCM the most drastic being 

taurine and hypotaurine metabolism (Oji, 2020). The taurine and hypotaurine pathway 

were found to be present in cells cultured in SCM but absent when grown in SFM (Oji, 

2020). We previously observed changes in gene expression in cystine sulfinic acid 

decarboxylase, the rate limiting enzyme of taurine biosynthesis, and an absence of 
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intracellular taurine when eCB-MSCs were cultured in SFM. Thus, confirming that there 

are significant changes in taurine metabolism when cultured in StemProÔ MSC SFM.  

 

Taurine is a semi essential sulfur containing amino acid, that can be produced 

intracellularly from cysteine or taken up from the environment (C. J. Jong et al., 2012; 

Lambert et al., 2015). The majority of mammals are able to synthesized taurine, but still 

require uptake from the diet to maintain required intracellular levels (Baliou et al., 2021). 

Taurine can be endogenously produced from cysteine by enzymes cystine dioxygenase 

(CDO1) and cysteine sulfinic acid decarboxylase (CSAD) (Tappaz, 2004).  In addition to 

endogenous production, it can be taken up from the extracellular environment primarily 

by the taurine transporter (TauT) and to a lesser extent by the beta amino acid 

transporter (PAT1) (Lambert & Hansen, 2011; Tappaz, 2004; Warskulat et al., 2007).  

While taurine has not been found to be involved in protein synthesis, it has various other 

roles in the cell including oxidative functioning, energy production, membrane 

stabilization, and calcium regulation (Lambert et al., 2015; Tappaz, 2004; Wen et al., 

2019).  

 

Taurine has been established as a regulator of oxidative functioning and is often 

referred to as an antioxidant in the literature (C. J. Jong et al., 2021; Niu et al., 2018; 

Yang et al., 2015). Yet, it is not been shown to scavenge and quench free radicals in the 

same way as traditional antioxidant molecules do (Aruoma et al., 1988). Hypotaurine, 

similarly to other antioxidant molecules, has been shown to directly react with 
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superoxide radicals and hydrogen peroxide to neutralize them (Aruoma et al., 1988; 

Grove & Karpowicz, 2017).  In contrast, taurine has been shown to promote 

mitochondrial function through stabilizing mitochondrial tRNAs that are responsible for 

the translation of key proteins for complex I of the mitochondrial electron transport 

chain, which in turn supports cellular mitochondrial and oxidative functioning (C. J. Jong 

et al., 2012, 2021). Taurine undergoes conjugation with mitochondrial tRNAs facilitated 

by the enzymes mitochondrial optimization 1 (MTO1) and GTP binding protein 3 

(GTPBP3) (Tischner et al., 2015). As well through undefined mechanisms taurine has 

been shown to support the functioning of antioxidant enzymes such as GPX, CAT, and 

SOD (C. J. Jong et al., 2021; Thirupathi & Gu, 2020; Yahyavy et al., 2020). Despite the 

unclear mechanism, taurine has been well documented in supporting antioxidant 

functioning in the cell in various models of oxidative stress (C. J. Jong et al., 2012; Oudit 

et al., 2004; Shetewy et al., 2016; Zhang et al., 2014).  

 

Both directly and indirectly to its oxidative function, taurine has been shown to modulate 

levels of cellular apoptosis. ROS overproduction and mitochondrial dysfunction both act 

as a signal to induce cellular apoptosis through the intrinsic apoptotic pathway (Candas 

& Li, 2014; Lakshmi Devi & Anuradha, 2010; Takahashi et al., 2004). Taurine has been 

shown to reduce apoptosis by reducing level of ROS that act as an apoptotic signal 

(Candas & Li, 2014; C. Jong et al., 2017). Additionally, taurine has been shown to 

modulate key regulators of the intrinsic mitochondrial pathway, increasing anti-apoptotic 

Bcl-2 and reducing pro-apoptotic BAX (Leon et al., 2009; Niu et al., 2018). When there 
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is an increase in ratio of Bcl-2 to BAX, this prevents the permeabilization of the outer 

mitochondrial membrane inhibiting the release of pro-apoptotic proteins from the 

mitochondria (Reed, 2000; Teijido & Dejean, 2010).  Independent of its ability to 

reduced oxidative stress taurine has also been shown to modulate apoptosis through 

regulating calcium concentration (C. J. Jong et al., 2011). Taurine has been previously 

shown to regulate cellular calcium levels (Huxtable, 1992). With an influx of calcium into 

the mitochondria it can undergo swelling and cause the membrane to rupture, releasing 

the same pro-apoptotic proteins which initiate the caspase cascade leading to apoptosis 

(Gao et al., 2011; Kuwana & Newmeyer, 2003). Through unidentified mechanisms 

taurine has been shown to improve levels of apoptosis in various models (Gao et al., 

2011; C. J. Jong et al., 2011; Lakshmi Devi & Anuradha, 2010). 

   

In eCB-MSCs cultured in SFM there is an absence of intracellular taurine. Due to this it 

is hypothesized that these cells will have higher rates of ROS and apoptosis. It is also 

hypothesized that supplementing the SFM with taurine will recover these cellular 

changes, improving levels of ROS and subsequently reducing apoptosis.   

3.2 Materials & Methods  

Chemicals and Reagents  

As previously described in chapter one  
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Cell Culture  

As previously described in chapter one with the addition of third culture media group 

StemProÔ MSC SFM (Gibco) supplemented with 5mM of taurine. Concentration of 

taurine was chosen based on previous work done in our lab and concentrations used in 

the literature (C. J. Jong et al., 2012; Oji, 2020).  

 

Population Doubling Time, Cell Morphology, Primer Design and Reference Gene 

Selection, RNA Extraction and RT-qPCR 

As previously described in chapter one  

 

Taurine Uptake from Media  

Spent media (n=3) was collected from culture flask after 72 hours in culture. Media was 

aspirated and filtered using a 0.22 µm pore size syringe filter. Media was snap frozen in 

liquid nitrogen and stored in - 80°C freezer until use.  Taurine uptake from the culture 

media was assessed using Taurine Colorimetric Assay (Abcam) following 

manufacturer’s instructions, samples were filtered using a 10 kD spin filter. Taurine 

levels in spent media were compared to three different samples of plain SFM 

supplemented with 5mM taurine. Taurine levels of spent media were subtracted from 

plain media levels to obtain a change in taurine through 72 hours in culture.  
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Reactive Oxygen Species detection by 2',7'-dichlorodihydrofluorescein diacetate 

(H2DCFDA) staining 

Cells (n=3) were dissociated from the culture flask at 72 hours and resuspended in pre 

warmed 1X PBS (Wisent). CM-H2DCFDA stain (Invitrogen) referred to as DCF was 

dissolved in DMSO to make a 1mM solution. Cells were stained at a dye concentration 

of 2.5µM for 30 min at room temperature in the dark. Cells were then washed with 1X 

PBS (Wisent) and strained through a 40µm cell strainer (VWR) before being assessed 

by flow cytometry. Mean fluorescent intensity was measured on a BD Accuri Flow 

Cytometer which was calibrated daily. An unstained control was assessed to correct for 

cellular autofluorescence, and a positive control was creating by treating with 20uL of 

hydrogen peroxide in 2mL of serum containing media for 20 minutes. Data was 

analyzed on FlowJo software (BD Biosciences) and presented as mean fluorescence 

intensity ± standard error of the mean.  Representative images were taken on the EVOS 

fluorescent microscope with Hoechst stain used to identify cell nuclei.  

 

Mitochondria Detection by MitoTrackerTM Red Staining 

Cells (n=4) were dissociated from the culture flask at 72 hours and resuspended in pre-

warmed 1X PBS (Wisent). MitoTrackerÔ Red (Invitrogen) stain was dissolved in DMSO 

to make 1mM stock solution. Cells were stained at a dye concentration of 600nM for 15 

min at room temperature in the dark. Cells were then washed with 1X PBS (Wisent) and 

strained through a 40µm cell strainer (VWR) before being assessed by flow cytometry. 

Mean fluorescent intensity was measured on a BD Accuri Flow Cytometer which was 
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calibrated daily. Unstained controls were assessed to correct for cellular 

autofluorescence, 40uM of Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone 

(FCCP) for 20 minuets was used as a positive control, it is a known disruptor of 

mitochondrial membrane potential. Data was analyzed on FlowJo software (BD 

Biosciences) and presented as mean fluorescence intensity ± standard error of the 

mean. Representative images were taken on the EVOS Fluorescent Microscope with 

Hoechst stain used to identify cell nuclei. 

 

Annexin V-FITC Evaluation of Apoptosis 

Spent media was collected and cells (n=3) were isolated from culture flask at 72 hours 

using TrypLE (Gibco) dissociation reagent. Cells were stained using Annexin V-FITC 

Apoptosis Staining Kit (Abcam) following the manufacturer’s instructions. Cells were 

stained at room temperature in the dark with both Annexin V-FITC 10 µM for 30 min and 

Proprium Iodide (PI) 5 µM for 15 min. A positive control was used by incubating cells in 

20µM of Dithiothreitol (DTT) for the last hour of culture as well as controls of no stain, 

Annexin only, and PI only.  Cells were then strained with 40µm cell strainer (VWR) and 

kept on ice until assessed by flow cytometry. A minimum of 30,000 events were 

recorded and data quadrated in to 4 groups: Annexin and PI negative being healthy 

cells, Annexin positive PI negative are early apoptotic, Annexin and PI positive are late 

apoptotic cells and Annexin negative PI positive are necrotic cells. Data was analyzed 

using FlowJo Software (BD Biosciences) and presented as percentages of total 

population.  



 

 

53 

 

 

Statistical Analysis  

SPSS (IBM Corporation) was used for statistical analysis. Distribution of data was 

assessed using the Shapiro-Wilk test for normality. If normally distributed students t-test 

was used with a two-sided p < 0.05 being considered significant. For comparing more 

than one group one way ANOVA was used followed by Tukey’s post hoc test with a p < 

0.05.  If the data was not normally distributed the equivalent non-parametric test was 

used.  

3.3 Results 

Proliferation of eCB-MSCs cultured in SCM, SFM, and SFM Supplemented with 

5mM of Taurine 

Population doubling time was significantly increased (p<0.01) between the cells cultured 

in SCM vs SFM (p=0.02) and as well between SCM and SFM with taurine (p=0.01) 

(Figure 12) for 72 hours. No significant difference exists between cells cultured in SFM 

verses SFM with 5mM taurine (p=0.9).  
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Figure 12. Population doubling time in days between eCB-MSCs cultured in SCM, SFM, and SFM with 
5mM of taurine for 72 hours. Five biological replicates presented as the average population doubling time 
± SEM (n=5). Different letters indicate statistical significance at p<0.05. 

Morphology of eCB-MSCs Cultured in SCM, SFM and SFM Supplemented with 

5mM of Taurine   

Cells were visually assessed after 72 hours in culture in their respective treatment 

groups (Figure 13). Cells cultured in SFM were more sparsely distributed with altered 

morphology including less spindle formation when compared to SCM. Cells cultured in 

SFM with 5mM of taurine also showed less dense populations and less spindle 

formations, appearing more similarly to cells grown in SFM than SCM.  
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Figure 13. Representative images of eCB-MSCs cultured in SCM, SFM, or SFM supplemented with 5mM 
of taurine for 72 hours at 4X and 10X magnification. SFM and SFM supplemented with taurine both show 
less dense populations with fewer spindle formations. Scale bar = 500um. 

 

Taurine Supplementation and Uptake from the Supplemented Media   

To assess if taurine was being utilized by these cells when supplemented, plain media 

with 5mM of taurine was compared to conditioned media after 72 hours of cell culture. It 

was found that when compared to plain SFM with 5mM of taurine that conditioned 

media had a significant reduction (p=0.02) in taurine concentration after culture with 

eCB-MSCs for 72 hours (Figure 14).  
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Figure 14.Taurine supplemented media taurine concentration after 72 hours of cell culture. Three 
biological replicates (n=3) presented as average taurine concentration in mM ± standard error of the 
mean (p=0.016). Star indicates statistical significance at p<0.05. 

Transcript Abundance of Enzymes in The Taurine Biosynthetic Pathway and 

Associated Pathways  

Genes encoding biosynthetic enzymes of the taurine and hypotaurine pathway CDO1 

and CSAD were evaluated (Figure 15). CDO1 was found to have no differences in 

expression between the three groups with supplementation of taurine having no impact 

on expression (p=0.3). CSAD was found to be significantly different between the three 

culture conditions (p=0.02). CSAD was increased in cells cultured in SFM when 

compared to SCM (p=0.04). In SFM supplemented with 5mM of taurine the expression 

of CSAD was lowered from plain SFM (p=0.04) to a level comparable with SCM (p=1.0).  
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Figure 15. mRNA expression of CDO1 and CSAD in eCB-MSCs cultured in SCM, SFM, and SFM 
supplemented with 5 mM of taurine for 72 hours. Data presented as average ± SEM (n=6). Different 
letters indicate statistical significance at p<0.05. 

Expression of genes responsible for taurine transport PAT1 and TauT were evaluated 

between the three groups (Figure 16). There was no difference in PAT1 expression in 

cells cultured in SCM, SFM, or SFM supplemented with 5mM taurine (p=0.3). TauT 

expression was significantly different between groups (p=0.03). Expression was not 

significantly different between SCM and SFM (p=0.3), but when supplemented with 

taurine TauT expression was significantly lower than cells cultured in SCM (p=0.02).  

 

Figure 16. Relative mRNA expression of PAT1 and TauT in eCB-MSCs cultured in SCM, SFM and SFM 
supplemented with taurine for 72 hours. Data presented as average ± SEM (n=6, n=4 respectively). 
Different letters indicate statistical significance at p<0.05. 
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Assessment of General ROS Using H2DCFDA Staining  

Cells were stained with CM-H2DCFDA which is a general indicator of ROS the stain will 

now be referred to as DCF. Mean fluorescence intensity was measured to quantify dye 

accumulation between the three groups and was found to significantly differ between 

culture conditions (p=0.01) (Figure 17).  It was found that when compared to cells grown 

in SCM that SFM had significantly higher fluorescent signal and thus higher levels of 

ROS (p=0.04). When the SFM was supplemented with 5mM of taurine the levels of 

fluorescence were significantly less than SFM (p=0.01) and a level comparable to SCM 

(p=0.6). This indicates that cells cultured in SFM have higher levels of ROS than cells 

grown in SCM, but this can be recovered by supplementing the SFM with 5mM of 

taurine.   
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Figure 17. Staining using DCF in eCB-MSCs cultured in SCM, SFM, and SFM supplemented with 5mM 
of taurine for 72 hours. A) representative images of DCF staining between the three groups. Scale bar 
represents 400 uM B) quantification of fluorescence done by flowcytometry measured in relative 
fluorescent units. Data presented as average ± SEM (n=3). Different letters represent statistical 
significance at p<0.05.  Scale bars = 400um. Negative control was only stained with Hoechst stain and 
positive control was treated with H202. 
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Antioxidant Enzymes mRNA Transcript Abundance   

Genes GPX1, CAT, SOD1 and SOD2 were analyzed by RT-qPCR between eCB-MSCs 

culture in SCM, SFM, and SFM supplemented with 5mM taurine (Figure 18). There was 

found to be no significant difference in transcript abundance between groups in GPX1 

(p=0.1), CAT(p=0.08), and SOD1(p=0.1). SOD2 was found to significantly differ 

between groups (p=0.04). Transcript abundance of SOD2 was significantly increased in 

eCB-MSCs cultured in SFM when compared to SCM (p=0.04), cells cultured in SFM 

supplemented with taurine was not significantly different from either SCM (p=0.8) or 

SFM (p=0.2).  

 

Figure 18. mRNA expression of antioxidant enzymes CAT, GPx1, SOD1, and SOD2 in eCB-MSCs 
cultured in SCM, SFM, and SFM supplemented with 5mM of taurine for 72 hours. Data presented as 
average ± SEM (n=6). Different letters indicate statistical significance at p<0.05. 
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Assessment of Mitochondria Using MitoTrackerä Red  

Cells were stained with MitoTrakerÔ Red which accumulates in the mitochondria 

dependent on the membrane potential which is an indicator of mitochondrial activity. 

Mean fluorescence intensity was measured to quantify dye accumulation (Figure 19). It 

was observed that significant differences existed between the three groups (p=0.05). It 

was found that cells cultured in SFM had a significantly higher mitochondrial membrane 

potential than cells cultured in serum media (p=0.04) suggesting more active 

mitochondria. Cells cultured in SFM supplemented with 5mM of taurine had 

fluorescence that was not significantly different from the SCM (p=0.6) or SFM (p=0.2) 

groups, suggesting a slight recovery of mitochondrial membrane potential when 

supplemented with taurine but still not comparable to SCM group.  
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Figure 19. Staining for mitochondria in eCB-MSCs cultured in SCM, SFM, and SFM supplemented with 
5mM of taurine for 72 hours. A) representative images of MitoTracker staining between the three groups. 
Scale bar represents 400 uM B) quantification of fluorescence done by flowcytometry measured in 
relative fluorescent units. Data presented as average ± SEM (n=3). Different letters represent statistical 
significance at p<0.05. Scale bars = 400um. Negative control was only stained with Hoechst and FCCP is 
a known disruptor of mitochondrial membrane potential.  
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Mitochondrial mRNA Transcript Abundance   

MTO1 and GTPBP3 which are the two enzymes responsible for taurine conjugation into 

mitochondrial tRNAs were assessed (Figure 20). There was found to be no changes 

between cells cultured in SCM, SFM, and SFM supplemented with 5mM of taurine in 

MTO1(p=0.5) or GTPBP3 (p=0.2).  

 

Figure 20. Relative mRNA expression of MTO1 and GTPBP3 in eCB-MSCs cultured in SCM, SFM, and 
SFM supplemented with 5mM of taurine for 72 hours. Data presented as average ± SEM (n=5). Different 
letters indicate statistical significance at p<0.05. 

Assessment of Apoptosis Using Annexin V Staining  

Cells were stained with Annexin V and PI as an indicator of cellular apoptosis and 

necrosis respectively (Figure 21). Percent of cells staining with neither dye are 

considered viable cells, annexin-only stained cells are early apoptotic, annexin and PI-

stained cells are late apoptotic, and PI-only stained cells are necrotic. There was found 

to be significant changes in the percent of healthy cells (p=0.002), and the percent of 

early apoptotic cells (p=0.02). No changes observed between the late apoptotic (p=0.2) 

and necrotic cells (p=0.8).  
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The percentage of the cell population that was non-apoptotic/non-necrotic was found to 

be significantly reduced in the SFM (p=0.004) and SFM supplemented with taurine 

(p=0.002) when compared to SCM. No significant differences were found between the 

SFM and SFM supplemented with taurine (p=0.8).  

 

The percentage of the cell population considered to be early apoptotic were found to be 

significantly increased in SFM (p=0.03) and SFM supplemented with taurine (p=0.02) 

when compared to SCM. No significant changes were observed in early apoptotic cells 

between SFM and SFM supplemented with taurine (p=0.9).  
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Figure 21. Staining for apoptosis in eCB-MSCs cultured in SCM, SFM, and SFM supplemented with 5mM 
of taurine for 72 hours. A) representative images of Annexin V-FITC and PI staining between the three 
groups by flow cytometry B) percent of population that is considered healthy C) percent of population that 
is early apoptotic D) percent of population that is late apoptotic E) percent of population that is necrotic. 
Data presented as average ± SEM (n=3). Different letters represent statistical significance at p<0.05.    
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mRNA Abundance of Regulatory Genes in Apoptosis 

Genes Bcl-2 and BAX were assessed by RT-qPCR as regulators of apoptosis (Figure 

22). There was found to be no significant difference in transcript abundance of Bcl-2 

(p=0.9) or BAX (p=0.9) in eCB-MSCs cultured in SCM, SFM and SFM supplemented 

with 5mM taurine. The ratio of Bcl-2 to BAX expression was also assessed with no 

significant difference found (p=0.5).  

 

Figure 22. Relative mRNA expression of Bcl-2, BAX, and ratio of Bcl-2: BAX in eCB-MSCs cultured in 
SCM, SFM, and SFM supplemented with 5mM of taurine for 72 hours. Data presented as average ± SEM 
(n=5). Different letters indicate statistical significance at p<0.05. 

3.4 Discussion  

eCB-MSCs cultured in SFM have been observed to have reduced proliferation and 

altered morphology when compared to culture in SCM. Also, there are changes present 

in taurine metabolism, and a complete lack of intracellular taurine as demonstrated in 
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chapter one. We hypothesized that taurine supplementation would correct these 

changes in metabolism and improve cellular functioning.  

 

When SFM was supplemented with taurine there was no impact on population doubling 

time or cell morphology.  

 

To determine if eCB-MSCs could utilize taurine when supplemented to the culture 

media a colorimetric assay was used. There was no significant difference in expression 

of transporters PAT1 or TauT between SCM and SFM, suggesting no changes in 

transporter quantity. Media taurine concentration was quantified when supplemented 

with 5 mM of taurine to determine uptake from the culture media. It was observed that 

taurine levels in the media were being reduced by approximately 700 uM after 72 hours 

in culture, indicating that cells are utilizing taurine when provided in the media. This was 

further confirmed by changes in gene expression observed after supplementation.  

 

In addition to uptake from the environment, taurine concentration is highly regulated by 

CDO1 and CSAD which are enzymes of the taurine biosynthetic pathway (Baliou et al., 

2021). Transcript abundance of CDO1 was found to be the same between SCM, SFM 

and SFM supplemented with taurine. This is consistent with other findings that CDO1 is 

primarily regulated at the protein level by cysteine concentrations rather than taurine 

(Bella, Hahn, et al., 1999; Stipanuk & Ueki, 2011; Ueki & Stipanuk, 2007).  CSAD was 

significantly increased in cells cultured in SFM compared to SCM.  When supplemented 
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with taurine gene expression reduced significantly compared to SFM, to a level 

consistent with SCM. This confirms previous findings displaying that CSAD levels are 

primarily regulated by taurine concentration (Rentschler et al., 1986).  

 

PAT1 did not change in expression when taurine was supplemented to the media.  Due 

to its lower affinity for taurine, when compared to TauT, PAT1 only plays a role in 

transport in the intestine after taurine rich meals (Lambert & Hansen, 2011; Surai et al., 

2021). TauT transcript abundance was significantly decreased in SFM supplemented 

with taurine, compared to SCM. TauT expression is downregulated in response to 

increased extracellular concentrations of taurine (Han et al., 1997; Surai et al., 2021). 

This reduction in TauT expression observed is likely a compensatory mechanism for the 

high levels of taurine present in the media, to regulate intracellular taurine. Based on the 

reduction in TauT expression, and the small quantity of taurine being taken up from the 

culture media, we can conclude that higher amounts of taurine supplementation would 

not be beneficial to the cell. Additionally, at 5 mM of taurine supplementation CSAD 

expression was reduced, being comparable to the level of SCM. Supplementing the 

media with taurine recovers the changes in the taurine pathway present in these cells. 

To better understand the functional implication of these changes, mitochondrial function, 

ROS and apoptosis were assessed.  

 

Due to taurine’s close relationship with mitochondrial functioning, we assessed 

mitochondrial membrane potential as a marker of mitochondrial activity. Mitochondrial 
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membrane potential was significantly increased in cells cultured in SFM when compared 

to SCM. When supplemented with taurine the membrane potential was not significantly 

different from SCM or SFM. These changes in mitochondrial membrane potential could 

be due to taurine deficiency causing complex I deficiency, as the literature has shown 

changes of mitochondrial membrane potential both increasing and decreasing when 

complex I is inhibited (Forkink et al., 2014).  Yet, there is no clear indication on how 

complex I directly can influence mitochondrial membrane potential. When taurine was 

supplemented, there was not a significant reduction in membrane potential suggesting 

that taurine deficiency is not causing the increase in mitochondrial membrane potential.  

Mitochondrial membrane potential is influenced by many factors, with its main role in 

energy production for the cell. The observed increase in membrane potential in SFM 

could be due to higher energetic needs in the cell. Based previous work done by Oji 

cells cultured in SFM have changes in energy metabolism when compared to SCM (Oji, 

2020).  More investigation needs to be done to determine the cause of the increase in 

mitochondrial membrane potential and changes in energy metabolism. 

 

MTO1 and GTPBP3 are responsible for the conjugation of taurine into mitochondrial 

tRNAs (Meseguer et al., 2017).  No changes were observed in MTO1 and GTPBP3 

between the three groups. It was hypothesized that changes in taurine concentration 

between culture conditions could influence the abundance of these enzymes. 

Researchers have observed that MTO1 and GTPBP3 are not regulated at the 

translation level, rather post transcriptionally regulated by miRNAs (Meseguer et al., 
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2015, 2017). With varying levels of taurine there may be a change in enzyme activity 

which is not observed at the level of transcription.   

 

Taurine’s role in mitochondrial tRNAs supports the transcription of ND5 and ND6, 

components of complex I of the mitochondrial electron transport chain (C. Jong et al., 

2017; C. J. Jong et al., 2021).  When cells are taurine deficient, there is dysfunction in 

complex I activity and an increase in levels of oxidative stress (C. J. Jong et al., 2012). It 

was hypothesized that differences in oxidative stress would be present between the 

three culture conditions. Cells cultured in SFM have a significant increase in ROS 

compared to cells cultured in SCM. With taurine supplementation ROS levels 

significantly reduced being comparable with SCM. This suggests that taurine is 

improving SFM induced oxidative stress in eCB-MSCs. This agrees with the 

mitochondrial membrane potential. In SFM both mitochondrial membrane potential and 

ROS levels were increased. It has been well established that when mitochondrial 

membrane potential is increased there is higher production of ROS (Korshunov et al., 

1997; Miwa & Brand, 2003; Starkov & Fiskum, 2003). When supplemented with taurine 

there is a non-significant reduction in mitochondrial membrane potential and a 

significant decrease in ROS. It has been shown that there is an exponential relationship 

between mitochondrial membrane potential and ROS (Zorova et al., 2018). At high 

levels of membrane potential a slight decrease can have an significant antioxidant effect 

(Korshunov et al., 1997; Miwa & Brand, 2003; Vyssokikh et al., 2020). Additionally it has 

been observed that taurine reduces oxidative stress in both the presence and absence 
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of taurine deficiency (Das et al., 2009; Higuchi et al., 2012; C. Jong et al., 2010; 

Lakshmi Devi & Anuradha, 2010; Niu et al., 2018).  With no significant change in 

membrane potential, taurine may not be involved in ROS production instead it may help 

neutralize ROS. Despite the uncertainty surrounding the cause of increased 

mitochondrial membrane potential and ROS, we can conclude that supplementation 

taurine is beneficial in combating oxidative stress in these cells. 

 

There are two main mechanisms by which taurine acts to improve oxidative stress in the 

cell. Either by supporting mitochondrial functioning which reduces ROS production or by 

improving antioxidant functioning to neutralize ROS. Therefore, antioxidant enzymes 

were assessed in addition to mitochondrial functioning. SOD2 expression was 

significantly increased in the SFM group when compared to SCM and lowered non-

significantly by the addition of taurine. The increase in SOD2 expression in SFM is likely 

an adaptive response to the increase in levels of ROS. With increased levels of 

oxidative stress there is an upregulation of antioxidant enzymes as an internal defense 

(Candas & Li, 2014; Kalyanaraman, 2013). When supplemented with taurine there was 

a significant decrease in ROS levels and similarly a non-significant reduction in SOD2 

expression. This is in agreement with other studies where the activity of antioxidant 

enzymes is increased when oxidative stress is induced, which is lowered by taurine 

supplementation (Ince et al., 2017). Particularly SOD2 has been found to be impacted 

by taurine supplementations, which is consistent with our findings (C. J. Jong et al., 

2021). Various other studies have found that taurine supports functioning of other 
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antioxidant enzymes including CAT and GPx1, which was not observed to a significant 

level in this study (Ince et al., 2017; Niu et al., 2018; Thirupathi & Gu, 2020; Yahyavy et 

al., 2020). Based on the ROS and mitochondrial data, taurine deficiency may be 

involved in the increase in mitochondrial membrane potential and ROS but is likely not 

the only factor playing a role. Despite this uncertainty, supplementation with taurine 

significantly improves the level of oxidative stress present in these cells. This indicates 

that taurine is acting to support antioxidant functioning of these cells.  

 

Apoptosis was also investigated as a downstream target of ROS. There was a 

significant reduction in healthy cells and a significant increase in early apoptotic cells in 

both the SFM and SFM supplemented with taurine when compared to SCM. It was 

hypothesized that an increase in ROS would signal to initiate apoptosis. While in SFM 

there is high levels of ROS and high levels of apoptosis compared to SCM, when 

supplemented with taurine there were no change in apoptosis despite the significant 

reduction in ROS. If apoptosis was being driven by ROS, we would expect to see a 

reduction in apoptosis when taurine levels were recovered, and ROS decreased. Jong 

and colleagues found that when cardiomyocytes were depleted of taurine there was an 

increase in oxidative stress and apoptosis and when supplemented with taurine both 

were improved (C. J. Jong et al., 2011, 2012). This suggests that supplementing 

deficient cells with taurine would reduce the levels oxidative stress and subsequently 

apoptosis. We did not observe an improvement in apoptosis in the SFM supplemented 

with taurine group. This indicates that taurine deficiency and oxidative stress are likely 
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not initiating apoptosis in these cells. Therefore, there must be other factors driving the 

initiation of apoptosis. Other possible causes of apoptosis include endoplasmic 

reticulum stress and growth factor deprivation (Collins et al., 1994; D. R. Green & 

Llambi, 2015; Szegezdi et al., 2006).  

 

Despite the change in apoptosis, gene expression of pro-apoptotic BAX and anti-

apoptotic Bcl-2 were not found to differ between the three groups. With increased levels 

of apoptosis we would expect to see changes in the ratio of Bcl-2 to BAX based on 

findings of previous studies (Leon et al., 2009; Niu et al., 2018; Yang et al., 2015). Jong 

and colleagues suggested that apoptosis as a result of taurine deficiency is initiated by 

calcium levels rather than BAX translocation (C. J. Jong et al., 2011). In addition to this, 

researchers have observed that mRNA expression of Bcl-2 and BAX is not always 

indicative of protein levels, and Bcl-2 can undergo inactivation at the protein level by 

phosphorylation (Stark et al., 2006; Szegezdi et al., 2006).  

 

These results indicate that apoptosis is occurring independent of taurine and ROS 

levels. This suggests that there is another mechanism signaling the initiation of 

apoptosis. Both endoplasmic reticulum stress and DNA damage are two possible 

initiators of apoptosis that could be occurring (Szegezdi et al., 2006). Further 

investigation should be done to determine the cause of apoptosis in these cells.  
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3.5 Conclusion  

From this study we can conclude that supplementation of taurine to SFM recovers 

changes present in the taurine biosynthetic pathway observed when comparing SFM to 

SCM. Additionally, we can conclude that eCB-MSCs cultured in SFM have increased 

levels of ROS which can be recovered by taurine supplementation. Yet, taurine 

supplementation does not recover the increase in population doubling time or increase 

in early apoptotic cells observed when cultured in SFM. Further investigation is required 

to determine the cause of apoptosis observed in the cells and how it can be corrected.  

4 Summary & Future Directions 
This study found that eCB-MSCs cultured in SFM show reduced proliferation, and 

significant changes in taurine metabolism. This is demonstrated by a significant 

increase in CSAD expression, and the absence of intracellular taurine found in chapter 

one. This confirms previous metabolomic spent media analysis done in our lab showing 

that taurine metabolism is not present in these cells (Oji, 2020). This compensatory 

increase in CSAD is a response to the lack of intracellular taurine. This is consistent 

with the literature where reduced taurine levels resulted in an increase in CSAD 

(Rentschler et al., 1986; Stipanuk & Ueki, 2011). Assessment of taurine transporter 

expression indicated no changes, suggesting that taurine supplementation could be 

beneficial to these cells. 

 

The second chapter assessed supplementation of taurine to the SFM at a concentration 

of 5mM. This concentration was chosen based on previous work done by our lab and 
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other published literature (C. Jong et al., 2010; C. J. Jong et al., 2012; Oji, 2020). Spent 

media analysis confirmed that taurine was being taken up into the cell, in addition to the 

significant reduction in transporter expression we determined 5mM of taurine is more 

than sufficient concentration for these cells. With taurine supplemented to the SFM 

there was a significant reduction in CSAD expression, to a level consistent with SCM, 

correcting the changes in the taurine pathway. Taurine is a conditionally essential amino 

acid, and is required to be supplemented from exogenous sources in addition to 

endogenous production (Froger et al., 2014). With exogenous supplementation added 

to the media, taurine’s biosynthetic pathway is no longer overcompensating for the 

absence of taurine in SFM.  

 

To elucidate the role of taurine in the mitochondrial functioning of these cells, ROS 

levels, and apoptosis where assessed. These parameters are shown in the literature to 

be influenced by taurine concentration (Higuchi et al., 2012; C. J. Jong et al., 2011, 

2012; Oudit et al., 2004; Yang et al., 2015). ROS levels were significantly increased in 

SFM. This was accompanied by an increase in mitochondrial membrane potential and 

SOD2 expression. This is consistent with the literature where oxidative stress is 

increased because of increased mitochondrial membrane potential (Korshunov et al., 

1997; Starkov & Fiskum, 2003). In addition to an increase in ROS there is a subsequent 

increase in antioxidant enzyme expression to combat the oxidative stress (Candas & Li, 

2014). When supplemented with taurine, ROS was significantly reduced while 

mitochondrial membrane potential was not. Although taurine helps to combat the ROS 
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present in these cells, its absence is likely not the main cause of the increase in 

mitochondrial activity. In models of oxidative stress unrelated to taurine deficiency, 

taurine supplementation is beneficial in improving antioxidant defense (Das et al., 2009; 

Higuchi et al., 2012; Lakshmi Devi & Anuradha, 2010; Niu et al., 2018).  

 

Finally, eCB-MSCs cultured in SFM have an increase in early apoptotic cells compared 

to cells cultured in SCM. Yet, when taurine is provided and ROS levels reduced, there 

was no change in the levels of apoptosis. This is consistent with the population doubling 

time, where SFM showed a significantly increased population doubling time which was 

not improved with taurine supplementation. This indicates that ROS is not the driving 

factor of apoptosis in these cells. While ROS was reduced by taurine supplementation, 

there was no observed change in apoptosis. Literature has shown that in oxidative 

stress models of apoptosis, reducing ROS also reduces apoptosis (C. J. Jong et al., 

2021; Niu et al., 2018; Yang et al., 2015). However, ROS is not the only signal for 

initiation of apoptosis. There are many other driving factors which could be playing a 

role including endoplasmic reticulum stress and growth factor deprivation (Collins et al., 

1994; D. R. Green & Llambi, 2015; Szegezdi et al., 2006).  

 

Based on the findings of this study, taurine supplementation to StemProÔ MSC SFM 

corrects changes present in the taurine pathway and reduces levels of ROS. We did not 

observe any negative or detrimental effects of supplementing the SFM with 5mM of 

taurine. Optimization should be completed to determine the best concentration of 
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taurine to be utilized.  As the total 5mM of taurine supplemented is not being used by 

the cells, and a lower concentration would be sufficient. Overall, taurine 

supplementation corrects changes observed in taurine production and improves 

antioxidant functioning in the eCB-MSCs when cultured in SFM.  

 

In the efforts taken to tailoring SFM for the culture of eCB-MSCs, taurine is not the only 

supplement needed for these cells to thrive.  With taurine supplementation there is still a 

significant increase in population doubling time and early apoptotic cells when 

compared to SCM. As well, an increase in mitochondrial membrane potential which is 

not fully recovered by taurine. Based on these findings further investigation is needed to 

determine what is causing the increase in mitochondrial activity and apoptosis. It may 

be beneficial for future studies to investigate energy production in these cells, as 

dysfunction in energy production could lead to changes in mitochondrial membrane 

potential and apoptosis (Zorova et al., 2018). Previous metabolomic studies done by our 

lab shows a shift in molecular machinery utilized to produce energy when cultured in 

SFM (Oji, 2020). This may be a valuable area of future study. Ultimately, if StemPro™ 

MSC SFM can be tailored to effectively support culture of eCB-MSCs this will provide a 

more safe and consistent culture condition which will help to better translate MSCs to 

regenerative therapies.  
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APPENDICES  
 
Appendix 1. Primers used for qPCR analysis. Primers that were designed were 
sequenced to confirm targets. Primers taken from the literature are cited. Primers not 
taken from the literature were sequenced to confirm specificity to target. Efficiencies 
from all primers were determined including primers from the literature 
 

Gene 
Name 

Accession 
Number 

Forward Primer  

(5’-3’) 

Reverse Primer  

(5’-3’) 

Efficiency 
(%)  

Citation 

SOX9 XM_001498424.3 ATCTGAAGAAGGAGAGCGAG TCAGAAGTCTCCAGAGCTTG 92 
(Co et al., 
2014) 

ACTB XM_023655002.1 ATGGTGGCAATGGGTCAGAAGGAC CTCTTTGATGTCACGCACGATTTC 90.1 
(Nagy et al., 
2011) 

CSAD XM_005611219.3 TGAGTTGGTTATGGAGCCTGAG TCCTTCACCATGCGCTCTTT 90.6 
 
 
 
 
N/A 
 

CDO1 XM_023617841.1 TGAGTTGGTTATGGAGCCTGAG TAGGCACACTGGTTTTCCCT 97.8 

SLC6A6 XM_023619906.1 GGACAGATCACGTCCTTGGT CACATACATGCCACCCTCTGT 96.8 

SLC36A1 XM_023634775.1 CCCCCTTTCTGTTCTCCTGTC CACATACATGCCACCCTCTGT 92.7 

GOT1 XM_001501044.5 CTCTCTCGCCATGACGTCTC TCATCCGTGCGATAAGCTCC 99.9 

GOT2 XM_001495424.6 CTCTCTCGCCATGACGTCTC TCATCCGTGCGATAAGCTCC 98.0 

GTPBP3 XM_023625398.1 CTGATCCATGCGGAAACCGA ACATGGGCCAGAGCCTTAGT 94 

MTO1 XM_023650652.1 AAATGGTGCAGCCAGGCTAT GCAGCTTCCTCGTAACCAGT 91.9 

GPX1 NM_001166479.1  ATCAGGAGAACGCCAAGAAC TCACCTCGCACTTCTCAAAG 109.2 
(White et 
al., 2016) 

CAT XM_001914718.5 ACCAAGGTTTGGCCTCACAA TTGGGTCAAAGGCCAACTGT 117.2 
(Bourebaba 
et al., 2019) 

SOD1 NM_001081826.3 CATTCCATCATTGGCCGCAC GAGCGATCCCAATCACACCA 107.7 

SOD2 NM_001082517.2 GGACAAACCTGAGCCCCAAT TTGGACACCAGCCGATACAG 107.7 

Bcl-2 XM_001490436.2 TTCTTTGAGTTCGGTGGGGT GGGCCGTACAGTTCCACAA 105.7 
(Marycz et 
al., 2016) 

BAX XM_005607505.1 TTCCGACGGCAACTTCAACT GGTGACCCAAAGTCGGAGAG 100.9 
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Appendix 2. Stability of four candidate reference genes in eCB-MSCs cultured in Serum 
vs Serum Free Media. geNorm analysis done on qbase+ software (Biogazelle) of four 
candidate reference genes 18S, GAPDH, SOX9 and ACTB. Reference genes selected 
based on lowest geNorm M value that also fell below the recommended cut off value of 
0.5. For this study SOX9 and ACTB were selected as the two reference genes.  

 
 
 
 
 
 
 


