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ABSTRACT 
 
 
 

EFFECT OF SERUM AND SERUM-FREE SUPPLEMENTATION ON EQUINE 
MESENCHYMAL STROMAL CELLS DURING IN-VITRO CULTURE 

 
 
 

Saba Oji               Advisor:  
University of Guelph, 2020                                                     Dr. Pavneesh Madan 
 
 
 
Mesenchymal Stromal Cells (MSCs) are multipotent stromal cells with a variety of 

applications. For an in-vitro culture of MSCs, a serum-containing medium is typically 

used for proper cell growth. However, the exact effect of the serum on these cells is not 

well understood. To combat this, metabolomics was used to distinguish the global 

metabolite changes during long-term culture of undifferentiated cord-blood (CB) derived 

MSCs in serum and their transition from serum to serum-free medium. In the long-term 

culture, only two metabolites were significantly different between the early and late 

passage with both groups expressing similar pathway enrichment analysis. However, in 

the serum versus serum-free group, there were 44 metabolites that were expressed 

differently with the serum-free group lacking the Taurine and Hypo-taurine Metabolism 

pathway as compared to the serum group. Therefore, suggesting that both the passage 

number and the media condition could affect the growth of the equine CB-MSCs. 
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Introduction 

Cell-based therapy is considered one of the most promising disciplines in modern 

science and medicine, as such advanced technology offers endless possibilities for 

understanding, researching, and treating a variety of diseases (Aly, 2020). For instance, 

in the veterinary field, several studies have utilized stem cells to better understand their 

functionalities in in-vitro and in-vivo studies, and also to combat musculoskeletal and 

joint, cardiac, respiratory, and eye diseases, to name a few (Petchdee & Sompeewong, 

2016; Saldinger et al., 2020; Shah et al., 2018).  

Among different stem cell types, Mesenchymal Stromal Cells (MSCs) require 

simple isolation and culture techniques and lack ethical issues regarding their use. 

Therefore, they are shown to be more feasible for therapeutic purposes in the 

regenerative field in comparison to embryonic stem cells (Voga, Adamic, Vengust, & 

Majdic, 2020). In the equine species, their ease of isolation, differentiation potential to a 

variety of cell types, self-renewal, and paracrine activities have made MSCs a promising 

source of cells for various therapeutic applications (Caseiro et al., 2019).  

However, the potential therapeutic success of MSCs heavily relies on the 

expansion of these cells during the in-vitro process. Several factors can influence the 

viability of the cells and thus their therapeutic use including the in-vitro culture 

conditions, their handling and maintenance, potential microbial, viral, and cellular 

contamination, as well as the cryopreservation method used (Pamies et al., 2017). 

Within these factors, cell culture media has shown to be a vital element, as it can 

directly influence the cells altering their functionality and therapeutic use (Van Der 

Sanden, Dhobb, Berger, & Wion, 2010). The cell culture media contains many 
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components, with the most important component being the serum as the fuel source. 

Although serum supplemented media provides the cells with the essential ingredients 

that are important for cell attachment, growth, and proliferation, its limitations such as 

clinical application, economic concerns and ethical dilemma make it challenging for its 

long-term use (Gstraunthaler, Lindl, & Van Der Valk, 2013). 

 Therefore, the main goal of this study is to better understand the effect of serum 

in the cell culture of equine MSCs, and whether it is possible to find a serum alternative 

that is as effective as serum-supplemented media.  
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Literature Review 

Fetal Bovine Serum in Cell Culture  

Cell Culture & Cell Culture Media   

In the late 19th century, cell culture techniques were first developed as a method 

of studying animal cell behavior by removing animal cells and culturing them in a 

suitable artificial environmental, called in-vitro, that enabled the cells to grow outside of 

the body (Ringer, 1882). Appropriate culture conditions such as temperature, pH, 

osmolarity, and oxygen supply are required in order for the successful growth and 

maintenance of cells in-vitro (Gstraunthaler, 2003). In the mid 20th century, Theodore 

Puck and colleagues were the first scientists to use Fetal Bovine Serum (FBS) for the 

long-term culture of human and animal tissue in-vitro (Puck, Cieciura, & Robinson, 

1958). To this day, FBS is one of the most commonly used serum in the eukaryotic cell 

culture. This is because it is a natural cocktail of most of the factors needed for cell 

attachment, growth, and proliferation, making it a universal growth supplement effective 

for most humans and animals (Gstraunthaler, Lindl, & van der Valk, 2013; Rashid & 

Coombs, 2019). For example, FBS provides all the essential nutrients for cell 

metabolism, growth, and proliferation, such as proteins, hormones, growth factors, 

cytokines, fatty acids, lipids, vitamins, trace elements, carbohydrates, and non-protein 

nitrogen (Brunner et al., 2010).  

In 2002, the Good Cell Culture Practice (GCCP) published a guideline on 

minimal cell and tissue culture standards. This guideline was created to support and 

complement existing best practices rather than replace existing guidelines and 

regulations (Coecke et al., 2005). The guideline follows these six main principles: 1) 
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establishment and maintenance of a general understanding of the in-vitro practice and 

any factors that could affect its application, 2) quality assurance of materials, 

methodology, their use, and application to maintain the integrity, validity, and 

reproducibility of the results, 3) documentation of materials and methodology used in 

order to produce the information necessary to track the work for replication, 

understanding, and allowing the audience to evaluate the work, 4) provision of adequate 

measures to protect both the individual and the environment from any potential hazard, 

5) compliance with relevant laws and regulations while maintaining ethical principles, 

and lastly, 6) provision of adequate and relevant education and training to promote high-

quality work and safety for all personnel (Coecke et al., 2005). 

It is important to note that even though FBS has been used for more than 50 

years in cell and tissue culture media, its components have never been fully 

characterized (Gstraunthaler, Lindl, & van der Valk, 2013). This is due to seasonal and 

geographical batch-to-batch variations in their composition (Gstraunthaler, 2003; 

Gstraunthaler, Lindl, & van der Valk, 2013). Several proteomic and metabolomic studies 

have shown that approximately 1,800 proteins and more than 4,000 metabolites were 

presented in the serum (Anderson & Anderson, 2002; Anderson et al., 2004; 

Psychogios et al., 2011). Although rare, FBS sales have been mishandled in the past in 

both New Zealand and Australia, two of the leading FBS producers, due to loose 

regulations on the FBS market (Hawkes, 2015). For instance, in 1994, despite only 

collecting 15,000 L of high-quality FBS annually, New Zealand sold 30,000 L of FBS 

(Hodgson, 1995). More recently, in 2011, in a Australian laboratory, label non-

conformance was discovered on FBS products from 2003-2011 suggesting that the 
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producers may have added adult bovine serum albumin, water, and/or cell growth-

promoting additives (Gstraunthaler, Lindl, & van der Valk, 2013). 

It follows to say that using FBS in cell culture could potentially overlook the 

second principle of GCCP that requires the quality of the materials being used in the 

study and its reproducibility to be ensured. For example, a proteomic analysis of 

different lots of FBS has shown that the total number of proteins presented in each lot 

varied, therefore influencing the cell growth (Zheng et al., 2006). Replication of research 

studies using FBS could impact results since FBS’s quality is not always consistent. For 

this reason, several studies have suggested the exclusion of serum usage in cell culture 

and advised researchers to find alternative serum options (Dessels, Potgieter, & 

Pepper, 2016; Gstraunthaler, 2003; Van Der Valk et al., 2004; Witzeneder et al., 2013). 

 

Concerns and Limitations of FBS 

Although FBS provides the most support for cell expansion, its use in cell culture 

is unfavourable, as it is associated with several concerns. For instance, as mentioned 

previously, there is a batch-to-batch variation and thus, its components may vary and 

not fully definable. Additionally, its clinical impact, ethical issues, and economic views, 

can make it problematic to be relied on for a viable long-term option.  

 

Clinical Application  

Even though FBS is widely popular among in-vitro cell culture, it is vital to note 

that the FBS quantity used in cell culturing varies depending on the cell type. For 

instance, equine MSCs have shown to flourish in expansion media with 10% FBS 
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supplementation (Khasawneh, Hesham Al Sharie, Abu-El Rub, Omar Serhan, & Nizar 

Obeidat, 2019). Whereas human dental pulp cells in media with 10% supplementation 

of FBS had a slower proliferation rate and higher chromosomal aberrations when 

compared to cells cultured in media with a supplementation of 2% FBS. It is important to 

note that these chromosomal aberrations were only a mere correlation and further 

investigation needed to test its causality (Suchánek, Kleplová, Kapitán, & Soukup, 

2013).  

FBS is often used in the research, manufacture, and control of human and 

veterinary vaccines and drugs. More specifically, FBS is used in cell culture for vaccines 

production. It is now widely recognized that its components such as bovine serum 

albumin and other proteins of animal origin can cause local and/or systemic adverse 

reaction and may also be the source of adventitious microbial contaminations 

(Mochizuki, 2006; Tizard, 2021). This becomes more concerning when an animal must 

receive several vaccines in a short period. For example, antibody resistance can 

become a major concern for the equine species as equids can be exposed to FBS 

through either an annual and/or a semi-annual vaccination, and thus may have a higher 

risk of developing antibody resistance to the bovine serum albumin used in the culture 

of vaccines (Owens, Kol, Walker, & Borjesson, 2016).  

The introduction of bovine serum albumin as a xenogeneic material into the 

equine specie through vaccination, can result in the creation of anti-bovine serum 

antibodies. Therefore, future vaccines that are cultured in FBS can cause adverse 

reaction and initiate an immune response to eradicate the foreign materials-ultimately 

influencing the effectiveness of the vaccine (Forthal, 2014; Owens et al., 2016). 
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Ethical Dilemma 

In order to better understand the ethical concerns regarding to the use of FBS, it 

is important to understand its harvesting method. Generally, the blood of the fetus is 

collected either from animals slaughtered for food consumption or donor herds that are 

primarily designed to supply material to the pharmaceutical and biotechnology 

industries (Festen, 2007). However, farmers may not be aware that some of the animals 

sent to slaughterhouse may be pregnant. This can result from a lack of controlled 

natural breeding, pregnancy testing, misdiagnosis of pregnancy, or poor information 

transmission to cattle dealers (Nielsen & Hawkes, 2019). More specifically, farmers may 

knowingly send the pregnant cows to slaughter due to personal benefits such as poor 

dairy production, health-related problems, and herd liquidation caused by economic 

motives (Nielsen & Hawkes, 2019). Therefore, such outcomes may cause an increase 

in the level of concern about animal welfare.  

Prior to the harvesting of the fetal blood, the age of the fetus must be identified; 

this is because the fetus must be at least three months old for ideal heart size and blood 

quantity during the blood collection (Jochems, Van der Valk, Stafleu, & Baumans, 

2002). Then, the entire reproductive tract with the fetus is removed and moved to a 

sterile environment, where the calf is removed, cleaned, and disinfected (Jochems et 

al., 2002). The fetus is then separated from the uterus. Blood is collected aseptically via 

a common method of cardiac puncture by inserting a needle directly into the heart of the 

unanesthetized fetus, or a less common technique umbilical cord puncture (Jochems et 

al., 2002). The blood can be either extracted under vacuum through a tube into a sterile 

blood-collection bag or be obtained through gravity or massage (Jochems et al., 2002). 



8 

Once the blood is collected, it is allowed to clot and centrifuged where the serum is 

separated from the clot. The hemoglobin and endotoxin levels are markers of how well 

the serum is handled, where high levels indicate cell lysis and a potential mix of serum 

and the cells (Festen, 2007). When enough serum is collected, it will go under several 

quality tests and filtration process, and let freeze until its use (Festen, 2007). 

In addition to FBS, there are three other types of cattle sera collected from the 

blood. First is the newborn calf serum, collected from calves within 21 days. Second is 

the calf serum, which is obtained from calves aged between three weeks and 12 

months. The adult bovine serum is the last category collected from cattle aged between 

one to three years. Even though there are four age groups overall, FBS is 

predominantly used in cell culture because it is known to have more embryonic growth 

factors that can facilitate cell survival and proliferation. In addition, FBS has lower levels 

of gamma globulin (i.e., antibodies), which reduces the risks that may arise from cross-

reaction of antibodies in cell culture (J. E. Yu et al., 2013). Although some studies have 

shown a promising result in using serum from newborn calf, calf, and adult bovine, 

overall they found that serum from the fetus is irreplicable (Abdel-Wahab, Abdel Aziz, 

Helmy, & Ibrahim, 2018; M.-S. Kim et al., 2012; J. E. Yu et al., 2013). 

 

Economical View   

Although the key problems with using FBS are its batch-to-batch variation and its 

potential risk in using it in the clinical applications as it could expose the cells with 

xenogeneic materials, its economic stance must also be considered as a potential 

limitation.  
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The United States of America produces 50% of FBS's total global supply, 

followed by 20% from Australia and New Zealand (Festen, 2007). Although the exact 

numbers are not known, it is estimated that approximately 600,000 liters of FBS are 

sold annually, of which approximately 200,000 meet the quality of Good Manufacturing 

Practice (Brindley et al., 2012; Festen, 2007). Additionally, the estimated cost of FBS in 

the USA is $250/L and about 1-3 fetuses, depending on their age and heart size, are 

required to produce one liter of serum (Brindley et al., 2012).  

With the rise of FBS usage in biotechnology and research industries, the demand 

for FBS will continuously increase (Van Der Valk et al., 2004). Therefore, there will 

come a time where the production level will no longer meet the demand. Thus, the 

limitation in FBS's availability can act as a major cost driver and a significant barrier to 

its commercial success in cell therapies in the future (Brindley et al., 2012). In addition 

to its high demand, studies have predicted that the factors that affect the annual 

production of cattle, such as beef and dairy product consumption, feed prices, climate 

change, flood, and drought, also influence the amount of available FBS. This is because 

FBS is a by-product of the cattle industry, more specifically the dairy industry (Brindley 

et al., 2012; Brunner et al., 2010). With increasing demand and limited supply, the cost 

will ultimately increase; and thus, there is a need to find an alternative source to combat 

this economic downside.  

 

Overall Takeaway  

Overall, even though FBS is favorable research and biotechnology fields, its 

limitations may hinder its potential benefits in the future. Therefore, an alternative may 
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be necessary. In addition, seeking an alternative to FBS use may allow compliance to 

the 3R’s, namely reduction, replacement, and refinement, which aim to reduce animal 

usage in research studies when possible (Zurlo, Rodacille, & Goldberg, 1996). 

 

FBS Alternatives 

Due to the discussed limitations, mainly the unknown and undefined composition 

as a drawback in cell culture procedures as well as the animal welfare issue of its 

production, there is a surge in seeking alternative methods to using FBS. This section 

covers the most common FBS alternatives while focusing on their use in equine MSC 

cultures. 

Platelet Rich Plasma/Platelet Lysate 

In 1998, Platelet-Rich-Plasma (PRP) was introduced into clinical practice (Marx 

et al., 1998). PRP can rapidly and easily be obtained through centrifugal separation 

from whole blood using Ethylenediaminetetraacetic Acid (EDTA) as an anticoagulant. 

Following the centrifugation, the supernatant called platelet-poor-plasma is removed, 

and the remainder is referred to as PRP (Altaie, Owston, & Jones, 2016). PRP contains 

many growth factors, chemokines, cytokines, and numerous cell adhesion molecules 

contributing to cell homeostasis through adhesion, activation, and aggregation 

(Ramaswamy Reddy, Reddy, Babu, & Ashok, 2018). A more advanced technique to 

PRP is using Platelet Lysate (PL), which is the use of lysis of platelets from platelet 

concentrates or PRP. In human MSCs, PRP and PL have shown to be a promising 

alternative to the use of FBS (Goedecke et al., 2011; Kakudo, Morimoto, Ma, & 
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Kusumoto, 2019; Schallmoser et al., 2007; Suryani et al., 2013; Tancharoen et al., 

2019; Van Pham et al., 2013). These results are similar in the equine species both in-

vitro and in-vivo studies (Angelone et al., 2017; Beerts et al., 2017; S. Broeckx et al., 

2014; Moraes et al., 2015; Seo et al., 2013).  

However, it has been shown that there is an inter- and intra-variability between 

the concentration and composition of platelets. Such variability can be due to the breed 

type, age, and gender of the equid and can influence the platelets’ cellular profile. For 

instance, female horses under the age of five produce a higher concentration of growth 

factors (Amelse, Dhar, Neilsen, Favi, & Carter-Arnold, 2015; Giraldo et al., 2013). 

Additionally, external/environmental factors can also influence the concentration of 

platelets. For example, the platelet concentration varied depending on whether the 

horses were given nonsteroidal anti-inflammatory drug prior blood collection, the time of 

the collection of blood (day/night), and the hydration/dehydration level of the horses 

(Rinnovati, Romagnoli, Gentilini, Lambertini, & Spadari, 2016).  

In addition to the internal and external variables affecting PRP's efficacy, its effect on 

stem cell behaviour in-vivo is unclear (Zhu et al., 2013). Moreover, there is no standard 

protocol to obtain PRP for clinical application, and different methodologies such as 

different activation methods can significantly influence the composition of PRP and 

ultimately affect the cell growth rate (Cavallo et al., 2016; Dhurat & Sukesh, 2014; 

Fernandes & Yang, 2016). Therefore, reducing the comparability and reproducibility of 

the various PRP studies.  

It is also important to note that large quantities of platelets are required to replace 

FBS in MSC expansion for clinical use. With the rise of the clinical application of MSCs, 
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greater blood quantity is needed. Fortunately, horses can tolerate relatively large blood 

donations (20 mL/kg form a healthy horse) without any potential adverse effects 

(Malikides, Hodgson, Rose, & Hodgson, 2001; Seo et al., 2013). However, it is not 

protected from possible ethical concerns. Consequently, it is challenging to replace FBS 

with RPR and PL due to its batch-to-batch variation, influence of intra/extra factors, 

unknown effects on stem cells’ behavior in-vivo, and the impact of different activation 

methods.  

  

Serum-Starvation  

Serum starvation techniques such as growing the cells in either serum-reduced 

or serum-free media have gained attention in reducing serum usage and minimizing its 

negative consequences (Pirkmajer & Chibalin, 2011). When it comes to the percentage 

use of FBS in MSCs expansion media, the shift in serum reduction has already been 

made. Early expansion of equine MSCs utilized up to 30% FBS in media. However, this 

number has continuously decreased to 20%, 15%, and finally to 10% as a minimum 

FBS amount added to the expansion media (Clark et al., 2016; Koch, Heerkens, 

Thomsen, & Betts, 2007; Longhini et al., 2019). For example, a recent study examined 

different FBS percentages (5-20%) on the biological performance of MSCs and found 

that the minimum amount of FBS is 10% in the expansion media in order to avoid 

harming cell proliferation, growth, and immunosuppression (Khasawneh et al., 2019). 

This suggests that additional serum-reduction would not provide the FBS benefits 

required if the concentration is below this minimum.  
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Serum-free techniques can include PRP, PL, as well as commercially available 

serum-free and chemically defined media. However, in comparison to PRP or PL, 

overall, fewer studies have focused on the use of serum-free and chemically defined 

serum-free media both in humans and less so in the equine species. Commercially 

available serum-free media have been studied more on human MSCs and were shown 

to be as effective as FBS in cells at a lower passage number as it resulted in adequate 

cell proliferation and differentiation (Agata et al., 2009; Hoang et al., 2019; Schubert, 

Brehm, Hillmann, & Burk, 2018). Such effects on equine MSCs were not as promising. 

For example, using a commercially available serum-free media has been shown to be 

effective in cell growth, proliferation, and differentiation; however, it negatively altered 

the immunomodulatory functions of equine MSCs (Clark et al., 2016; Schwarz et al., 

2012). In addition, equine MSCs exhibited sensitivity to the lot-to-lot variation of the 

commercially available serum-free media, displaying less uniform morphology, altered 

immunophenotypic characteristics, and reduced proliferation rate when compared to 

human MSCs (Schubert et al., 2018; Schwarz et al., 2012). Moreover, these media are 

often tailored for human cells, and the media composition is often undisclosed. 

Therefore, it is impossible to know if the media is also xeno-free or contains proteins 

from other species (Schubert et al., 2018).  

Chemically defined serum-free media - including xeno-free media - have been 

studied on human MSCs, and have shown to be an effective alternative to FBS; 

however, the recipe may need to change depending on the source of MSCs as one 

recipe may not be as effective for MSCs from all sources (Felka, Schfer, De Zwart, & 

Aicher, 2010; Jung, Sen, Rosenberg, & Behie, 2012; Mimura et al., 2011; X. Wu et al., 
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2016). While chemically defined media has been examined and tested on human 

MSCs, such experiments are not done in the equine species.   

Thus, a chemically defined serum-free and possibly xeno-free media that 

enables the cells to grow, proliferate, differentiate, and maintain its functionality would 

be an ideal medium for the equine MSCs. Such media would combat the limitation of 

FBS and would be a great alternative. However, since many of these experiments with 

FBS alternatives have only been carried out on human MSCs, more research is needed 

to better understand these types of media for the equine MSCs.    

Mesenchymal Stromal Cells  

MSCs are non-hematopoietic adult stem cells that are capable of self-renewal, 

multilineage differentiation, and produce paracrine effects including immunomodulatory, 

anti-apoptotic, anti-scaring, supportive, angiogenic, and chemoattractant properties (da 

Silva Meirelles, Fontes, Covas, & Caplan, 2009; Wei et al., 2013). Due to their ease of 

isolation and expansion, as well as their multipotent capacity, MSCs are a promising 

therapeutic agent in regenerative medicine as their biological significance continuously 

rises in both clinical and research use (Nombela-Arrieta, Ritz, & Silberstein, 2011).  

MSCs can be isolated from various sources such as bone marrow, adipose tissue, 

dental pulp, peripheral blood, and birth derived tissues such as Cord Blood (CB) and 

cord tissue (Berebichez-Fridman & Montero-Olvera, 2018). Bone marrow is known to be 

the gold standard for clinical research. This is because it was the first type of MSCs to 

be discovered. Therefore, multiple clinical trials have confirmed its safety and 

effectiveness and have also shown its high differentiation potential (Berebichez-Fridman 

& Montero-Olvera, 2018). However, harvesting bone marrow derived MSCs involves the 
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use of local anesthesia in horses (Kasashima, Ueno, Tomita, Goodship, & Smith, 2011). 

It can result in pain, bleeding, or infection, and their longevity and differentiation 

potential depend on donor characteristics, such as age (Berebichez-Fridman et al., 

2017; Berebichez-Fridman & Montero-Olvera, 2018).  

More recently, birth derived tissues such as CB has gained more attention as 

they are more abundant and avoid invasive procedures and possible ethical issues. In 

addition, they pose higher proliferation/expansion and engraftment capacity than bone 

marrow-derived MSCs (Berebichez-Fridman & Montero-Olvera, 2018). Additionally, 

MSCs harvested from perinatal sources show lower expression of immunogenic 

markers, which make them suitable for allogeneic applications and have a potential 

therapeutic advantage in treating and preventing graft versus host disease (Olson & 

McNiece, 2015; Tessier, Bienzle, Williams, & Koch, 2015; J. Zhang et al., 2015).  

However, in human species, CB derived MSCs have shown to have a lower isolation 

success rate, as well as lower adipogenic differentiation capacity (Amati et al., 2017; 

Kern, Eichler, Stoeve, Klüter, & Bieback, 2006). Although, the success rate of human 

CB-MSCs isolation and differentiation can be increased significantly by having an 

optimal sample volume which is above >45 mL, and further enhancement is possible by 

using MesenCult Proliferation Kit that contains specialized medium (Vasaghi et al., 

2013). Additionally, it has been suggested that the addition of exogenous calcium can 

increase the adipogenic differentiation capacity of CB-MSCs via negatively regulating 

the Wnt5a/β-catenin signaling pathway (Bae et al., 2018). Therefore, CB-MSCs, as 

compared to bone marrow MSCs, offer a simpler, non-invasive source of these cells. An 
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improved understanding of the biological aspects of these cells may further broaden 

their application. 

 

Clinical Application of MSCs in the Equine Species 

 The therapeutic potential of equine MSCs can be categorized to wound repair, 

inflammation, immune-mediated and ischemic diseases, neurological problems, 

reproductive disorders, tendon/ligament, cartilage, and bone injuries (Gugjoo, Amarpal, 

Makhdoomi, & Sharma, 2019). However, musculoskeletal injuries are a major cause of 

debilitating pain, financial loss, and loss of horses' performance. This is more common 

in the equine athlete including race horses, where musculoskeletal injuries are a major 

cause of retirement and euthanasia (Rossdale, Hopes, Digby, & offord, 1985; Spargo, 

Rubio-Martinez, Wheeler, Fletcher, & Carstens, 2019). Therefore, in the equine species, 

MSCs are mostly applied to treat disorders of the musculoskeletal system.   

Musculoskeletal disorders represent common pathologies that affect the 

osteoarticular apparatus, including muscles, bones, and joints and often resulting in 

painful symptoms that can be acute and chronic. Such disorders are often the result of 

muscle fatigue, overuse injuries, or inflammation of the tendon structure (Mocchi et al., 

2020). In the equine species, musculoskeletal injuries in the race horses are the 

common cause of declined performance loss of training days and death of the animal 

(Diab et al., 2017). For example, high-intensity, repetitive loading of the skeleton leading 

to weakening of the bone and subsequent failure can lead to catastrophic injuries which 

can be life threatening. Research has shown that horses are predisposed to such 
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injuries, and early detection and adequate bone injury management can prevent such 

catastrophic injuries (Diab et al., 2017). 

Originally, MSCs were hypothesized that, upon administration, would migrate to 

sites of injury, engraft, and differentiate into functioning cells such as osteocytes and 

chondrocytes, thus resulting in regeneration of damaged area (Spees, Lee, & Gregory, 

2016). However, more recently, alternative modes of rescue and repair have been 

presented. These include paracrine activity of secreted growth factors, cytokines, and 

hormones, transfer of organelle and/or molecules via cell-cell interactions mediated by 

tunnelling nanotubes, as well as transfer of molecules via extracellular vesicles. Thus, 

ultimately rescue and repair the damaged cell/tissue by enhancing cell viability and/or 

proliferation, reduce cell apoptosis and, in some cases, modulate immune response 

(Spees et al., 2016). Therefore, several studies have looked at the potential of intra-

articular injection of MSCs for joint disease treatment (Bertoni et al., 2019; Joswig et al., 

2017). In addition to the rescue and repair functionality of the MSCs, their differentiation 

capacity make them an ideal cell source for therapeutical application in musculoskeletal 

injuries (Spees et al., 2016). 

In terms of osteogenic differentiation, several studies have shown the promising 

results of using eCB-MSCs when compared to other sources of MSCs such as bone 

marrow (Hendrijantini & Hartono, 2019; Khorshied, Gouda, Shaheen, & Al Bolkeny, 

2012; Maher et al., 2015). Although controlled equine clinical studies have not yet 

employing eMSCs in bone regeneration, its use in combine fibrin glue have been tested 

(Gugjoo et al., 2019). For instance, the effectiveness of use of fibrin glue alone or along 

with osteoprogenitors cells have shown that its addition to the fibrin glue resulted in an 
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increase in bone healing in horses; however this result was not significant (McDuffee et 

al., 2012).  

In addition to its non-invasiveness and ease of extraction, eCB-MSCs could 

potentially be an adequate replacement of bone marrow-derived MSCs in chondrogenic 

use, as they are a promising candidate for chondrogenic differentiation and 

immunomodifier capabilities. The chondrogenic differentiation of MSCs can be useful in 

clinical applications. For example, a recent randomized control trailed used intra-

articular injection with chondrogenic-induced mesenchymal stem cells along with equine 

allogenic plasma in horses with osteoarthritis, which lead to a significant improvement in 

lameness. Suggesting such intervention may be a promising treatment for osteoarthritis 

in horses (S. Y. Broeckx et al., 2019).  

In addition to its potential clinical benefits in bone and cartilage 

treating/remodeling, MSCs in the equine species are commonly used in tendon healing 

(Gugjoo et al., 2019). For example, in a clinical study of using MSCs for ligament and 

tendon injuries has shown a significant improvement in which the race horses returned 

back to competition without any significant adverse effects (Leppänen et al., 2009). 

Therefore, the rising popularity of using these cells in the equine species makes 

them a great candidate to study the environmental impact of culture media on these 

cells.  

In order to culture MSCs in-vitro for their therapeutic application on 

musculoskeletal disorders, FBS, the most recent ideal candidate is used as it provides 

the cells with the essential ingredients and a flourishing environment. However, the 

previously discussed clinical limitations of using FBS in the culture media pose a thread 
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for its efficacy and availability of its future use. Therefore, in order to unlock the clinical 

potential of equine MSC more defined and standardized cell culture conditions are 

needed.  

 

Emergence of Metabolomic Approaches 

Metabolomic developed in the early 2000s as the newest omics study (G. F. 

Zhang, Sadhukhan, Tochtrop, & Brunengraber, 2011). It is an emerging, non-invasive 

powerful technology that performs a comprehensive identification and quantitation of 

metabolites in a given organism or biological sample (Clish, 2015). Metabolomics can 

be used as a tool for early diagnosis of diseases, finding new biomarkers, and serve as 

a predictor of treatment response. Additionally, the metabolome can respond quickly to 

the environmental stimuli including the therapeutic intervention, and thus could be used 

to monitor the metabolic status of a cell and indicate any possible toxic effects (Johnson 

& Gonzalez, 2012). Therefore, it can also be used as a valuable tool for monitoring 

MSCs' biological mechanisms and metabolomic profiling of cells that undergo 

proliferation reprogramming and differentiation (Goodarzi et al., 2019). Thus, the use of 

metabolomics in cell culture can enable the researchers to better understand the effect 

of culture condition as well as the different treatment condition, and ultimately provide a 

better understanding of metabolic machinery of cells.   

Metabolomic experiments can be categorized as either targeted or non-targeted 

approaches. Targeted approaches involve measuring defined groups of chemically 

characterized and biochemically annotated metabolites and have proven useful for 

assessing organismal response with respect to development, environmental 
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perturbation, or disease pathology and diagnosis. In contrast, non-targeted approaches 

detect as many distinct features as possible and are useful for novel metabolite 

discovery which would not be possible with targeted strategy (Ribbenstedt, Ziarrusta, & 

Benskin, 2018; Roberts, Souza, Gerszten, & Clish, 2012). Overall, targeted analysis has 

better overall precision than non-targeted analysis as they are more sensitive and 

accurate (Almontashiri et al., 2020; Ribbenstedt et al., 2018; X. Zhang, Zhu, Wang, 

Zhang, & Cai, 2016). 

 Furthermore, within each category, different techniques for generating 

metabolomics data can be used. The most common techniques include nuclear 

magnetic resonance (NMR) and mass spectrometry (Alonso, Marsal, & Julià, 2015). 

NMR is based on the energy absorption and remission of the atom nuclei to distinguish 

between the metabolites, whereas mass spectrometry uses the mass-to-charge ratio for 

the distinction (Alonso et al., 2015). Although each technique has its advantages and 

disadvantages, mass spectrometry is more frequently used than NMR; this could be 

because of its high sensitivity and superiority in targeting analysis (Emwas, 2015).  

 

Conclusion 

 As featured above, FBS is the gold standard for various cell types in cell culture 

procedures. However, its disadvantages make it difficult to rely on for its clinical and 

future use. Although several FBS alternatives has been proposed, they are mainly 

created and tested for human cells with some being utilized on the equine cells. As 

such, many of these alternative methods have not shown a promising result in the 

equine cells as they are meant to be used for human cells and cannot support the 
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proliferation of equine cells. Therefore, it can be concluded that FBS alternatives are not 

one size-fit-all, meaning cells from different species exhibit different responses to these 

alternatives. The effectiveness of these alternatives varies depending on the species 

where the cells originate.  In order to better understand these cells, metabolomics 

techniques can be utilized to analyze their metabolomic machinery. The results hereof 

may enable creation of chemically defined serum-free media for equine MSCs. 
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Rationale & Hypothesis  

FBS used in an in-vitro culture has been the gold standard for decades. 

However, its clinical downfalls, ethical dilemma, and potential economical stance, make 

it challenging for its future use. Even though studies have tested a variety of alternatives 

to FBS, to this day, no alternative has been proven to be as effective as FBS. This is 

more prominent in the equine than in humans. 

In order to better understand the metabolomic machinery of the long-term 

(several passages) culture of eCB-MSCs, metabolomics can be used to identify the 

metabolites presented in early and the late passage of cell culture. Similar analyses can 

also be utilized to identify the metabolites presented in both FBS and FBS alternatives 

and to distinguish the different metabolomic machinery between the cultured cells 

during a short-time culture (24-hour time points). 

This broad metabolomic analysis aims to provide a list of vital metabolites that 

these cells rely on for proper growth and ultimately use such list to create a chemically 

defined media that combats the shortcomings of using FBS.  
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Hypothesis: The metabolomic profiling of FBS and StemPro™ MSC SFM will vary in 

the short- and long-term culturing process of equine cord-blood mesenchymal stromal 

cells  

 

To test this hypothesis, the following objects were addressed: 

Objective 1: Identify key metabolite differences between the early and late 

passage of FBS supplemented media 

 

Objective 2: Identify key metabolites presented in both FBS and StemPro™ 

MSC SFM in 24-hour intervals up to 72 hrs 
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CHAPTER 1: Identifying the metabolomic profiling and the different metabolites 

between the early and the late passage of equine CB-MSCs 
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Introduction  

 Mesenchymal Stromal Cells (MSCs) are non-hematopoietic multipotent adult 

stem cells that have gained interest in the research field over the past 30 years. This is 

due to their unique cell biology, broad-range of clinical potential, and their promising use 

in the rapidly growing field of regenerative medicine and tissue engineering (Pittenger et 

al., 2019). MSCs can be isolated from various sources such as bone marrow, adipose 

tissue, dental pulp, birth derived tissues, amniotic fluid and placenta, peripheral blood, 

synovium and synovial fluid, endometrium, skin, and muscle (Berebichez-Fridman & 

Montero-Olvera, 2018). However, the most common sources of MSCs isolation are 

bone marrow and adipose tissue, and more recently birth derived tissues such as cord-

blood (CB) or cord-tissue (CT) (Amati et al., 2017; Kabat, Bobkov, Kumar, & Grumet, 

2020; Stanko, Kaiserova, Altanerova, & Altaner, 2014).  

MSCs have three main characteristics, including their potential differentiation, 

secretion of trophic factors, and immunoregulatory properties. Although these 

characteristics are the same among the different sources of MSCs, their functional 

properties and paracrine activity vary between the sources (Fernandez & Fernandez, 

2016; Hass, Kasper, Böhm, & Jacobs, 2011; Kozlowska et al., 2019; Lepage, Lee, & 

Koch, 2019). For instance, this was shown in a recent comparative analysis of human 

MSCs derived from bone marrow, adipose tissue, and Warton jelly that demonstrated 

differences in their immunophenotype, growth kinetics, immunomodulatory activities, 

gene expression, and the paracrine activity levels (Petrenko et al., 2020). In addition to 

these parameters, differentiation potential has also been widely studied. For example, 

adipose tissue-derived MSCs exhibit a significantly higher level of neuronal 
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differentiation and faster growth rate than bone marrow, skin, and umbilical cord-derived 

MSCs (Urrutia et al., 2019).  

In addition to the difference in cell property based on the sources of MSCs, their 

passage number can also influence their cell behavior and functionality. One of the 

most common effects prominent as the cells increase in their passage number is their 

slower growth rate (Izadpanah et al., 2008; Widowati et al., 2019; Yang, Ogando, Wang 

See, Chang, & Barabino, 2018). In addition to the growth rate, early passage MSCs 

have a higher DNA damage response and anti-oxidative capacity than late passage 

MSCs (P. K. Wu et al., 2017; J. Yu et al., 2018). MSCs differentiation capacity is 

negatively impacted with a higher passage number; although this depends on the type 

of differentiation (Gu et al., 2016; Yang et al., 2018). However, when it comes to 

immunomodulatory properties, there is no consensus within the research community, as 

some researcher suggests the passage number does not influence their 

immunomodulatory properties, whereas others suggest their immunomodulatory 

capacity increases at the later passages (Sareen et al., 2018; Zhuang et al., 2015). 

Therefore, the functionality and therapeutic potential of MSCs depend not only on the 

tissue of origin but also on different passage numbers.      

Several studies looked at a variety of parameters to better understand the 

differences between the cell source and the passage number. However, with the 

emergence of new opportunities, a more recent method of studying the differences 

between the sources and passage number of MSCs can be made by utilizing the 

metabolomics technique. Being the latest “omics” study, metabolomics is a newly 

emerging field with various applications. This technique focuses on a large-scale study 
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of small molecules called metabolites, which are the intermediates and end products of 

cellular regulatory processes (Kaluarachchi, Lewis, & Lindon, 2016). Since 

metabolomics offers vast data on the detected metabolites, it can provide 

comprehensive coverage of biological processes and metabolomic pathways.  

It is also important to note that there is a batch-to-batch variation between FBS 

production due to geographical and seasonal changes (Gstraunthaler, Lindl, & van der 

Valk, 2013). This is the first study that aims to shed light on the metabolomic differences 

between the in-vitro culture of CB derived equine MSCs at the early and the late 

passage of culture.  

 

Materials and Methods  

Cell culture  

Equine CB-MSCs from three different cell lines at passage 3 (P3) were thawed in 

MSC expansion media consisting of DMEM low glucose (DMEM-LG) (Multicell, Wisent), 

10% FBS (Gibco, Lot #: 2051543), 2 mM l-glutamine (Multicell, Wisent), and 100IU 

penicillin-streptomycin (Multicell, Wisent) and plated on T-25 flasks at 5000 cells/cm2. 

The cells were then incubated at 38oC (normal equine body temperature) at 5% CO2. 

To prevent any metabolomic fluctuation that could have impacted this study's result, the 

batches of serum used in this study were maintained constant. Media were changed 

every 2 days until the cells reached the confluency level of 80%, on which the adherent 

cells were dissociated by 0.25% trypsin-EDTA (Multicell, Wisent) and replated. Cells 

were cultured until passage 8 (P8). At each passaging, cells were counted via 

hemocytometer. From here on, cells at P3 will be referred to as the early passage, and 
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cells at P8 will be referred to as the late passage. Thawed MSCs were checked for the 

cluster of differentiation markers associated with MSCs characteristics upon isolate of 

the cells.  

 

Sample Collection & Analysis  

Upon cell passage, the spent media was collected for targeted metabolomics 

analysis via direct injection-liquid chromatography-mass spectrometry to identify up to 

180 different endogenous metabolites, including biogenic amines, amino acids, 

acylcarnitines, phospholipids, and sphingolipids. The collection of media prior to passing 

was to ensure the collection of matured MSCs at each passage. Biological replicates 

from three different cell lines of CB-MSC were used, and samples contained from the 

early passage and late passage of eCB-MSCs with a control group of plain expansion 

media that has not been in contact with any cells (n=3 for each group). All spent media 

samples were filtered using a 3 ml syringe (Covidien Monoject) with a sterile filter with a 

pore size of 0.22 µm (FroggaBio) to remove any cellular debris. Then, 1 ml of filtered 

samples were snap-frozen in liquid nitrogen and kept at -80 freezer until analysis. Once 

all the samples were ready for analysis using Direct Flow Injection Mass Spectrometry 

(DI-MS), they were prepared and shipped to the University of Alberta, Canada, as 

instructed by The Metabolomics Innovation Centre. 

 

Calculation of Population Doubling Time  

At each passage, eCB-MSCs were counted by using a hemocytometer, and cells 

were passaged forward. Growth rate (gr) was calculated by using the formula gr 
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=ln(N(t)/N(0))/t, where N(t) is the number of cells at time t (in days), and N(0) is the 

number of cells at time 0. Population Doubling Time (PDT) was then calculated using 

the formula PDT = ln(2)/gr.  

 

Statistical and Enrichment Analysis  

Statistical analyses were performed using the IBM SPSS Software designed by 

IBM Corporation. One-way ANOVA repeated measure (Analysis of Variance) was 

performed to identify the significant metabolite change between the plain, early, and late 

passage of eCB-MSCs. The values were tested for normal distribution using the 

Shapiro-Wilk test. If the normality test failed, the values were log-transformed. 

Bonferroni post hoc test was performed to determine which groups’ metabolite levels 

were significant from each other. A p-value of less than 0.05 (P<0.05) is considered 

statistically significant. All the values are presented as mean ± standard error of mean. 

Microsoft Excel Software was used for graphing purposes.  

Quantitative Enrichment analysis identifies biologically meaningful patterns that 

are significantly enriched in quantitative metabolomics data Therefore, this was done 

using the MetaboAnalysit 4.0 computational platform, which considers both counts 

(presence/absence of metabolites) and each metabolite's concentration amount. The 

protocol for using this software was adapted from Chong and colleagues (Chong, 

Wishart, & Xia, 2019). Data were transformed by median and normalized using log 

transformation and auto-data-scaling; these parameters were chosen as they provided 

the best normalization box plot. Undetected values or values lower than detection 

values were excluded from the analysis.   
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Metabolite Grouping and Excretion/Depletion 

The metabolomic grouping was done using the Metabolomic Innovation Center 

(https://www.metabolomicscentre.ca/). Additionally, The Human Metabolome Database 

(https://hmdb.ca/) was used for any missing metabolite’s group. The metabolites 

categorized based on six primary grouping metabolites, including Amino Acid, 

Aclycarnitines, Biogenic Amine, Glycophospholipids, Hexanes, and Sphingolipids. If a 

metabolite did not particularly fall into one of the common groupings, the metabolite 

group for that particular metabolite was referred to as “Others.”  

In order to calculate the fluctuation of metabolites, the excretion and depletion of 

metabolites were calculated by subtracting plain media metabolite values from the spent 

media values. A positive number would indicate that the metabolite is excreted from the 

cells to the media, while a negative number would mean that the metabolite is depleted 

from the media by the cells. 

  

Results 

Population Doubling Time (PDT) 

The PDT is a quantitative method of measuring the cell growth rate. PDT was 

performed upon each passage of the cells to track the growth rate of the long-term 

culture of eCB-MSCs. Figure 1 represents the PDT in days for the culture of eCB-MSCs 

from passage 3 to passage 8.  
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Figure 1: Cumulative Population Doubling Time (PDT) of Long-Term Culture (Passage 

3-8) of eCB-MSCs.  

 

 

 
 

 

 

 

 

 

 

Metabolomics Analysis  

One-Way-ANOVA results showed that out of the 130 metabolites detected, two 

metabolites were significantly different between the early and late passage of eCB-

MSCs culture. Additionally, 34 metabolites were significantly different between the plain 

serum supplemented media and the early passage of eCB-MSCs culture. Lastly, 35 

metabolites were significantly different between plain serum supplemented media and 

the late passage of eCB-MSCs culture. Table 1 outlines these metabolites in more 

detail.  

The two metabolites that significantly (p<0.05) differ between the early and late 

passage of eCB-MSCs are Alpha-Ketoglutaric Acid (AKG) with an early passage at 7.45 

µM and the late passage at 11.00 µM, and Creatine with an early passage at 11.83 µM 

and the late passage at 14.57 µM (shown in Figure 2). AKG is a keto acid and creatine 



32 

is an amino acid. Both of these metabolites were not only significantly different between 

the early and the late passages, but they were also significantly different in the plain 

versus early passage of eCB-MSCs culture, and plain versus late passage of eCB-

MSCs culture.  

Out of 34 metabolites that significantly differ between the plain versus early 

group, most of the metabolites (10/34) were from the glycerophospholipids family, 

including LYSOC16:0, LYSOC16:1, LYSOC17:0, LYSOC18:0, LYSOC18:1, 

LYSOC18:2, LYSOC20:3, LYSOC20:4, LYSOC26:1, and PC38:0AA. The 34 

metabolites and their excretion/depletion characteristics are outlined in Table 2. 

Out of 35 metabolites that significantly differ between the plain versus late group, 

the majority of the metabolites (9/35) are from the amino acid metabolite group including 

Asparagine, Creatine, Glycine, Histidine, Isoleucine, Methionine-Sulfoxide, Ornithine, 

Proline, and Valine. The 35 metabolites and their excretion/depletion characteristics are 

outlined in Table 3. 
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Table 1:  Significantly different metabolites in the early and late passage of eCB-MSCs.  

Early vs. Late1 

Metabolite Family Metabolite’s Name P-value Cells 
Excreted2  

Cells 
Depleted2 

Others alpha-ketoglutaric 
acid* 

0.019 X  

Amino Acids Creatine* 0.012  X 
* Same metabolites in all three groups (early vs. late, plain vs. early, and plain vs. late) 

 

Table 2: Significantly different metabolites in the plain serum-supplemented media and 

early passage of eCB-MSCs. 

Plain vs. Early1 

Metabolite Family Metabolite’s 
Name 

P-value Cells 
Excreted2 

Cells 
Depleted2 

Sphingolipids 14:1SMOH** 0.004  X 
Sphingolipids 16:0SM** 0.002  X 
Sphingolipids 16:1SM** 0.009  X 
Sphingolipids 16:1SMOH** 0.002  X 
Sphingolipids 18:0SM** 0.019  X 
Sphingolipids 18:1SM** 0.001  X 
Amino Acid Alanine 0.002 X  
Others alpha-ketoglutaric 

acid* 
0.023 X  

Others Butyric acid 0.023  X 
Acylcarnitines C14:2OH** 0.033  X 
Acylcarnitines C3:1 0.004 X  
Acylcarnitines C6:1** 0.003 X  
Biogenic amines Carnosine** 0.018 X  
Amino Acids Creatine* 0.017  X 
Hexane  Glucose 0.036  X 
Amino Acids Histidine** 0.031  X 
Amino Acids Isoleucine** 0.00003  X 
Others Lactic acid** 0.006 X  
Glycerophospholipids LYSOC16:0** 0.011  X 
Glycerophospholipids LYSOC16:1** 0.019  X 
Glycerophospholipids LYSOC17:0 0.031  X 
Glycerophospholipids LYSOC18:0** 0.002  X 
Glycerophospholipids LYSOC18:1** 0.005  X 
Glycerophospholipids LYSOC18:2** 0.003  X 
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Glycerophospholipids LYSOC20:3** 0.008  X 
Glycerophospholipids LYSOC20:4** 0.014  X 
Glycerophospholipids LYSOC26:1 0.033  X 
Others  Methylmalonic acid 0.038 X  
Glycophospholipids PC38:0AA 0.020  X 
Others Pyruvic acid 0.010  X 
Biogenic amines Sarcosine 0.001  X 
Biogenic amines Total 

dimethylarginine 
0.023 X  

Others Trimethylamine N-
oxide** 

0.014  X 

Amino Acids  Valine** 0.023  X 
* Same metabolites in all three groups (early vs. late, plain vs. early, and plain vs. late) 

** Same metabolites in plain vs. early and plain vs. late groups 

 

Table 3: Significantly different metabolites in the plain serum-supplemented media and 

late passage of eCB-MSCs. 

Plain vs. Late1 

Metabolite Family Metabolite’s Name P-value Cells 
Excreted2  

Cells 
Depleted2 

Sphingolipids 14:1SMOH** 0.0004  X 
Sphingolipids 16:0SM** 0.017  X 
Sphingolipids 16:1SM** 0.028  X 
Sphingolipids 16:1SMOH** 0.006  X 
Sphingolipids 18:0SM** 0.034  X 
Sphingolipids 18:1SM** 0.016  X 
Sphingolipids 22:2SMOH 0.020  X 
Biogenic amines alpha-Aminoadipic 

acid 
0.046  X 

Others alpha-ketoglutaric 
acid* 

0.003 X  

Amino Acids  Asparagine 0.005 X  
Acylcarnitines C0 0.035  X 
Acylcarnitines C14:2OH** 0.003  X 
Acylcarnitines C16:2OH 0.007 X  
Acylcarnitines C6:1** 0.020 X  
Biogenic amines Carnosine** 0.001 X  
Others Citric acid 0.033 X  
Amino Acids Creatine* 0.037  X 
Amino Acids Glycine 0.007 X  
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Amino Acids Histidine** 0.047  X 
Amino Acids Isoleucine** 0.001  X 
Others Lactic acid** 0.023 X  
Glycerophospholipids LYSOC16:0** 0.016  X 
Glycerophospholipids LYSOC16:1** 0.012  X 
Glycerophospholipids LYSOC18:0** 0.008  X 
Glycerophospholipids LYSOC18:1** 0.005  X 
Glycerophospholipids LYSOC18:2** 0.005  X 
Glycerophospholipids LYSOC20:3** 0.008  X 
Glycerophospholipids LYSOC20:4** 0.014  X 
Amino Acids Methionine-

Sulfoxide 
0.030 X  

Amino Acids Ornithine 0.009 X  
Amino Acids Proline 0.039 X  
Biogenic amines Serotonin 0.0003  X 
Others Trimethylamine N-

oxide** 
0.006  X 

Others Uric acid 0.007 X  
Amino Acids Valine** 0.003  X 

 

* Same metabolites in all three groups (early vs. late, plain vs. early, and plain vs. late) 

** Same metabolites in plain vs. early and plain vs. late groups 

 

 

 

 

 

 

 

________________ 

1 Early passage is referred to as P3 and late passage is referred to as P8 
2 Cell Excreted referred to cells excreting the metabolite into the culture media, whereas Cell Depleted referred to 
cells depleting the metabolites from the culture media 
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Figure 2: Alpha-Ketoglutaric Acid and Creatine Levels During the Long-Term Culture of 

eCB-MSCs a) The levels of Alpha-Ketoglutaric Acid presented in plain spent media, 

early passage, and late passage. The levels significantly vary between each group, 

including p=0.019 for early versus late passage, p=0.023 for plain versus early passage, 

and p=0.003 between plain versus late passage. b) The levels of creatine presented in 

plain spent media, early passage, and late passage. The levels significantly vary 

between each group, including p=0.012 for early versus late passage, p=0.017 for plain 

versus early passage, and p=0.0237 between plain versus late passage. 
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Enrichment Analysis 

 Although the enrichment analysis provided with 65 pathways, the top 50 

pathways for each enrichment analysis of early and late passage are shown in Figure 3. 

During the early stage of eCB-MSC culture, seven out of 65 pathways were significantly 

active. These include the Purine Metabolism (p=0.007), Phenylalanine and Tyrosine 

Metabolism (p=0.023), Mitochondrial beta-oxidation of Short Chain Saturated Fatty 

Acids (p=0.034), Fatty Acid Biosynthesis (p=0.037), Catecholamine Biosynthesis 

(p=0.042), Thyroid hormone synthesis (p=0.042), and Propanoate Metabolism 

(p=0.046).  

In contrast, during the late passage of eCB-MSCs, 15 pathways are significantly 

activated, including Arginine and Proline Metabolism (p=0.0039), Pyruvaldehyde 

Degradation (p=0.011), Biotin Metabolism (p=0.015), Phytanic Acid Peroxisomal 

Oxidation (p=0.0169), Porphyrin Metabolism (p=0.020), Tryptophan Metabolism 

(p=0.020), Glucose-Alanine Cycle (p=0.020), Pyruvate Metabolism (p=0.024), Citric 

Acid Cycle (p=0.028), Alanine Metabolism (p=0.030), Methylhistidine Metabolism 

(p=0.031), Lysine Degradation (p=0.033), Glycine and Serine Metabolism (p=0.035), 

Propanoate Metabolism (p=0.046), and Phenylalanine and Tyrosine Metabolism 

(p=0.049) 

Figure 3 outlines the comparison between these two groups. The same 65 

pathways are expressed between the two groups; however, each pathway's expression 

level varies. This suggests that the metabolomic networks for both the early and late 

passage of eCB-MSCs are the same, but their metabolomic machinery differs. 
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Figure 3: Pathway enrichment overview a) The top 50 enrichment pathways for the 

early passage of eCB-MSCs, with the red arrow indicating the pathways expressed with 

p <0.05, including Propanoate Metabolism and any pathways above it. b) The top 50 

enrichment pathways for the late passage of eCB-MSCs, with the red arrow indicating 

the pathways expressed with p <0.05, including Phenylalanine and Tyrosine Metabolism 

and any pathways above it.  
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p < 0.05  



40 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

b) 

p < 0.05  



41 

0 0.5 1 1.5 2 2.5

Alanine Metabolism
Amino Sugar Metabolism

Ammonia Recycling
Arachidonic Acid Metabolism

Arginine and Proline Metabolism
Aspartate Metabolism

Beta Oxidation of Very Long Chain Fatty Acids
Beta-Alanine Metabolism

Betaine Metabolism
Bile Acid Biosynthesis

Biotin Metabolism
Butyrate Metabolism

Carnitine Synthesis
Catecholamine Biosynthesis

Citric Acid Cycle
Cysteine Metabolism

Fatty Acid Biosynthesis
Fatty acid Metabolism

Folate Metabolism
Galactose Metabolism

Gluconeogenesis
Glucose-Alanine Cycle

Glutamate Metabolism
Glutathione Metabolism

Glycine and Serine Metabolism
Glycolysis

Histidine Metabolism
Homocysteine Degradation

Ketone Body Metabolism
Lactose Degradation

Lactose Synthesis
Lysine Degradation

Malate-Aspartate Shuttle
Methionine Metabolism

Methylhistidine Metabolism
Mitochondrial Beta-Oxidation of Long Chain Saturated Fatty Acids

Mitochondrial Beta-Oxidation of Short Chain Saturated Fatty Acids
Mitochondrial Electron Transport Chain

Nicotinate and Nicotinamide Metabolism
Oxidation of Branched Chain Fatty Acids

Phenylacetate Metabolism
Phenylalanine and Tyrosine Metabolism

Phosphatidylcholine Biosynthesis
Phosphatidylethanolamine Biosynthesis

Phospholipid Biosynthesis
Phytanic Acid Peroxisomal Oxidation

Porphyrin Metabolism
Propanoate Metabolism

Purine Metabolism
Pyrimidine Metabolism

Pyruvaldehyde Degradation
Pyruvate Metabolism

Selenoamino Acid Metabolism
Spermidine and Spermine Biosynthesis

Sphingolipid Metabolism
Taurine and Hypotaurine Metabolism

Threonine and 2-Oxobutanoate Degradation
Thyroid hormone synthesis

Transfer of Acetyl Groups into Mitochondria
Tryptophan Metabolism

Tyrosine Metabolism
Urea Cycle

Valine, Leucine and Isoleucine Degradation
Vitamin K Metabolism

Warburg Effect

Fold Enrichment

Side by Side Comparison of the Fold Enrichment Pathway 
Between Early and Late Passage of eCB-MSCs

Late Early

Figure 4: Side-by-side comparison of enrichment pathways in both the early and late 

passage of eCB-MSCs. Both groups expressing the same pathways but with different 

expression levels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



42 

Discussion 

This is the first study to ascertain the metabolomic profiling of the culture media 

that supported the propagation of eCB-MSCs. The main purpose of the study was to 

identify which metabolites were significantly different during the long-term culture of 

equine MSCs. However, as an addition, we have provided all the metabolites that 

significantly differ between the plain expansion media that is supplemented with serum, 

and the early passage of eCB-MSCs culture, and plain media and the late passage of 

eCB-MSCs culture.  

In this study, we found two metabolites to be significantly different between the 

early and the late passage of eCB-MSCs culture, including AKG and creatine. AKG is 

also known as oxoglutaric acid, or alpha-ketoglutarate, which is an organic acid, and 

more specifically a keto acid. AKG has shown to have a key role in multiple cellular and 

metabolomic pathways. For instance, AKG primary function is its involvement in the 

eight-step process of Tricarboxylic Acid (TCA), also known as the Kreb cycle, or the 

citric acid cycle. The TCA cycle's primary purpose is to produce a highly efficient 

amount of energy electrons in the form of NADH, and FADH, which will flow through a 

series of membrane proteins called oxidative phosphorylation to generate ATP from an 

inorganic phosphate (Berg, Tymoczko, & Stryer, 2002). In addition to the TCA cycle, 

AKG can be generated anaplerotically from glutamate via glutamate dehydrogenase 

through a process called oxidative deamination (Smith, Li, Stanley, & Smith, 2019; N. 

Wu et al., 2016).  

In addition to partaking in energy metabolism, AKG has shown to enhance cell 

growth and proliferation. For instance, an increased level of AKG in the culture media of 
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fibroblast and chondrocyte cells resulted in an increase in cells’ proliferation rate (Singh, 

Vishnoi, & Kumar, 2013). A similar result on enhanced proliferation was also shown in 

the pancreatic progenitor-like cells via upregulation of Ten-Eleven Translocation 

enzymes; however, such results were dose-dependent (Song et al., 2018). Another 

explanation for the AKG effect on increased proliferation can be due to activity levels of 

AKG through G-protein coupled receptor, increasing cell metabolism and, signaling (W. 

He et al., 2004).  

The effect of AKG in the pluripotent cells is cell type dependent. For instance, it 

has been shown that AKG maintains the pluripotency of embryonic stem cells (ESCs). 

This was demonstrated by observing the cellular AKG level to succinate ratio, where an 

increase in AKG level compared to succinate- a metabolite known to promote 

differentiation- has shown to suppresses the differentiation process and favor 

demethylation (Carey, Finley, Cross, Allis, & Thompson, 2015). However, such effects 

have been the opposite of pluripotent stem cells (TeSlaa et al., 2016). 

In addition to AKG’s role in energy metabolism, cell proliferation, and maintain 

undifferentiation of the cells, another of its primary functions is its antioxidant effect. The 

Antioxidant effect of AKG can be two categories, including direct and indirect effects. 

For instance, the direct impact of AKG is to react with hydrogen peroxide, which can be 

produced by oxidative phosphorylation or as a by-product of cellular metabolism, to 

produce succinate (Lennicke, Rahn, Lichtenfels, Wessjohann, & Seliger, 2015; Long & 

Halliwell, 2011). Indirectly, AKG has shown to act as a scavenger for ammonia, 

minimizing cells' exposure to potential accumulated toxic ammonia in the cell culture, 
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consequently enabling cells to proliferate for a more extended period (Singh et al., 

2013).  

As evident, AKG has a variety of roles that are vital in proper cell growth and 

proliferation. This study presented that AKG level throughout the long-term culture 

continuously rose in the spent media, thus suggesting that these levels are also 

increased in the cells throughout the long-term culture. Therefore, it can be proposed 

that these cells naturally produce AKG to facilitate the functions stated above. However, 

we do not know which functions are activated more frequently at the early or late 

passage of eCB-MSCs. Therefore, further examination must be done in order to 

produce a concrete answer.  

The second metabolite that changed significantly during the early and the late 

passage is creatine, an amino acid. The role of creatine has been extensively studied in 

muscle and cardiac cells (Chilibeck, Kaviani, Candow, & Zello, 2017; Farshidfar, Pinder, 

& Myrie, 2017; Gaddi, Galuppo, & Yang, 2017; Zervou, J. Whittington, J. Russell, & A. 

Lygate, 2015). Creatine is known to be part of the phosphocreatine “shuttle” 

(“transport”) system hypothesis, which is a quicker way of producing energy regions 

under high metabolic demand (Guimarães-Ferreira, 2014; Wyss & Kaddurah-Daouk, 

2000). Due to ATP's high levels in the mitochondria, high-energy inorganic phosphate is 

transferred from ATP and is transferred to creatine via an enzyme called creatine 

kinase. The combination of the phosphate and the creatine creates phosphocreatine 

and ADP. Then, the phosphocreatine diffuses into the cytoplasm, undergoes a reversal 

change with the help of creatine kinase, and generates ATP and creatine. The ATP can 

be used for energy, and the creatine returns to the interior of mitochondria (Guimarães-
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Ferreira, 2014). Although the shuttle system is a widely known phenomenon, some 

criticize this hypothesis, suggesting that such a system may not be a one-fit-for-all cell 

type (Wyss & Kaddurah-Daouk, 2000).  

In neuronal progenitor and stem cells, creatine supplementation has been shown 

to improve neuronal differentiation and survival (R. H. Andres et al., 2005). However, 

such effect has been suggested to be dependent on the developmental stage of the 

cells (Robert H. Andres et al., 2016). In comparison, the shuttle system has shown to be 

much more prominent in cardiogenic-derived ESCs than the undifferentiated ESCs; this 

could suggest that such a system may not be functional in ESCs (Chung, Dzeja, 

Faustino, & Terzic, 2008). More specifically, in MSCs, the addition of creatine to all-

trans-retinoic acid and ciliary neurotrophic factor has been shown to induce the 

transdifferentiating of bone-marrow-derived MSCs into gamma-aminobutyric acid 

neuron-like cells (Mohammad-Gharibani, Tiraihi, Mesbah-Namin, Arabkheradmand, & 

Kazemi, 2012).  

Several studies have suggested that undifferentiated MSCs utilized a mixture of 

glycolysis and oxidative phosphorylation in order to produce the required energy 

needed by cells (Barilani et al., 2019; C.-T. Chen, Shih, Kuo, Lee, & Wei, 2008; Hu et 

al., 2016). In particular, glycolysis contributes to more than 97% of ATP production; in 

comparison, oxidative phosphorylation contributes less than 3% of ATP production 

(Fillmore et al., 2015). This could be because glycolysis is much faster than oxidative 

phosphorylation (Jose, Bellance, & Rossignol, 2011). By observing the metabolite 

levels, creatine level was shown to continuously decrease in the spent media, 

suggesting that these cells are utilizing creatine. From the metabolomic analysis and the 
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enrichment analysis, we can suspect that eCB-MSCs do use both glycolysis as well as 

oxidative phosphorylation. However, we suggest, for the first time, that creatine may 

play an assisting role in ATP production in cultured eCB-MSCs. Whether creatine is 

needed for a quicker energy source via the shuttle system or another function is not 

clear, and further inspection is necessary.  

The main goal of this study was to present the metabolite differences between 

the early and the late culture of eCB-MSCs. However, as an addition, the metabolite 

differences between the plain expansion media that has not been in contact with any 

cells versus early passage, and the plain media versus late passage of the cells were 

also provided.  

Overall, there were 34 metabolites that were significantly different between the 

plain media versus the early passage of eCB-MSCs. Out of the 34 metabolites, 10 of 

those were glycerophospholipids, representing the majority of the metabolite groups. 

Interestingly, all of the different glycerophospholipids were depleted by the cells, 

meaning the cells took up those metabolites from the media. Glycerophospholipids are 

known as phospholipids are key molecules that contribute to the formation of the cell 

membrane, and participate in the regulation of many cellular process through 

influencing cellular signalling (Blanco & Blanco, 2017; Coppens, Asai, & Tomavo, 2013). 

Therefore, the result of this study can suggest that cells at the earlier passage require a 

higher amount of glycerophospholipids for cell membrane formation as well as cell 

regulation.  

Similarly, there were 35 metabolites that significantly different between the plain 

media versus the late passage of eCB-MSCs. Out of the 35 metabolites, nine of those 
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were amino acids, representing the majority of the metabolite groups. Unlike the 

glycerophospholipids, the amino acids excretion and depletion characteristics were not 

uniform. For instance, cells excreted Asparagine, Glycine, Methionine-Sulfoxide, 

Ornithine, and Proline. In contrast, Creatine, Histidine, Isoleucine, and Valine were 

depleted by the cells. Nevertheless, the role of amino acids in cells are vital as they 

assist with protein synthesis, as well as regulating gene expression and cell signaling 

(G. Wu, 2009) 

 Based on the results of this study, it is unclear why there is a shift in the major 

metabolite group between the early and late passage of eCB-MSCs. Therefore, further 

examination must be done in order to better understand this shift in cell behavior of 

eCB-MSCs. Following the metabolomic result, during the early passage, the enrichment 

analysis provided seven significant pathways that were significantly active, whereas the 

late passage had 15 pathways. When looking at the early passage, we found that the 

significant-top pathway is purine metabolism. This pathway maintains adenosine and 

guanine cellular levels via synthesis and degradation of purine nucleotide (J. Yin et al., 

2018). The synthesis of purine nucleotide in mammalian cells can be either via a 

complementary salvage pathway or the de novo biosynthetic pathway. However, the 

complementary salvage pathway generally accounts for most cellular purine needs. The 

de novo biosynthetic pathway provides an additional force when there is a high 

requirement for purine nucleotides (J. Yin et al., 2018). In the degradation process, the 

purines undergo several catabolic reactions to produce xanthine and, ultimately, uric 

acid (Moffatt & Ashihara, 2002; J. Yin et al., 2018). Comparing the expression level of 

the purine metabolism pathway from the early passage to the late passage, we found 
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that this pathway was not significant in the late passage; it was the 50th pathway 

expressed. This is not surprising, as several studies have suggested that cells at an 

early passage tend to proliferate faster, and this rate tends to decrease as the passage 

number increases (Kwist et al. 2016; Neumann et al. 2010; Yang et al. 2018). Such 

phenomena can be referred to as the replicative senescence, where cells undergo three 

stages of proliferation, including an initial vigorous proliferation, declining proliferation 

followed with quiescence, or no proliferation (Peterson, Tachiki, & Yamaguchi, 2004).  

In contrast, the first highly expressed pathway in the late passage is the 

metabolism of amino acids arginine and proline from glutamate. Under normal 

conditions, the production of arginine endogenously is sufficient enough for the cell’s 

needs. However, under metabolomic stress, organ maturation and development of 

exogenous sources may be needed (Luiking & Deutz, 2007). Although arginine was not 

significant in the presented data analysis, we found a decrease in arginine levels in the 

spent media in both the early and the late passage of eCB-MSCs. This suggests that 

these cells up took arginine from the expansion media. The effect of arginine is cell 

type-dependent. For example, in endometrial and ovine trophectoderm cells, arginine 

has been shown to enhance cell proliferation and reduce apoptosis (Greene et al., 

2013; J. Y. Kim et al., 2011). On the other hand, in macrophage and smooth muscle 

cells, such an effect is reversed (Albina, Cui, Mateo, & Reichner, 1993; Okazaki et al., 

1997). In MSCs, arginine has been shown to increase cell proliferation (Huh et al., 

2014). In addition to enhancing cell proliferation, arginine degradation plays a vital role 

as an intermediate of the urea cycle to eliminate nitrogenous waste. When needed, 

arginine can also convert back to glutamate and, subsequently AKG for the TCA cycle 
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(Albaugh & Barbul, 2017). Similarly, proline can convert to AKG and enter the TCA 

cycle and convert to ornithine to enter the urea cycle (Pandhare, Donald, Cooper, & 

Phang, 2009). In mammalian cells, under a stressed condition, proline biosynthesis is 

upregulated (Krishnan, Dickman, & Becker, 2008; Meena et al., 2019). It has been 

suggested that this upregulation is to combat the cellular stress via either directly 

scavenging for reactive oxygen species (ROS), activating glutathione synthesis, or 

invoking signaling pathways that upregulate the cellular antioxidant defenses (Krishnan 

et al., 2008). In this study, although not significant, the cells continuously excreted 

proline; this could either be for energy production via the TCA cycle (ultimately oxidative 

phosphorylation) or as an antioxidant defense mechanism.    

Although pyruvaldehyde (also known as methylglyoxal) degeneration is the 

second expressed pathway in the late passage of eCB-MSCs, it is a critical pathway 

that must be covered in this paper. This is because methylglyoxal is a by-product of 

glycolysis pathway, lipid, and protein metabolism and has shown to have a toxic role in 

cells as it enhances ROS formation, DNA damage, cell apoptosis, and senescence 

(Allaman, Bélanger, & Magistretti, 2015; H. Li, Zheng, Chen, Liu, & Zhang, 2019; Okado 

et al., 1996). In order to avoid the toxic effect of methylglyoxal, the cells have natural 

degradation mechanisms such as glyoxalase, aldose reductase, aldehyde 

dehydrogenase, and carbonyl reductase, with the glyoxalase system being the central 

detoxifying system for eliminating methylglyoxal (Allaman et al., 2015). Although the 

enrichment analysis provides us with an insight into the activation of the pyruvaldehyde 

degeneration pathway, it is not clear which specific mechanism is being activated. 

Methylglyoxal is correlated to oxidative stress and can be a promising biomarker in 
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measuring the stress level in plant cells and being a reliable biomarker for tumor growth 

(Angeloni, Zambonin, & Hrelia, 2014; Irigaray & Belpomme, 2020; Kaur, Singla-Pareek, 

& Sopory, 2014). 

When looking at the significant pathways in the early and the late passage, 

phenylalanine and tyrosine, and propanoate metabolisms were the common pathways 

expressed in both passages. In the phenylalanine and tyrosine metabolism, 

phenylalanine converts to tyrosine and subsequently generate acetoacetate and 

fumarate (Berg et al., 2002; Komoda & Matsunaga, 2015). Although not significant, the 

result of this study showed that the level of tyrosine decreased in the spent media both 

in the early and the late passage. Similarly, the level of phenylalanine slightly 

decreased, again not significant. This suggests that eCB-MSCs are up taking tyrosine 

from the media at a higher concentration than phenylalanine. This could be the ease 

and quickness of using tyrosine instead of phenylalanine for acetoacetate and fumarate 

production for TCA. Similarly, the propanoate metabolism involves converting 

propanoate/propionic acid into propionyl-CoA, and ultimately to succinyl-CoA, which is 

an intermediate molecule in the TCA cycle (Snyder, Basu, Worth, Mesaros, & Blair, 

2015; Wongkittichote, Ah Mew, & Chapman, 2017). The result of this study presented 

that the level of propanoate was relatively stable throughout the plain media and the 

long-term culture of equine MSCs. 
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Conclusion  

This study used metabolomics to provide a broad view of metabolites and 

pathways associated with the long-term culture of eCB-MSCs. Overall, we found that 

AKG and creatine were the two metabolites that significantly differ between the early 

and late passage of the cells. We found that 34 metabolites differ between the plain 

versus early passage of eCB-MSCs, with majority of them representing the 

glycerophospholipids metabolite family. We also found that 35 metabolites differ 

between the plain versus late passage of eCB-MSCs, with the majority representing the 

amino acid metabolite family.  
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CHAPTER 2: Identifying the metabolomic profiling and the different metabolites 

between the serum and serum-free supplemented equine CB-MSCs 
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Introduction 

Cell culture media can directly influence cell survival, growth, proliferation, as 

well as cellular function (Yao & Asayama, 2017). The basic components of a culture 

media include a buffering system, inorganic salts, amino acids, carbohydrates, protein 

and peptides, fatty acids and lipids, vitamins, trace elements, antibiotics, media 

supplements, including serum (Arora, 2013). However, the most crucial component of 

the cell culture media is serum - often using Fetal Bovine Serum (FBS). It provides the 

cells with the essential factors necessary for cell attachment, growth, and proliferation 

(Gstraunthaler, Lindl, & van der Valk, 2013). Although FBS is known to be the gold 

standard for cell culture, its undefined components, batch-to-batch variation, cost, 

availability, and ethical components result in a search to replace FBS use in cell culture 

(Brindley et al., 2012; Gstraunthaler, Lindl, & van der Valk, 2013; Nielsen & Hawkes, 

2019). 

Several FBS alternatives such as platelet lysate, platelet-rich plasma, and 

commercially available serum-free media have been tested in the equine species. 

Although platelet lysate and platelet-rich plasma seem to be effective alternatives, their 

batch-to-batch variation is still an issue (Cavallo et al., 2016; Dhurat & Sukesh, 2014; 

Fernandes & Yang, 2016). Therefore, commercially available chemically defined serum-

free media are an ideal alternative to the equine MSCs culture. However, since the 

serum-free media are tailored towards human cells, such media has failed to succeed in 

the equine species (Clark et al., 2016; Schwarz et al., 2012). Therefore, to this day, no 

FBS alternative has been effective in culturing equine MSCs.  
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For developing therapeutical use of equine MSCs, the removal of FBS in the cell 

culture procedure is a vital step, as FBS is often used in the research, manufacture, and 

control of equine vaccines and drugs. Although FBS provides the ideal environment for 

these cells, the use of these cells in clinical practice can result in local and/or systemic 

adverse reactions such as allergic reaction (Mochizuki, 2006; Tizard, 2021). This 

becomes concerning when equines are exposed to FBS through either an annual 

and/or a semi-annual vaccination, resulting in the animal developing antibody resistance 

to the bovine serum components (Owens et al., 2016).  

One way to combat this is to use metabolomics, a non-invasive, powerful tool 

that performs a comprehensive identification and quantitation of metabolites in a given 

biological sample (Clish, 2015). It has been suggested that such a technique could be 

beneficial in monitoring the biological mechanisms and identifying the metabolomic 

profiling of equine MSCs during proliferation as well as differentiation (Goodarzi et al., 

2019). 

Therefore, this study aims to use metabolomics to better understand the 

metabolic machinery of equine MSCs in both normal expansion media containing FBS 

and a commercially available serum-free media.  

 

 

 

 

 

 



55 

Materials and Methods  

 
Cell culture  

Equine mesenchymal stromal cells from CB (eCB-MSC) from three different cell 

lines at passage 4 (P4) were thawed in MSC expansion media consisting of DMEM low 

glucose (DMEM-LG) (Multicell, Wisent), 10% FBS (Gibco, Lot #: 2051543), 2 mM l-

glutamine (Multicell, Wisent), and 100U penicillin-streptomycin (Multicell, Wisent) and 

plated on 6 well cell culture dish at 5000 cells/cm2. The cells were incubated at 38C 

(normal equine body temperature) at 5% CO2. After the initial 24 hours of seeding in the 

normal MSC expansion media containing 10% FBS, the cells were washed with 

Phosphate Buffered Saline (PBS) three times, and the new culture condition was 

introduced (will be referred to as day 0). The new culture conditions were either the 

normal MSC expansion media containing 10% FBS, or a commercially available serum-

free media (StemPro™ MSC SFM, Gibco, catalog number: A1033201). Following the 

introduction of the new culture condition, the media was changed every 24-hours up to 

72 hours for a total of three days (will be referred to as day 1-3). At each time points 

from day 1-3, adherent cells were dissociated by 0.25% trypsin-EDTA (Multicell, 

Wisent), and cells were counted via a hemocytometer. Thawed MSCs were checked for 

the cluster of differentiation markers associated with MSCs characteristics upon 

isolation of the cells.  

To examine the effect of taurine supplementation in serum-free media, taurine 

≥99% powder (Sigma) was diluted into 50mM of stock solution, vortexed for 10-20 

seconds for the powder to get dissolved. Upon use, the media was filtered by using a 20 
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ml syringe (Covidien Monoject) with a sterile filter with a pore size of 0.22 µM 

(FroggaBio) to remove any residue. 

Sample Collection & Analysis  

Upon each cell count that occurred every day from day 1-3, the spent media was 

collected for targeted metabolomics analysis via direct injection-liquid chromatography-

mass spectrometry to identify up to 180 different endogenous metabolites, including 

biogenic amines, amino acids, acylcarnitines, phospholipids, and sphingolipids. 

Samples contained from the serum-supplemented media and the serum-free 

supplemented media, with both plain culture media that has not been in contact with 

any cells being used as the control group. Biological replicas from three different cell 

lines of eCB-MSC (n=3) were used for each group (serum and serum-free). All spent 

media samples were filtered using a 3 ml syringe (Covidien Monoject) with a sterile filter 

with a pore size of 0.22 µM (FroggaBio) to remove any cellular debris. Then, 1 ml of 

filtered samples were snap-frozen in liquid nitrogen and kept at -80 freezer until 

analysis. Once all the samples were ready for analysis using Direct Flow Injection Mass 

Spectrometry (DI-MS), they were prepared and shipped to the University of Alberta, 

Canada, as instructed by The Metabolomics Innovation Centre. 
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Calculation of Population Doubling Time  

Each day, eCB-MSCs were counted by using a hemocytometer, and cells were 

passaged forward. Growth rate (gr) was calculated by using the formula gr 

=ln(N(t)/N(0))/t, where N(t) is the number of cells at time t (in days), and N(0) is the 

number of cells at time 0. Population Doubling Time (PDT) was then calculated using 

the formula PDT = ln(2)/gr. 

 

Cell Morphology  

 Cell morphology was assessed by visually examining the structure of the spindle-

like formation of eCB-MSCs under the microscope. 

 

Statistical and Enrichment Analysis  

Statistical analyses were performed using the IBM SPSS Software designed by 

IBM Corporation. Two-way ANOVA repeated measure (Analysis of Variance) was 

performed to identify the significant metabolite change between eCB-MSCs cultured in 

serum and serum groups at each time points (24hrs, 48hrs, and 72hrs in the new 

culture condition). The values were tested for normal distribution using the Shapiro-Wilk 

test. If the normality test failed, the values were log-transformed. Bonferroni post hoc 

test was performed to determine which groups’ metabolite levels were significant from 

each other. A p-value of less than 0.05 (P<0.05) was considered statistically significant. 

All the values are presented as mean ± standard error of mean. Microsoft Excel 

Software was used for graphing purposes. The Principal Component Analysis (PCA) 
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was done to statically and visually distinguish the two treatment groups apart using the 

Oblimin rotation method and Kaiser Normalization. 

Fold change was calculated as the ratio of the difference between the final value 

and the initial value over the initial value [(B-A)/A], where A represents the initial value 

(plain media that has not been in contact with any cells), and B represents the final 

value (spent media of the new cultured condition that is collected on each day including 

24 hours, 48 hours and 72 hours). A positive value indicates a higher proportion of the 

metabolite in the spent media, whereas a negative value indicates a higher proportion of 

the metabolite in the plain media. 

Quantitative Enrichment analysis identifies biologically meaningful patterns that 

are significantly enriched in quantitative metabolomics data. Therefore, this was done 

using the MetaboAnalysit 4.0 computational platform, which considers both counts 

(presence/absence of metabolites) and each metabolite's concentration amount. The 

protocol for using this software was adapted from Chong and colleagues (Chong et al., 

2019). Data were transformed by median and normalized using log transformation and 

auto-data-scaling; these parameters were chosen as they provided the best 

normalization box plot. Undetected values or values lower than detection values were 

excluded from the analysis.   

 

Metabolite Grouping, Excretion/Depletion and Fold Change Analysis 

The metabolomic grouping was done using the Metabolomic Innovation Center 

(https://www.metabolomicscentre.ca/). Additionally, The Human Metabolome Database 

(https://hmdb.ca/) was used for any missing metabolite’s group. The metabolites 
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categorized based on six main grouping metabolites, including Amino Acid, 

Aclycarnitines, Biogenic Amine, Glycophospholipids, Hexanes, and Sphingolipids. If a 

metabolite did not particularly fell into one of the common groupings, the metabolite 

group for that particular metabolite was referred to as “Others.”  

In order to calculate the fluctuation of metabolites, the excretion and depletion of 

metabolites were calculated by subtracting plain media metabolite values from the spent 

media values. A positive number would indicate that the metabolite is excreted from the 

cells, while a negative number would indicate that the metabolite is depleted from the 

cells.  

The fold change analysis was done to account for the change in the metabolite 

level through the cell culture process by deducting the plain media from the spent media 

at each given time point. 

 

Results 

Population Doubling Time (PDT) Between Serum vs. Serum-Free Groups 

 The PDT is a quantitative method of measuring the cell growth rate. PDT was 

performed for each treatment and each time point. Based on the calculation, the PDT 

between the two treatment groups was significantly (p<0.05) different at the 48- and 72-

hour time points. eCB-MSCs cultured in the serum-free group had a slower proliferation 

rate than the cells cultured in the serum group, with a difference of population doubling 

time in days of 0.46 for the 48-hour time point and 0.66 for the 72-hour time point 

(Figure 5).  

 



60 

Figure 5: The comparison of the cumulative Population Doubling Time (PDT) of eCB-

MSCs that are cultured in serum versus serum-free group at 24-, 48- and 72-hour time 

points. 

   

 

 

 

 

 

 

 

 

 

Cell Morphology Between Serum vs. Serum-Free Groups 

 It is known that MSCs have distinct fibroblast-like spindle-like morphology. In this 

experiment, it was clear that the eCB-MSCs cultured in serum-free media had less 

prominent spindle-like formation than the cultured cells in the normal expansion media 

that included FBS. Therefore, cultured eCB-MSCs in serum-free media not only 

reduced their proliferation rate but also affected their cell morphology (Figure 6). 
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Figure 6: Visual morphology of eCB-MSCs cultured in both serum and serum-free 

media at 24-, 48-, and 72-hour time points. 
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Principal Component Analysis (PCA) of Serum vs. Serum-Free Groups 

 The primary goal of PCA is to class differences from a multivariate dataset into 

principal components, and can be used as a complementary step for metabolomic data 

analysis (Perkel & Madan, 2017). The result of direct injection-liquid chromatography-

mass spectrometry dataset was utilized to perform the PCA analysis. The data points 

include the plain media, spent media of cultured cells from 24-, 48-, and 72-hour time 

points in both the serum and serum-free groups. The PCA results indicated a visual and 

statistical distinction between the two treatment groups (Figure 7), where the plain 

media, as well as the spent media of eCB-MSCs in serum and serum-free groups, are 

in two different principal components.  

 

Figure 7: Principal Component Analysis (PCA) graphs a) The screen plot shows two 

variables to be identified as principal components b) Visual representation of the 

principal components. Where the top right cluster indicates the plain media and eCB-

MSCs cultured in the spent media at 24-, 48-, and 72-hour time points in the serum-free 

group, and the bottom right cluster indicates the plain media and eCB-MSCs cultured in 

the spent media at 24-, 48-, and 72-hour time points in the serum group. 
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Metabolomic Analysis of Serum vs. Serum-Free Groups 

Overall Significant Metabolites  

Two-Way-ANOVA results indicated that out of the 130 metabolites detected, the 

overall total number of the metabolites that was significantly different between the 

serum and serum-free groups was 44 metabolites. It is important to note that the data 

analysis values did not account for the metabolites' baseline obtained from the plain 

media. This is because this analysis aimed to provide a broad view of the significant 

metabolites based on the measured metabolites' absolute values in the spent media. 

The following fold change analysis on the 44 significant metabolites accounts for the 

plain media and provide a more narrowed down focus.  

The 44 metabolites were classified based on their metabolomic categories 

(Figure 8a), where the top three majorities of metabolite groups in order are amino acid 

(17), acylcarnitines (10), and glycerophospholipids (7). 

Further classification of the 44 metabolites can be performed based on each time 

point. Whereas 29, 36, and 36 metabolites were significantly different between the 24-, 

48-, and 72-hour time points, respectively. As mentioned, the overall number of 

significant metabolites was 44. Therefore, many metabolites were overlapped between 

the time points. For instance, two, eight, and three metabolites were significantly 

different between 24- and 48-hour time points, 48- and 72- hour time points, and 24- 

and 72-hour time points, respectively. With 22 metabolites significantly being different 

between all three-time points. A visual representation of such distribution can be seen in 

Figure 8b. Table 4 outlines all the significant metabolites in their time points.  
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Figure 8: Distribution of 44 significant metabolites a) The total of 44 significant 

metabolites between the culture eCB-MSCs serum and serum-free groups classified 

into their metabolomic categories. b) The 44 significant metabolites were further 

categorized based on their time points. 
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Table 4: Metabolites that were significantly different in the serum and serum-free 

expansion media at 24-, 48-, and 72-hour time points. 

 

Metabolite Family Metabolite’s Name 
24 hours 

Other Butyric Acid 
Amino Acid Alanine 

24- and 48-hours 
Amino Acid Aspartic Acid 
Other Citric Acid 

24- and 72-hours 
Acylcarnitines C14:2OH (3-Hydroxy-5, 8-

tetradecadiencarnitine) 
Other Choline 
Amino Acid Lysine 

48 hours 
Acylcarnitines C10 (Decanoylcarnitine) 
Acylcarnitines C3:1 (Propenoylcarnitine) 
Acylcarnitines C4OH (Hydroxybutyrylcarnitine) 
Glycerophospholipids PC40:6AA (Phosphatidylcholine) 

48-, and 72-hour 
Acylcarnitines C2 (Acetylcarnitine) 
Hexane  Glucose 
Glycerophospholipids LysoPC(14:0) (Lysophosphatidylcholine) 
Glycerophospholipids LysoPC(16:0) (Lysophosphatidylcholine) 
Glycerophospholipids LysoPC(17:0) (Lysophosphatidylcholine) 
Glycerophospholipids LysoPC(18:0) (Lysophosphatidylcholine) 
Glycerophospholipids LysoPC(18:1) (Lysophosphatidylcholine) 
Glycerophospholipids LysoPC(18:2) (Lysophosphatidylcholine) 

72 hours 
Acylcarnitines C10:2 (decadienylcarnitine) 
Acylcarnitines C18:2 (Octadecadienylcarnitine) 
Amino Acid Ornithine 

24, 48, and 72-hours 
Amino Acid Asparagine 
Acylcarnitines C0 (Carnitine) 
Acylcarnitines C3 (Propionylcarnitine) 
Acylcarnitines C4 (butyrylcarnitine) 
Acylcarnitines C5 (Valerylcarnitine) 
Amino Acid Glycine 
Other Hippuric Acid 
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Amino Acid Histidine 
Amino Acid Isoleucine 
Other Lactic Acid 
Amino Acid Leucine 
Biogenic Amine Methionine-Sulfoxide 
Amino Acid Phenylalanine 
Amino Acid Proline 
Amino Acid Serine 
Biogenic Amine Spermine 
Other Succinic Acid 
Amino Acid Threonine 
Amino Acid Trans-Hydroxyproline 
Amino Acid Tryptophan 
Amino Acid Tyrosine 
Amino Acid Valine 
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Fold Change Analysis of the 44 Significant Metabolites 

 To provide a better visual representation of the fold change, metabolites that 

were considerably different from the rest of the metabolites were graphed separately 

(Figures 9b, 10b, and 11b). The rest of the metabolites were graphed from the most 

upregulated to the most downregulated metabolites in the spent media of the serum 

group as compared to the plain serum media (Figure 9a, 10a, and 11a).  

 At the 24-hour time point, the top three upregulated metabolites in the serum 

group were spermine with a fold change of 112.49, aspartic acid with a fold change of 

2.58, and asparagine with a fold change of 2.26. Whereas the top three upregulated 

metabolites in the serum-free group were lactic acid with a fold change of 280.42, 

choline with a fold change of 2.94, and succinic acid with a fold change of 2.49. When 

considering the metabolites that are significantly different, and have changed their 

excretion/depletion behavior, the metabolites with the most fold change difference are, 

lactic acid (serum fold change: -0.014; Serum-free fold change: +280.42), aspartic acid 

(serum fold change: +2.58; Serum-free fold change: -0.008), and succinic acid (serum 

fold change: -0.006; Serum-free fold change: +2.49). 

At the 48-hour time point, the top three upregulated metabolites in the serum 

group are spermine with a fold change of 214.47, aspartic acid with a fold change of 

5.45, and proline with a fold change of 2.87. Whereas the top three upregulated 

metabolites in the serum-free group are lactic acid with a fold change of 464.97, 

succinic acid with a fold change of 5.01, and LYSOC14:0 with a fold change of 0.94. 

When considering the metabolites that are significantly different, and have changed 

their excretion/depletion behavior, the metabolites with the most fold change difference 
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are aspartic acid (serum fold change: +5.45; Serum-free fold change: -0.023), proline 

(serum fold change: +2.87; Serum-free fold change: -0.38), and methionine-sulfoxide 

(serum fold change: +0.073; Serum-free fold change: -0.22).  

At the 72-hour time point, the top three upregulated metabolites in the serum 

group are spermine with a fold change of 338.40, proline with a fold change of 4.49, and 

asparagine with a fold change of 3.10. Whereas the top three upregulated metabolites 

in the serum-free group were lactic acid with a fold change of 730.25, ornithine with a 

fold change of 126.87, and choline with a fold change of 7.3. When considering the 

metabolites that are significantly different, and have changed their excretion/depletion 

behavior, the metabolites with the most fold change difference are proline (serum fold 

change: +4.49; Serum-free fold change: -0.42), methionine-sulfoxide (serum fold 

change: +0.73; Serum-free fold change: -0.22), and trans-hydroxyproline (serum fold 

change: +0.29; Serum-free fold change: -0.50). 
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Figure 9: Fold change analysis of 29 significant metabolites in the serum and serum-

free cultured eCB-MSCs at the 24-hour time point. Lactic acid and spermine were 

graphed separately to provide a better visual representation of the following 

metabolites.  
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Figure 10: Fold change analysis of 36 significant metabolites in the serum and serum-

free cultured eCB-MSCs at the 48-hour time point. Lactic acid and spermine were 

graphed separately to provide a better visual representation of the following 

metabolites.  
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Figure 11: Fold change analysis of 36 significant metabolites in the serum and serum-

free cultured eCB-MSCs at the 72-hour time point. Lactic acid, spermine and ornithine 

were graphed separately to provide a better visual representation of the following 

metabolites.  
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Enrichment Analysis of Serum vs. Serum-Free Groups 

Although the enrichment analysis provided 65 pathways, with the top 50 

pathways for each enrichment analysis of serum and serum-free are shown in Figure 

12. In the serum group culture of CB-MSC culture, 15 out of 65 pathways were 

significantly active. These include the Phosphatidylcholine Biosynthesis (p=0.011), 

Phospholipid Biosynthesis (p=0.013), Mitochondrial Electron Transport Chain (p=0.013), 

Pyruvate Metabolism (p=0.022), Citric Acid Cycle (p=0.024), Phosphatidylethanolamine 

Biosynthesis (p=0.034), Lysine Degradation (p=0.034), Warburg Effect (p=0.035), 

Gluconeogenesis (p=0.037), Threonine and 2-Oxobutanoate Degradation (p=0.037), 

Phytanic Acid Peroxisomal Oxidation (p=0.038), Betaine Metabolism (p=0.039), 

Carnitine Synthesis (p=0.047), Tyrosine Metabolism (p=0.047), and Phenylalanine and 

Tyrosine Metabolism (p=0.048). 

In contrast, in the serum-free cultured eCB-MSCs, 17 pathways were significantly 

activated, including Mitochondrial Beta-Oxidation of Long Chain Saturated Fatty Acids 

(p=0.016), Betaine Metabolism (p=0.024), Arachidonic Acid Metabolism (p=0.028), 

Catecholamine Biosynthesis (p=0.028), Thyroid hormone synthesis (p=0.028), Folate 

Metabolism (p=0.034), Glutathione Metabolism (p=0.038), Beta Oxidation of Very Long 

Chain Fatty Acids (p=0.039), Methionine Metabolism (p<0.040), Nicotinate and 

Nicotinamide Metabolism (p=0.042), Phosphatidylcholine Biosynthesis (p=0.043), 

Purine Metabolism (p=0.048), Histidine Metabolism (p=0.048), Amino Sugar Metabolism 

(p=0.049), Porphyrin Metabolism (p=0.049), Bile Acid Biosynthesis (p=0.049), and 

Selenoamino Acid Metabolism (p=0.049). 



74 

Figure 13 compare the enrichment pathway analysis of cells that are cultured in 

serum and serum-free medium. The same 65 pathways were expressed between the 

two groups; however, each pathway's expression level varied except for Taurine and 

Hypo-taurine Metabolism which is outlined by the red box. When further investigated, 

the level of taurine in the plain serum-free media was under the detected value. This 

suggests eCB-MSCs that are cultured in the serum-free group lack taurine metabolite 

and thus lack the expression of the Taurine and Hypo-taurine Metabolism pathway. 

Therefore, a further examination of this pathway was indicated. 
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Figure 12: Pathway Enrichment overview in Serum and Serum-Free Spent Media a) 

The top 50 enrichment pathways for the serum cultured eCB-MSCs, with the red arrow 

indicating the pathways expressed with p <0.05, including Phenylalanine and Tyrosine 

Metabolism, and any pathways above it. b) The top 50 enrichment pathways for the 

serum-free cultured eCB-MSCs, with the red arrow indicating the pathways expressed 

with p <0.05, including Seleno-Amino Acid Metabolism and any pathways above it.  
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Figure 13: Side-by-side comparison of enrichment pathways in both the serum and 

serum-free cultured eCB-MSCs. Suggesting that both groups expressing the same 

pathways, but with different expression levels with the exception of Taurine and Hypo-

taurine Metabolism.  
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Taurine Supplementation to Serum-Free Media 

  To examine the effect of taurine supplementation to the serum-free media, the 

levels of taurine supplementation were chosen at 5, 10, and 20 mM based on previous 

research (Hernández-Benítez, Ramos-Mandujano, & Pasantes-Morales, 2012; X. W. Li, 

Gao, & Liu, 2017; Shivaraj et al., 2012). The PDT was calculated to examine the 

proliferation rate of serum, serum-free, serum-free with 5mM of taurine, serum-free with 

10mM of taurine, and serum-free with 20mM taurine. Surprisingly, the results did not 

lead to a higher proliferation rate in the taurine supplemented media; this was true for all 

levels of taurine (Figure 14). 

 

Figure 14: The cumulative Population Doubling Time (PDT) in days for serum, serum-

free, serum-free with supplementation of 5mM, 10mM and 20mM of taurine. The 

addition of taurine at any level did not improve the cell proliferation.  
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Discussion 

 The continuous rise of FBS use in biotechnology and the research industries has 

resulted in a surge in demand and ultimately trajected to consequence in an increase in 

FBS's cost in the near future (Van Der Valk et al., 2004). More importantly, FBS is 

associated with inconsistent cell functions due to batch-to-batch variability as well as 

risk of adverse clinical effects due to xenogeneic associated immune-reactions 

(Mochizuki, 2006; Nielsen & Hawkes, 2019; Tizard, 2021). To better understand the 

effect of serum and serum-free supplementation at a metabolomic level, we have tested 

both a serum-supplemented expansion media and a commercially available serum-free 

media that is tailored for the human MSCs on eCB-MSCs.  

 We found that cultured eCB-MSCs in the serum-free media had a lower 

proliferation rate than the serum-supplemented media. This is similar to other studies, 

were serum-free media was unable to meet the FBS proliferation rate (Agata et al., 

2009; Chase, Lakshmipathy, Solchaga, Rao, & Vemuri, 2010; Kolkmann, Post, Rutjens, 

van Essen, & Moutsatsou, 2020; Schwarz et al., 2012; M. Wu et al., 2014). In contrast, 

a study by Clark and colleagues did not show any significant difference between the 

proliferation rate of the bone marrow-derived equine MSCs that were cultured in serum 

and a commercially available serum-free media-same as the one used in this study 

(Clark et al., 2016). However, this could be due to the diversity between the low 

passage numbers (P2-P5) being used in the study. When working with serum-free 

media, consistency with the passage number is important as higher passage number 

can influence the proliferation, and the success rate of the MSCs culture (Agata et al., 

2009; Schubert et al., 2018).  
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Another factor to consider in the study by Clark and colleagues is that they used 

bovine fibronectin-coated flasks to enable cell adhesion. Whereas this study cultured 

the cells in the FBS supplemented media for 24 hours to enable cell adhesion, and 

upon culture condition change, this study washed the cells three times with PBS to get 

rid of discard any FBS residue as possible. In support, it has been suggested that cells 

that have transitioned from a serum supplemented media to a serum-free media 

showed a 90% reduction of FBS residue after 48 hours of culture (Joswig et al., 2017; 

Spees et al., 2004). Hence, the duration of this experiment is up to 72 hours, where the 

results of the final time point demonstrated the true characteristics and behaivor of the 

cells in the serum-free media.    

Overall, this study presented that cultured cells in serum-free media displayed an 

altered morphology as evidenced by less prominent spindle-like formation. This 

observation is in contrast to the report by Clark and colleagues (2016) where no change 

in morphology of bone marrow MSCs were noted.  

The results of this study presented that cells cultured in serum and serum-free 

groups were categorized into two distinct principal components. Therefore, enforcing 

the idea that commercially available serum-free media tailored to human cells is not 

similar to the standard expansion media supplemented with FBS. When looking at the 

metabolomic analysis, we found that 44 metabolites to be different between the two 

treatment groups, with amino acids representing most of the metabolite groups (Figure 

8a). The importance of amino acids as essential nutrients in cell culture has been dated 

back to the mid to late 1950s (Salazar, Keusgen, & Von Hagen, 2016). However, the 

consumption rates and the metabolic flux of amino acids in cell culture rely on the cells' 
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genetic composition, gene expression profiles, cell cycle, and growth environment 

(Salazar et al., 2016). Therefore, the number of amino acids needed in cell culture could 

vary depending on the cell type or the environment in which they are cultured. Thus, 

adding amino acids that are generally consumed by the cells in the cell culture media 

may not always result in an improved cell culture process, and in fact, could have an 

adverse effect (Salazar et al., 2016). For instance, this study found that many of the 

amino acid levels were much higher in the plain serum-free group as compared to the 

plain serum group (data not shown). Therefore, further examination must be done to 

verify the effect of high levels of amino acids in serum-free media on eCB-MSCs.  

Although it is important to note that the amino acid metabolite group plays an 

important role in the cell culture, a more in-depth analysis of the entire 44 metabolites 

may provide a better insight into the difference in the metabolomic profiling of the serum 

and serum-free culture condition. For instance, it can be noted that during the short-

term culture of eCB-MSCs, aspartic acid, proline, asparagine, and spermine are the top 

upregulated metabolites in the serum culture media as compared to the serum-free 

culture media. With the most significant metabolite change being spermine.  

Aspartic acid or aspartate is known to play a role in both the TCA Cycle and the 

Urea Cycle (Barmore & Stone, 2018; Berg et al., 2002). Additionally, aspartic acid can 

also play a vital role in purine and pyrimidine nucleotide synthesis (Nagamani & Erez, 

2016; Sullivan et al., 2015). Consequently, aspartic acid has shown to improve 

proliferation rate and be useful in osteogenic differentiation of MSCs (Onak et al., 2018; 

H. Yin et al., 2017). Therefore, aspartic acid is an essential metabolite for the TCA 

cycle, Urea cycle, cell proliferation and differentiation. Since the level of aspartic acid is 
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much lower in the serum-free than the serum group in the first 48 hours of cell culture, 

this could explain why the cell growth rate in the serum-free group is much lower than 

the serum group. It is also important to note that the levels of aspartic acid in the plain 

media were significantly lower in the serum media than the serum-free media. However, 

during the cell culture period, cells in the serum media efficiently produced aspartic acid, 

as these levels continuously increased, as it resulted in an upregulation of this 

metabolite.  In comparison, cells in the serum-free media utilized the aspartic acid from 

the media, thus resulting in a downregulated level. This could suggest that cells in the 

serum-free media lack the ability to synthesize aspartic acid.  

The following upregulated metabolite is asparagine, which in a bidirectional form 

can be converted to aspartic acid and vice versa (Lomelino, Andring, McKenna, & 

Kilberg, 2017). Asparagine has shown to be important for amino acid homeostasis, 

protein synthesis, cell proliferation, and storage form for aspartic acid (Jiang, Pavlova, & 

Zhang, 2018; Krall, Xu, Graeber, Braas, & Christofk, 2016). Like aspartic acid, we found 

that asparagine levels in the plain media are significantly higher than the serum-free 

media compared to the serum media. However, unlike the downregulation of aspartic 

acid in the serum-free media, asparagine was upregulated in both the serum and 

serum-free groups during the entire culture period. This could mean that the cells can 

produce this metabolite, but their production level is much lower than the serum-group. 

Again, providing another angle as to why the proliferation of eCB-MSCs in serum-free 

was much lower than the serum supplemented media.  

Proline is another metabolite that was significantly upregulated in the serum 

media as compared to the serum-free media. Proline is synthesized either from 
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glutamate or ornithine and has essential roles in cell metabolism, proliferation, cellular 

redox control, and apoptosis (Cappelletti et al., 2018; Krishnan et al., 2008; Phang, 

2019). In this study, the proline level was significantly lower in the serum media than the 

serum-free media. Proline levels in the serum group were continuously upregulated 

throughout the entire culture process, whereas these levels were downregulated in the 

serum-free media. This could suggest that these cells could not produce proline and 

had to deplete it from the media. It is also important to note that ornithine levels were 

significantly upregulated in the serum-free group at the 72-hour time point. This 

suggests that ornithine could not convert to proline and the cells in the serum-free 

media had to uptake this metabolite from the media.   

Therefore, the levels of aspartic acid, asparagine, and proline were all 

significantly higher in the plain serum-free media as compared to the spent media. 

Since the three metabolites are amino acids, their levels in the culture media 

formulation should be reconsidered. As mentioned previously, adding too much of a 

metabolite, more specifically, amino acids, into a media could have an adverse effect on 

cells (Salazar et al., 2016). In addition, it is important to note that the levels of aspartic 

acid and proline were uniquely expressed, where cells in the serum supplemented 

media were able to produce these metabolites, as their levels continuously increased in 

the spent media. Whereas cells that were cultured in the serum-free media were unable 

to produce these metabolites and had to consume these metabolites from the media. 

Thus, suggesting that cells that were cultured in the serum-free media lacked the ability 

to produce aspartic acid and proline. 



85 

 In mammalian cells, spermine biosynthesis is done by transforming ornithine into 

putrescine, spermidine, and finally to spermine (Coleman, Hu, & Pegg, 2004). Spermine 

is a polyamine that has important functions in the protein and nucleic acid synthesis and 

structure, anti-oxidative damage properties, and play a role in cell proliferation, 

differentiation, and apoptosis (Minguzzi et al., 2019; Pegg, 2016; Tjabringa et al., 2008). 

In this study, spermine levels were not significantly different in the plain serum 

compared to serum-free media (Supplementary Figure 15a). However, spermine levels 

significantly differed between the cells that are cultured in the serum and serum-free 

groups throughout the entire culture time. Therefore, suggesting that synthesis of 

spermine occurred in both groups, but at a much faster rate in the serum group. This 

could be part of the explanation of the lower success rate in cell culture in the serum-

free group as compared to the serum group.  

In contrast, even though the levels of ornithine in plain media were significant, 

serum-free had a much lower level, to begin with (p<0.05; Supplementary Figure 15a), 

the cells cultured in serum-free media did not exhibit any difficulties synthesizing 

ornithine. This was demonstrated in the serum-free group as the levels of ornithine 

continuously rose to the point where it surpasses the serum group at the 72-hour time 

point (Figures 11). The continuous rise of spermine in the serum group and the rise of 

ornithine in the serum-free group could overall suggest that the ornithine pathway to 

spermine might be downregulated. Thus, the over production of ornithine is converted to 

spermine in the serum-free group at a slower rate. The regulation of ornithine to 

spermine is tightly regulated by enzymes, including ornithine decarboxylase, which 

regulates ornithine's conversion into putrescine and spermidine and spermine 
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synthases, which regulate the biosynthesis of spermidine and spermine, respectively 

(Neidhart, 2016). In summary, there is an overproduction of ornithine and lower 

production of spermine in the serum-free group, which could be the result of enzymatic 

regulations.  

In addition to ornithine, lactic acid was also significantly upregulated in the 

serum-free group compared to the serum group. Lactic acid is a major waste product 

that is mainly a by-product of glucose metabolism but can also be produced in small 

amounts from glutamine (Ozturk, Riley, & Palsson, 1992). In normal cell expansion of 

MSCs, higher passage number has been shown to decrease in glucose consumption 

and a higher lactic acid production (Prieto et al., 2016). This study found that the 

glucose level consumption was significantly reduced in the serum-free group compared 

to the serum group at the 48- and 72-hour time points. Similar to the findings, in 

comparison to the serum-group, lactic acid production was significantly higher in the 

serum-free group at all three-time points. Although a recent study has suggested that 

lactic acid can promote cell proliferation in cells by being the primary source of carbon 

for the TCA cycle, its level of exposure can influence its effects (de la Cruz-López, 

Castro-Muñoz, Reyes-Hernández, García-Carrancá, & Manzo-Merino, 2019; Hui et al., 

2017; Lampe, Namba, Silverman, Bjugstad, & Mahoney, 2009). For instance, several 

studies have shown that a high lactic acid production can inhibit cell proliferation and 

influence its differentiation capacity (T. Chen, Zhou, & Tan, 2009; Prieto et al., 2016). In 

particular, high lactic acid levels (>25mM in human MSCs) in MSCs had an adverse 

effect on cell viability by decreasing the pH level of media (Choi, Collins, Gout, & Wang, 
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2013; Y. He, Wang, & Ding, 2013). Therefore, high level of lactic acid can have a 

negative influence on eCB-MSCs.  

When looking at the metabolomic pathway, all the pathways in both serum and 

serum-free groups were expressed at different levels, with the exception of the taurine 

and hypo-taurine metabolism pathway, which was absent in the serum-free group (the 

red rectangle). Further data investigation indicated that the level of taurine in the plain 

serum-free media was significantly lower than the serum-group, to the point that the 

level was undetected. This could suggest that the taurine metabolism pathway is 

inhibited/inactivated in cells cultured in the serum-free media.  

Taurine metabolite has a various roles in mammalian cells, including 

osmoregulation, antioxidation, and membrane stabilization (Baliou et al., 2020; Seidel, 

Huebbe, & Rimbach, 2019). Several studies in the neuronal stem cells have shown its 

positive impact on cell proliferation (Gebara, Udry, Sultan, & Toni, 2015; Hernández-

Benítez et al., 2012; X. W. Li et al., 2017; Shivaraj et al., 2012). Hence, the cells were 

unable to create enough taurine in the serum-free media. We added taurine metabolite 

at different concentration levels into the serum-free media and once again tracked the 

proliferation rate. Surprisingly, the addition of taurine to the serum-free media did not 

improve the cell proliferation in the eCB-MSCs.  

This could be the result of taurine synthesis and its transportation, as they are 

the main factors influencing its cellular effects (Baliou et al., 2020). The taurine 

metabolism pathway starts with multi-conversion steps of converting methionine to 

taurine (Larkin & Place, 2017; Lu, 1999; Parkhitko, Jouandin, Mohr, & Perrimon, 2019). 
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Therefore, this could suggest that the cells in serum-free media have a disruption 

somewhere along the taurine biosynthesis pathway.  

Since taurine biosynthesis is low in the majority of organisms, intracellular taurine 

levels are maintained via taurine intake through the action of taurine transporter located 

on the plasma membrane (Baliou et al., 2020). Thus, damaged taurine transporter can 

influence the cellular uptake of taurine metabolite. In summary, lower levels of 

spermine, aspartic acid, asparagine, and taurine, and a higher level of lactic acid can 

explain why serum-free media is inadequate in the culture process of the eCB-MSCs.  

 
Conclusion  

This study aimed to provide an insight into the metabolomic profiling of serum-

supplemented media and a commercially available serum-free media on eCB-MSCs. 

This is the first study that has shown the metabolomic levels of eCB-MSCs cultured in 

serum and serum-free media. We found that serum-free media that was tailored to 

human MSCs was inadequate in replacing FBS. This further emphasizes the 

importance of specialized media for the equine species. Therefore, this study's results 

are significant as it enables future researchers to create a more optimized culture media 

that is tailored for the equine species. 
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Overall Conclusion and Future Perspectives 

The summary of this thesis can be categorized to two sections. The first section 

presented that cells’ metabolism changes during culture expansion. AKG and creatine, 

were the two metabolites that their levels fluctuated during the long-term culture of eCB-

MSCs. Suggesting that cells at different passage numbers have different metabolomic 

profiling. Additionally, this study identified which metabolites differ between the plain 

media versus the early passage, and the plain media versus the late passage. These 

results provide important insights towards formulating a chemically defined serum-free 

media that is tailored to eCB-MSCs. The second portion of this thesis examined the 

difference between the use of serum supplemented media and a commercially available 

serum-free media. The study exhibited that cells that were cultured in serum-free media 

had a lower proliferation rate, and an altered phenotype. Additionally, 44 metabolites 

were significantly different between the two treatment groups. The enrichment pathway 

between the two treatment groups were similar with the exception of the Taurine and 

Hypo-taurine pathway, which was undetected/unexpressed in the cells that were 

cultured in the serum-free media. When Taurine was added to the serum-free media, 

the proliferate rate was unchanged. Therefore, supplementation of other metabolites 

that are found to be different in the serum and serum-free group may further enhance 

the cellular proliferation of eCB-MSCs under serum-free condition. The overall message 

of this thesis is that cells at different passages and under different conditioned media 

exhibit different metabolomic profiling and machinery. It also emphasized on the notion 

that the commercially available serum-free media that is tailored for human cells is 

inadequate in replacing FBS in the equine species. 
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This study used a bottom-up approach to provide a broad view of the metabolites 

in the serum and serum-free cultured eCB-MSCs. As a result, it gives a vast opportunity 

for further research experiments.  

For instance, as mentioned previously, high levels of AKG tend to affect cells 

positively; however, in certain instances, such high levels have an adverse effect. 

Therefore, future studies should examine the impact of high-level AKG on eCB-MSCs to 

enhance this study's findings. In addition, further examination of the AKG level and its 

association with the significant pathways in both early the late passage could be an 

interesting future direction, as it could emphasize the metabolite itself and its 

functionality in these cells. Future directions for creatine metabolite can consider 

examining its effect on energy production, as well as its proportion relative to other 

energy pathways. In addition, future studies can examine the impact of pyruvaldehyde 

degradation pathway, as methylglyoxal could be a biomarker of cellular stress. For 

instance, in this study we only looked at passages three and eight of the cell culture 

process, thus it would be interesting to better understand the earliest passage that 

pyruvaldehyde degradation pathway expressed significantly and whether it could be 

used as a biomarker to measure the effectiveness of these cells’ functionality at 

different passage numbers.  

Future directions for the serum versus serum-free media experiment can utilize 

such data to create a more optimized serum-free media that it will be tailored to eCB-

MSCs. More specifically, looking at the metabolites, future studies can examine the 

effect of spermine, aspartic acid, and asparagine in the serum-supplemented media to 

better understand each of their effect in the cell proliferation of eCB-MSCs. Similarly, to 
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test whether ornithine's pathway to spermine is downregulated in the serum-free group 

could provide an insight into why a high level of ornithine and low level of spermine 

were expressed in the serum-free media. In addition, to provide us with an 

understanding of the TCA cycle's functionality, the role of aspartic acid and asparagine 

and their bi-directional pathway can be further analyzed. The addition of exogenous 

aspartic acid has shown to be sufficient for restoring cells’ proliferation. Thus, future 

studies can utilize this method to potentially enhance the cell proliferation rate in serum-

free media (Sullivan et al., 2015). It is also important to note that ornithine plays an 

intermediate role in the urea cycle in which its main purpose is to eliminate toxic 

ammonia (Barmore & Stone, 2018). Therefore, evaluating the urea cycle and cell 

behavior toward toxicity can further enhance our understanding of serum-free media's 

effect on eCB-MSCs. Finally, to better understand the effect of lactic acid, the serum-

free media's pH level can be assessed and compared to the cells that are cultured in 

the serum-supplemented media. For the pathway enrichment analysis, we can further 

dissect the taurine metabolism pathway to evaluate whether there is in fact a disruption 

of taurine consumption by the cells. Furthermore, we can identify this disruption by 

further analyzing the taurine biosynthesis pathway and the taurine transporter.  

Overall, this study’s main focus was using a non-invasive method of identifying 

and quantifying the metabolites that play a role in eCB-MSCs. Further validation 

process such as cell lysis procedure and analysis must be done to ensure these 

findings using.   

 

 



92 

References 

Abdel-Wahab, A., Abdel Aziz, R. L., Helmy, N. A., & Ibrahim, S. S. (2018). The impact 

of using newborn bovine serum as fetal calf serum substitute in the in vitro bovine 

embryos production system. Porto Biomedical Journal, 1. 

https://doi.org/10.1016/j.pbj.0000000000000003 

Agata, H., Watanabe, N., Ishii, Y., Kubo, N., Ohshima, S., Yamazaki, M., … Kagami, H. 

(2009). Feasibility and efficacy of bone tissue engineering using human bone 

marrow stromal cells cultivated in serum-free conditions. Biochemical and 

Biophysical Research Communications, 382(2), 353–358. 

https://doi.org/10.1016/j.bbrc.2009.03.023 

Albaugh, V. L., & Barbul, A. (2017). Arginine. In Reference Module in Life Sciences. 

Elsevier. https://doi.org/10.1016/b978-0-12-809633-8.06082-9 

Albina, J. E., Cui, S., Mateo, R. B., & Reichner, J. S. (1993). Nitric oxide-mediated 

apoptosis in murine peritoneal macrophages. The Journal of Immunology, 150(11). 

Allaman, I., Bélanger, M., & Magistretti, P. J. (2015). Methylglyoxal, the dark side of 

glycolysis. Frontiers in Neuroscience. Frontiers Research Foundation. 

https://doi.org/10.3389/fnins.2015.00023 

Almontashiri, N. A. M., Zha, L., Young, K., Law, T., Kellogg, M. D., Bodamer, O. A., & 

Peake, R. W. A. (2020). Clinical Validation of Targeted and Untargeted 

Metabolomics Testing for Genetic Disorders: A 3 Year Comparative Study. 

Scientific Reports, 10(1), 1–8. https://doi.org/10.1038/s41598-020-66401-2 

Alonso, A., Marsal, S., & Julià, A. (2015, March 5). Analytical methods in untargeted 

metabolomics: State of the art in 2015. Frontiers in Bioengineering and 



93 

Biotechnology. Frontiers Media S.A. https://doi.org/10.3389/fbioe.2015.00023 

Altaie, A., Owston, H., & Jones, E. (2016). Use of platelet lysate for bone regeneration - 

Are we ready for clinical translation? World Journal of Stem Cells. Baishideng 

Publishing Group Co. https://doi.org/10.4252/wjsc.v8.i2.47 

Aly, R. M. (2020, May 15). Current state of stem cell-based therapies: An overview. 

Stem Cell Investigation. AME Publishing Company. https://doi.org/10.21037/sci-

2020-001 

Amati, E., Sella, S., Perbellini, O., Alghisi, A., Bernardi, M., Chieregato, K., … Astori, G. 

(2017). Generation of mesenchymal stromal cells from cord blood: Evaluation of in 

vitro quality parameters prior to clinical use. Stem Cell Research and Therapy, 8(1), 

14. https://doi.org/10.1186/s13287-016-0465-2 

Amelse, L., Dhar, M., Neilsen, N., Favi, P., & Carter-Arnold, J. (2015). Platelet-Rich 

Plasma Enhances the Cellular Function of Equine Bone Marrow-Derived 

Mesenchymal Stem Cells. Journal of Stem Cell Research & Therapy, 05(04), 278. 

https://doi.org/10.4172/2157-7633.1000278 

Anderson, N. L., & Anderson, N. G. (2002). The human plasma proteome: history, 

character, and diagnostic prospects. Molecular & Cellular Proteomics : MCP. Mol 

Cell Proteomics. https://doi.org/10.1074/mcp.R200007-MCP200 

Anderson, N. L., Polanski, M., Pieper, R., Gatlin, T., Tirumalai, R. S., Conrads, T. P., … 

Lobley, A. (2004). The human plasma proteome. Molecular and Cellular 

Proteomics, 3(4), 311–326. https://doi.org/10.1074/mcp.M300127-MCP200 

Andres, R. H., Ducray, A. D., Huber, A. W., Pérez-Bouza, A., Krebs, S. H., Schlattner, 

U., … Widmer, H. R. (2005). Effects of creatine treatment on survival and 



94 

differentiation of GABA-ergic neurons in cultured striatal tissue. Journal of 

Neurochemistry, 95(1), 33–45. https://doi.org/10.1111/j.1471-4159.2005.03337.x 

Andres, Robert H., Ducray, A. D., Andereggen, L., Hohl, T., Schlattner, U., Wallimann, 

T., & Widmer, H. R. (2016). The effects of creatine supplementation on striatal 

neural progenitor cells depend on developmental stage. Amino Acids, 48(8), 1913–

1927. https://doi.org/10.1007/s00726-016-2238-8 

Angelone, M., Conti, V., Biacca, C., Battaglia, B., Pecorari, L., Piana, F., … Grolli, S. 

(2017). The contribution of adipose tissue-derived mesenchymal stem cells and 

platelet-rich plasma to the treatment of chronic equine laminitis: A proof of concept. 

International Journal of Molecular Sciences, 18(10), 2122. 

https://doi.org/10.3390/ijms18102122 

Angeloni, C., Zambonin, L., & Hrelia, S. (2014). Role of methylglyoxal in alzheimer’s 

disease. BioMed Research International. Hindawi Publishing Corporation. 

https://doi.org/10.1155/2014/238485 

Arora, M. (2013). Cell Culture Media: A Review. Materials and Methods, 3. 

https://doi.org/10.13070/mm.en.3.175 

Bae, Y. K., Kwon, J. H., Kim, M., Kim, G. H., Choi, S. J., Oh, W., … Jeon, H. B. (2018). 

Intracellular calcium determines the adipogenic differentiation potential of human 

umbilical cord blood-derived mesenchymal stem cells via the Wnt5a/ β -catenin 

signaling pathway. Stem Cells International, 2018. 

https://doi.org/10.1155/2018/6545071 

Baliou, S., Kyriakopoulos, A. M., Goulielmaki, M., Panayiotidis, M. I., Spandidos, D. A., 

& Zoumpourlis, V. (2020). Significance of taurine transporter (TauT) in homeostasis 



95 

and its layers of regulation (review). Molecular Medicine Reports, 22(3), 2163–

2173. https://doi.org/10.3892/mmr.2020.11321 

Barilani, M., Palorini, R., Votta, G., Piras, R., Buono, G., Grassi, M., … Lazzari, L. 

(2019). Central metabolism of functionally heterogeneous mesenchymal stromal 

cells. Scientific Reports, 9(1). https://doi.org/10.1038/s41598-019-51937-9 

Barmore, W., & Stone, W. L. (2018). Physiology, Urea Cycle. StatPearls. StatPearls 

Publishing. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/30020695 

Beerts, C., Suls, M., Broeckx, S. Y., Seys, B., Vandenberghe, A., Declercq, J., … 

Spaas, J. H. (2017). Tenogenically induced allogeneic peripheral blood 

mesenchymal stem cells in allogeneic platelet-rich plasma: 2-year follow-up after 

tendon or ligament treatment in horses. Frontiers in Veterinary Science, 4(SEP), 

158. https://doi.org/10.3389/fvets.2017.00158 

Berebichez-Fridman, R., Gómez-García, R., Granados-Montiel, J., Berebichez-Fastlicht, 

E., Olivos-Meza, A., Granados, J., … Ibarra, C. (2017, June 18). The Holy Grail of 

Orthopedic Surgery: Mesenchymal Stem Cells - Their Current Uses and Potential 

Applications. Stem Cells International. Hindawi Limited. 

https://doi.org/10.1155/2017/2638305 

Berebichez-Fridman, R., & Montero-Olvera, P. R. (2018). Sources and Clinical 

Applications of Mesenchymal Stem Cells: State-of-the-art review. Sultan Qaboos 

University Medical Journal, 18(3), e264–e277. 

https://doi.org/10.18295/squmj.2018.18.03.002 

Berg, J. M., Tymoczko, J. L., & Stryer, L. (2002). Amino Acids Are Made from 

Intermediates of the Citric Acid Cycle and Other Major Pathways. Retrieved from 



96 

https://www.ncbi.nlm.nih.gov/books/NBK22459/ 

Bertoni, L., Branly, T., Jacquet, S., Desancé, M., Desquilbet, L., Rivory, P., … Demoor, 

M. (2019). Intra-articular injection of 2 different dosages of autologous and 

allogeneic bone marrow- And umbilical cord-derived mesenchymal stem cells 

triggers a variable inflammatory response of the fetlock joint on 12 sound 

experimental horses. Stem Cells International, 2019. 

https://doi.org/10.1155/2019/9431894 

Blanco, A., & Blanco, G. (2017). Lipids. In Medical Biochemistry (pp. 99–119). Elsevier. 

https://doi.org/10.1016/B978-0-12-803550-4.00005-7 

Brindley, D. A., Davie, N. L., Culme-Seymour, E. J., Mason, C., Smith, D. W., & Rowley, 

J. A. (2012, January). Peak serum: Implications of serum supply for cell therapy 

manufacturing. Regenerative Medicine. Regen Med. 

https://doi.org/10.2217/rme.11.112 

Broeckx, S. Y., Martens, A. M., Bertone, A. L., Van Brantegem, L., Duchateau, L., Van 

Hecke, L., … Spaas, J. H. (2019). The use of equine chondrogenic-induced 

mesenchymal stem cells as a treatment for osteoarthritis: A randomised, double-

blinded, placebo-controlled proof-of-concept study. Equine Veterinary Journal, 

51(6), 787–794. https://doi.org/10.1111/evj.13089 

Broeckx, S., Zimmerman, M., Crocetti, S., Suls, M., Mariën, T., Ferguson, S. J., … 

Spaas, J. H. (2014). Regenerative Therapies for Equine Degenerative Joint 

Disease: A Preliminary Study. PLoS ONE, 9(1), e85917. 

https://doi.org/10.1371/journal.pone.0085917 

Brunner, D., Frank, J., Appl, H., Schöffl, H., Pfaller, W., & Gstraunthaler, G. (2010). 



97 

Serum-free cell culture: the serum-free media interactive online database. ALTEX, 

27(1), 53–62. https://doi.org/10.14573/altex.2010.1.53 

Cappelletti, P., Tallarita, E., Rabattoni, V., Campomenosi, P., Sacchi, S., & Pollegioni, L. 

(2018). Proline oxidase controls proline, glutamate, and glutamine cellular 

concentrations in a U87 glioblastoma cell line. PLOS ONE, 13(4), e0196283. 

https://doi.org/10.1371/journal.pone.0196283 

Carey, B. W., Finley, L. W. S., Cross, J. R., Allis, C. D., & Thompson, C. B. (2015). 

Intracellular α-ketoglutarate maintains the pluripotency of embryonic stem cells. 

Nature, 518(7539), 413–416. https://doi.org/10.1038/nature13981 

Caseiro, A. R., Pedrosa, S. S., Ivanova, G., Branquinho, M. V., Almeida, A., Faria, F., … 

Maurício, A. C. (2019). Mesenchymal Stem/ Stromal Cells metabolomic and 

bioactive factors profiles: A comparative analysis on the umbilical cord and dental 

pulp derived Stem/ Stromal Cells secretome. PLoS ONE, 14(11), e0221378. 

https://doi.org/10.1371/journal.pone.0221378 

Cavallo, C., Roffi, A., Grigolo, B., Mariani, E., Pratelli, L., Merli, G., … Filardo, G. (2016). 

Platelet-Rich Plasma: The Choice of Activation Method Affects the Release of 

Bioactive Molecules. BioMed Research International, 2016. 

https://doi.org/10.1155/2016/6591717 

Chase, L. G., Lakshmipathy, U., Solchaga, L. A., Rao, M. S., & Vemuri, M. C. (2010). A 

novel serum-free medium for the expansion of human mesenchymal stem cells. 

Stem Cell Research and Therapy, 1(1), 8. https://doi.org/10.1186/scrt8 

Chen, C.-T., Shih, Y.-R. V., Kuo, T. K., Lee, O. K., & Wei, Y.-H. (2008). Coordinated 

Changes of Mitochondrial Biogenesis and Antioxidant Enzymes During Osteogenic 



98 

Differentiation of Human Mesenchymal Stem Cells. Stem Cells, 26(4), 960–968. 

https://doi.org/10.1634/stemcells.2007-0509 

Chen, T., Zhou, Y., & Tan, W. S. (2009). Influence of lactic acid on the proliferation, 

metabolism, and differentiation of rabbit mesenchymal stem cells. Cell Biology and 

Toxicology, 25(6), 573–586. https://doi.org/10.1007/s10565-008-9113-7 

Chilibeck, P., Kaviani, M., Candow, D., & Zello, G. A. (2017). Effect of creatine 

supplementation during resistance training on lean tissue mass and muscular 

strength in older adults: a meta-analysis. Open Access Journal of Sports Medicine, 

Volume 8, 213–226. https://doi.org/10.2147/oajsm.s123529 

Choi, S. Y. C., Collins, C. C., Gout, P. W., & Wang, Y. (2013, August). Cancer-

generated lactic acid: A regulatory, immunosuppressive metabolite? Journal of 

Pathology. Wiley-Blackwell. https://doi.org/10.1002/path.4218 

Chong, J., Wishart, D. S., & Xia, J. (2019). Using MetaboAnalyst 4.0 for Comprehensive 

and Integrative Metabolomics Data Analysis. Current Protocols in Bioinformatics, 

68(1). https://doi.org/10.1002/cpbi.86 

Chung, S., Dzeja, P. P., Faustino, R. S., & Terzic, A. (2008). Developmental 

restructuring of the creatine kinase system integrates mitochondrial energetics with 

stem cell cardiogenesis. In Annals of the New York Academy of Sciences (Vol. 

1147, pp. 254–263). Blackwell Publishing Inc. 

https://doi.org/10.1196/annals.1427.004 

Clark, K. C., Kol, A., Shahbenderian, S., Granick, J. L., Walker, N. J., & Borjesson, D. L. 

(2016). Canine and Equine Mesenchymal Stem Cells Grown in Serum Free Media 

Have Altered Immunophenotype. Stem Cell Reviews and Reports, 12(2), 245–256. 



99 

https://doi.org/10.1007/s12015-015-9638-0 

Clish, C. B. (2015). Metabolomics: an emerging but powerful tool for precision medicine. 

Molecular Case Studies, 1(1), a000588. https://doi.org/10.1101/mcs.a000588 

Coecke, S., Balls, M., Bowe, G., Davis, J., Gstraunthaler, G., Hartung, T., … Stokes, W. 

(2005). Guidance on good cell culture practice: A Report of the Second ECVAM 

Task Force on good cell culture practice. ATLA Alternatives to Laboratory Animals. 

FRAME. https://doi.org/10.1177/026119290503300313 

Coleman, C. S., Hu, G., & Pegg, A. E. (2004). Putrescine biosynthesis in mammalian 

tissues. Biochemical Journal, 379(3), 849–855. https://doi.org/10.1042/BJ20040035 

Coppens, I., Asai, T., & Tomavo, S. (2013). Biochemistry and Metabolism of 

Toxoplasma gondii. Carbohydrates, Lipids and Nucleotides. In Toxoplasma Gondii: 

The Model Apicomplexan - Perspectives and Methods: Second Edition (pp. 257–

295). Elsevier Ltd. https://doi.org/10.1016/B978-0-12-396481-6.00008-8 

da Silva Meirelles, L., Fontes, A. M., Covas, D. T., & Caplan, A. I. (2009, October 1). 

Mechanisms involved in the therapeutic properties of mesenchymal stem cells. 

Cytokine and Growth Factor Reviews. Pergamon. 

https://doi.org/10.1016/j.cytogfr.2009.10.002 

de la Cruz-López, K. G., Castro-Muñoz, L. J., Reyes-Hernández, D. O., García-

Carrancá, A., & Manzo-Merino, J. (2019, November 1). Lactate in the Regulation of 

Tumor Microenvironment and Therapeutic Approaches. Frontiers in Oncology. 

Frontiers Media S.A. https://doi.org/10.3389/fonc.2019.01143 

Dessels, C., Potgieter, M., & Pepper, M. S. (2016). Making the Switch: Alternatives to 

Fetal Bovine Serum for Adipose-Derived Stromal Cell Expansion. Frontiers in Cell 



100 

and Developmental Biology, 4(OCT), 115. https://doi.org/10.3389/fcell.2016.00115 

Dhurat, R., & Sukesh, M. (2014). Principles and methods of preparation of platelet-rich 

plasma: A review and author′s perspective. Journal of Cutaneous and Aesthetic 

Surgery, 7(4), 189. https://doi.org/10.4103/0974-2077.150734 

Diab, S. S., Stover, S. M., Carvallo, F., Nyaoke, A. C., Moore, J., Hill, A., … Uzal, F. A. 

(2017). Diagnostic approach to catastrophic musculoskeletal injuries in racehorses. 

Journal of Veterinary Diagnostic Investigation, 29(4), 405–413. 

https://doi.org/10.1177/1040638716685598 

Emwas, A. H. M. (2015). The strengths and weaknesses of NMR spectroscopy and 

mass spectrometry with particular focus on metabolomics research. Methods in 

Molecular Biology, 1277, 161–193. https://doi.org/10.1007/978-1-4939-2377-9_13 

Farshidfar, F., Pinder, M. A., & Myrie, S. B. (2017). Creatine Supplementation and 

Skeletal Muscle Metabolism for Building Muscle Mass- Review of the Potential 

Mechanisms of Action. Current Protein & Peptide Science, 18(12). 

https://doi.org/10.2174/1389203718666170606105108 

Felka, T., Schfer, R., De Zwart, P., & Aicher, W. K. (2010). Animal serum-free 

expansion and differentiation of human mesenchymal stromal cells. Cytotherapy, 

12(2), 143–153. https://doi.org/10.3109/14653240903470647 

Fernandes, G., & Yang, S. (2016). Application of platelet-rich plasma with stem cells in 

bone and periodontal tissue engineering. Bone Research, 4(1), 1–21. 

https://doi.org/10.1038/boneres.2016.36 

Fernandez, T. de S., & Fernandez, C. de S. (2016). Mesenchymal Stem Cells: 

Biological Characteristics and Potential Clinical Applications for Haematopoietic 



101 

Stem Cell Transplantation. In Pluripotent Stem Cells - From the Bench to the Clinic. 

InTech. https://doi.org/10.5772/63772 

Festen, R. (2007). Understanding Animal Sera: Considerations for Use in the 

Production of Biological Therapeutics. In Medicines from Animal Cell Culture (pp. 

45–58). Chichester, UK: John Wiley & Sons, Ltd. 

https://doi.org/10.1002/9780470723791.ch4 

Fillmore, N., Huqi, A., Jaswal, J. S., Mori, J., Paulin, R., Haromy, A., … Lopaschuk, G. 

D. (2015). Effect of fatty acids on human bone marrow mesenchymal stem cell 

energy metabolism and survival. PLoS ONE, 10(3). 

https://doi.org/10.1371/journal.pone.0120257 

Forthal, D. N. (2014). Functions of Antibodies. In Antibodies for Infectious Diseases 

(Vol. 2, pp. 25–48). American Society of Microbiology. 

https://doi.org/10.1128/microbiolspec.aid-0019-2014 

Gaddi, A. V., Galuppo, P., & Yang, J. (2017, October 1). Creatine Phosphate 

Administration in Cell Energy Impairment Conditions: A Summary of Past and 

Present Research. Heart Lung and Circulation. Elsevier Ltd. 

https://doi.org/10.1016/j.hlc.2016.12.020 

Gebara, E., Udry, F., Sultan, S., & Toni, N. (2015). Taurine increases hippocampal 

neurogenesis in aging mice. Stem Cell Research, 14(3), 369–379. 

https://doi.org/10.1016/j.scr.2015.04.001 

Giraldo, C. E., López, C., Álvarez, M. E., Samudio, I. J., Prades, M., & Carmona, J. U. 

(2013). Effects of the breed, sex and age on cellular content and growth factor 

release from equine pure-platelet rich plasma and pure-platelet rich gel. BMC 



102 

Veterinary Research, 9, 29. https://doi.org/10.1186/1746-6148-9-29 

Goedecke, A., Wobus, M., Krech, M., Münch, N., Richter, K., Hölig, K., & Bornhauser, 

M. (2011). Differential effect of platelet-rich plasma and fetal calf serum on bone 

marrow-derived human mesenchymal stromal cells expanded in vitro. Journal of 

Tissue Engineering and Regenerative Medicine, 5(8), 648–654. 

https://doi.org/10.1002/term.359 

Goodarzi, P., Moghadam, S. A.-, Payab, M., Larijani, B., Rahim, F., Gilany, K., … 

Arjmand, B. (2019). Metabolomics Analysis of Mesenchymal Stem Cells. 

International Journal of Molecular and Cellular Medicine, 8(Suppl1), 30. 

https://doi.org/10.22088/IJMCM.BUMS.8.2.30 

Greene, J. M., Feugang, J. M., Pfeiffer, K. E., Stokes, J. V., Bowers, S. D., & Ryan, P. 

L. (2013). L-arginine enhances cell proliferation and reduces apoptosis in human 

endometrial RL95-2 cells. Reproductive Biology and Endocrinology, 11(1), 15. 

https://doi.org/10.1186/1477-7827-11-15 

Gstraunthaler, G. (2003). Alternatives to the Use of Fetal Bovine Serum: Serum-free 

Cell Culture. Alternatives to Animal Experimentation, 275–281. 

Gstraunthaler, G., Lindl, T., & van der Valk, J. (2013). A plea to reduce or replace fetal 

bovine serum in cell culture media. Cytotechnology, 65(5), 791–793. 

https://doi.org/10.1007/s10616-013-9633-8 

Gstraunthaler, G., Lindl, T., & Van Der Valk, J. (2013, October). A plea to reduce or 

replace fetal bovine serum in cell culture media. Cytotechnology. Springer. 

https://doi.org/10.1007/s10616-013-9633-8 

Gu, Y., Li, T., Ding, Y., Sun, L., Tu, T., Zhu, W., … Sun, X. (2016). Changes in 



103 

mesenchymal stem cells following long-term culture in vitro. Molecular Medicine 

Reports, 13(6), 5207–5215. https://doi.org/10.3892/mmr.2016.5169 

Gugjoo, M. B., Amarpal, Makhdoomi, D. M., & Sharma, G. T. (2019, January 1). Equine 

Mesenchymal Stem Cells: Properties, Sources, Characterization, and Potential 

Therapeutic Applications. Journal of Equine Veterinary Science. W.B. Saunders. 

https://doi.org/10.1016/j.jevs.2018.10.007 

Guimarães-Ferreira, L. (2014). Role of the phosphocreatine system on energetic 

homeostasis in skeletal and cardiac muscles. Einstein (São Paulo, Brazil). Instituto 

de Ensino e Pesquisa Albert Einstein. https://doi.org/10.1590/S1679-

45082014RB2741 

Hass, R., Kasper, C., Böhm, S., & Jacobs, R. (2011). Different populations and sources 

of human mesenchymal stem cells (MSC): A comparison of adult and neonatal 

tissue-derived MSC. Cell Communication and Signaling. BioMed Central. 

https://doi.org/10.1186/1478-811X-9-12 

Hawkes, P. W. (2015, December 1). Fetal bovine serum: Geographic origin and 

regulatory relevance of viral contamination. Bioresources and Bioprocessing. 

Springer. https://doi.org/10.1186/s40643-015-0063-7 

He, W., Miao, F. J. P., Lin, D. C. H., Schwandner, R. T., Wang, Z., Gao, J., … Ling, L. 

(2004). Citric acid cycle intermediates as ligands for orphan G-protein-coupled 

receptors. Nature, 429(6988), 188–193. https://doi.org/10.1038/nature02488 

He, Y., Wang, W. R., & Ding, J. D. (2013). Effects of L-lactic acid and D,L-lactic acid on 

viability and osteogenic differentiation of mesenchymal stem cells. Chinese Science 

Bulletin, 58(20), 2404–2411. https://doi.org/10.1007/s11434-013-5798-y 



104 

Hendrijantini, N., & Hartono, P. (2019). Phenotype characteristics and osteogenic 

differentiation potential of Human Mesenchymal Stem Cells Derived from Amnion 

Membrane (HAMSCs) and Umbilical Cord (HUC-MSCs). Acta Informatica Medica, 

27(2), 72–77. https://doi.org/10.5455/aim.2019.27.72-77 

Hernández-Benítez, R., Ramos-Mandujano, G., & Pasantes-Morales, H. (2012). 

Taurine stimulates proliferation and promotes neurogenesis of mouse adult 

cultured neural stem/progenitor cells. Stem Cell Research, 9(1), 24–34. 

https://doi.org/10.1016/j.scr.2012.02.004 

Hoang, V. T., Trinh, Q.-M., Dam, P. T., Phung, Y.-N., Nguyen, N. T. H., Bui, H.-H., … 

Liem, N. T. (2019). Expansion of Human Mesenchymal Stromal/Stem Cells Using 

Standardized Xeno-Free, Serum-Free Culture Condition. Blood, 

134(Supplement_1), 3253–3253. https://doi.org/10.1182/blood-2019-132140 

Hodgson, J. (1995). To treat or not to treat: That is the question for serum: As 

regulations on serum importation stagnate, the industry moves toward treatment 

options. Bio/Technology, 13(4), 333–343. https://doi.org/10.1038/nbt0495-333 

Hu, C., Fan, L., Cen, P., Chen, E., Jiang, Z., & Li, L. (2016). Energy Metabolism Plays a 

Critical Role in Stem Cell Maintenance and Differentiation. International Journal of 

Molecular Sciences, 17(2), 253. https://doi.org/10.3390/ijms17020253 

Huh, J. E., Choi, J. Y., Shin, Y. O., Park, D. S., Kang, J. W., Nam, D., … Lee, J. D. 

(2014). Arginine enhances osteoblastogenesis and inhibits adipogenesis through 

the regulation of Wnt and NFATc signaling in human mesenchymal stem cells. 

International Journal of Molecular Sciences, 15(7), 13010–13029. 

https://doi.org/10.3390/ijms150713010 



105 

Hui, S., Ghergurovich, J. M., Morscher, R. J., Jang, C., Teng, X., Lu, W., … Rabinowitz, 

J. D. (2017). Glucose feeds the TCA cycle via circulating lactate. Nature, 

551(7678), 115–118. https://doi.org/10.1038/nature24057 

Irigaray, P., & Belpomme, D. (2020). Circulating free methylglyoxal as a metabolic 

tumor biomarker in a rat colon adenocarcinoma model. Molecular and Clinical 

Oncology, 12(4), 311–316. https://doi.org/10.3892/mco.2020.2000 

Izadpanah, R., Kaushal, D., Kriedt, C., Tsien, F., Patel, B., Dufour, J., & Bunnell, B. A. 

(2008). Long-term In vitro Expansion Alters the Biology of Adult Mesenchymal 

Stem Cells. Cancer Res, 68(11), 4229–4267. https://doi.org/10.1158/0008-

5472.CAN-07-5272 

Jiang, J., Pavlova, N. N., & Zhang, J. (2018). Asparagine, a critical limiting metabolite 

during glutamine starvation. Molecular and Cellular Oncology, 5(3). 

https://doi.org/10.1080/23723556.2018.1441633 

Jochems, C. E. A., Van der Valk, J. B. F., Stafleu, F. R., & Baumans, V. (2002). The use 

of fetal bovine serum: Ethical or scientific problem? ATLA Alternatives to 

Laboratory Animals, 30(2), 219–227. https://doi.org/10.1177/026119290203000208 

Johnson, C. H., & Gonzalez, F. J. (2012, August). Challenges and opportunities of 

metabolomics. Journal of Cellular Physiology. NIH Public Access. 

https://doi.org/10.1002/jcp.24002 

Jose, C., Bellance, N., & Rossignol, R. (2011, June 1). Choosing between glycolysis 

and oxidative phosphorylation: A tumor’s dilemma? Biochimica et Biophysica Acta - 

Bioenergetics. Elsevier B.V. https://doi.org/10.1016/j.bbabio.2010.10.012 

Joswig, A. J., Mitchell, A., Cummings, K. J., Levine, G. J., Gregory, C. A., Smith, R., & 



106 

Watts, A. E. (2017). Repeated intra-articular injection of allogeneic mesenchymal 

stem cells causes an adverse response compared to autologous cells in the equine 

model. Stem Cell Research & Therapy, 8(1), 42. https://doi.org/10.1186/s13287-

017-0503-8 

Jung, S., Sen, A., Rosenberg, L., & Behie, L. A. (2012). Human mesenchymal stem cell 

culture: Rapid and efficient isolation and expansion in a defined serum-free 

medium. Journal of Tissue Engineering and Regenerative Medicine, 6(5), 391–403. 

https://doi.org/10.1002/term.441 

Kabat, M., Bobkov, I., Kumar, S., & Grumet, M. (2020). Trends in mesenchymal stem 

cell clinical trials 2004-2018: Is efficacy optimal in a narrow dose range? STEM 

CELLS Translational Medicine, 9(1), 17–27. https://doi.org/10.1002/sctm.19-0202 

Kakudo, N., Morimoto, N., Ma, Y., & Kusumoto, K. (2019). Differences between the 

Proliferative Effects of Human Platelet Lysate and Fetal Bovine Serum on Human 

Adipose-Derived Stem Cells. Cells, 8(10). https://doi.org/10.3390/cells8101218 

Kaluarachchi, M., Lewis, M. R., & Lindon, J. C. (2016). Standardized protocols for MS-

based metabolic phenotyping. In Encyclopedia of Spectroscopy and Spectrometry 

(pp. 224–231). Elsevier. https://doi.org/10.1016/B978-0-12-409547-2.12134-1 

Kasashima, Y., Ueno, T., Tomita, A., Goodship, A. E., & Smith, R. K. W. (2011). 

Optimisation of bone marrow aspiration from the equine sternum for the safe 

recovery of mesenchymal stem cells. Equine Veterinary Journal, 43(3), 288–294. 

https://doi.org/10.1111/j.2042-3306.2010.00215.x 

Kaur, C., Singla-Pareek, S. L., & Sopory, S. K. (2014). Glyoxalase and Methylglyoxal as 

Biomarkers for Plant Stress Tolerance. Critical Reviews in Plant Sciences, 33(6), 



107 

429–456. https://doi.org/10.1080/07352689.2014.904147 

Kern, S., Eichler, H., Stoeve, J., Klüter, H., & Bieback, K. (2006). Comparative Analysis 

of Mesenchymal Stem Cells from Bone Marrow, Umbilical Cord Blood, or Adipose 

Tissue. Stem Cells, 24(5), 1294–1301. https://doi.org/10.1634/stemcells.2005-0342 

Khasawneh, R. R., Hesham Al Sharie, A., Abu-El Rub, E., Omar Serhan, A., & Nizar 

Obeidat, H. (2019). Addressing the impact of different fetal bovine serum 

percentages on mesenchymal stem cells biological performance. Molecular Biology 

Reports, 46, 4437–4441. https://doi.org/10.1007/s11033-019-04898-1 

Khorshied, M. M., Gouda, H. M., Shaheen, I. A., & Al Bolkeny, T. N. (2012). The 

osteogenic differentiation potentials of umbilical cord blood hematopoietic stem 

cells. Comparative Clinical Pathology, 21(4), 441–447. 

https://doi.org/10.1007/s00580-010-1115-1 

Kim, J. Y., Burghardt, R. C., Wu, G., Johnson, G. A., Spencer, T. E., & Bazer, F. W. 

(2011). Select nutrients in the ovine uterine lumen. VIII. Arginine stimulates 

proliferation of ovine trophectoderm cells through MTOR-RPS6K-RPS6 signaling 

cascade and synthesis of nitric oxide and polyamines. Biology of Reproduction, 

84(1), 70–78. https://doi.org/10.1095/biolreprod.110.085753 

Kim, M.-S., Yu, J.-E., Min, K.-H., Kim, J.-H., Choi, I.-H., & Nahm, S.-S. (2012). 

Assessing Biological Safety of the Hanwoo Serum Obtained During Slaughtering 

Process. Journal of Animal Science and Technology, 54(1), 59–63. 

https://doi.org/10.5187/jast.2012.54.1.59 

Koch, T. G., Heerkens, T., Thomsen, P. D., & Betts, D. H. (2007). Isolation of 

mesenchymal stem cells from equine umbilical cord blood. BMC Biotechnology, 7, 



108 

26. https://doi.org/10.1186/1472-6750-7-26 

Kolkmann, A. M., Post, M. J., Rutjens, M. A. M., van Essen, A. L. M., & Moutsatsou, P. 

(2020). Serum-free media for the growth of primary bovine myoblasts. 

Cytotechnology, 72(1), 111–120. https://doi.org/10.1007/s10616-019-00361-y 

Komoda, T., & Matsunaga, T. (2015). Metabolic Pathways in the Human Body. In 

Biochemistry for Medical Professionals (pp. 25–63). Elsevier. 

https://doi.org/10.1016/b978-0-12-801918-4.00004-9 

Kozlowska, U., Krawczenko, A., Futoma, K., Jurek, T., Rorat, M., Patrzalek, D., & 

Klimczak, A. (2019). Similarities and differences between mesenchymal 

stem/progenitor cells derived from various human tissues. World Journal of Stem 

Cells, 11(6), 347–374. https://doi.org/10.4252/wjsc.v11.i6.347 

Krall, A. S., Xu, S., Graeber, T. G., Braas, D., & Christofk, H. R. (2016). Asparagine 

promotes cancer cell proliferation through use as an amino acid exchange factor. 

Nature Communications, 7(1), 1–13. https://doi.org/10.1038/ncomms11457 

Krishnan, N., Dickman, M. B., & Becker, D. F. (2008). Proline modulates the intracellular 

redox environment and protects mammalian cells against oxidative stress. Free 

Radical Biology and Medicine, 44(4), 671–681. 

https://doi.org/10.1016/j.freeradbiomed.2007.10.054 

Kwist, K., Bridges, W. C., & Burg, K. J. L. (2016). The effect of cell passage number on 

osteogenic and adipogenic characteristics of D1 cells. Cytotechnology, 68(4), 

1661–1667. https://doi.org/10.1007/s10616-015-9883-8 

Lampe, K. J., Namba, R. M., Silverman, T. R., Bjugstad, K. B., & Mahoney, M. J. 

(2009). Impact of lactic acid on cell proliferation and free radical-induced cell death 



109 

in monolayer cultures of neural precursor cells. Biotechnology and Bioengineering, 

103(6), 1214–1223. https://doi.org/10.1002/bit.22352 

Larkin, M. E. M., & Place, A. R. (2017). Running the Stop Sign: Readthrough of a 

Premature UAG Termination Signal in the Translation of a Zebrafish (Danio rerio) 

Taurine Biosynthetic Enzyme. Marine Drugs, 15(6), 162. 

https://doi.org/10.3390/md15060162 

Lennicke, C., Rahn, J., Lichtenfels, R., Wessjohann, L. A., & Seliger, B. (2015, 

September 14). Hydrogen peroxide - Production, fate and role in redox signaling of 

tumor cells. Cell Communication and Signaling. BioMed Central Ltd. 

https://doi.org/10.1186/s12964-015-0118-6 

Lepage, S. I. M., Lee, O. J., & Koch, T. G. (2019). Equine Cord Blood Mesenchymal 

Stromal Cells Have Greater Differentiation and Similar Immunosuppressive 

Potential to Cord Tissue Mesenchymal Stromal Cells. Stem Cells and 

Development, 28(3), 227–237. https://doi.org/10.1089/scd.2018.0135 

Leppänen, M., Miettinen, S., Mäkinen, S., Wiipola, P., Heikkilä, P., Katiskalahti, T., & 

Tulamo, R.-M. (2009). Management of equine tendon and ligament injuries with 

expanded autologous adipose-derived mesenchymal stem cells: a clinical study. 

Retrieved from https://researchportal.helsinki.fi/en/publications/management-of-

equine-tendon-and-ligament-injuries-with-expanded-a 

Li, H., Zheng, L., Chen, C., Liu, X., & Zhang, W. (2019). Brain Senescence Caused by 

Elevated Levels of Reactive Metabolite Methylglyoxal on D-Galactose-Induced 

Aging Mice. Frontiers in Neuroscience, 13. 

https://doi.org/10.3389/fnins.2019.01004 



110 

Li, X. W., Gao, H. Y., & Liu, J. (2017, August 9). The role of taurine in improving neural 

stem cells proliferation and differentiation. Nutritional Neuroscience. Taylor and 

Francis Ltd. https://doi.org/10.1080/1028415X.2016.1152004 

Lomelino, C. L., Andring, J. T., McKenna, R., & Kilberg, M. S. (2017, December 8). 

Asparagine synthetase: Function, structure, and role in disease. Journal of 

Biological Chemistry. American Society for Biochemistry and Molecular Biology Inc. 

https://doi.org/10.1074/jbc.R117.819060 

Long, L. H., & Halliwell, B. (2011). Artefacts in cell culture: α-Ketoglutarate can 

scavenge hydrogen peroxide generated by ascorbate and epigallocatechin gallate 

in cell culture media. Biochemical and Biophysical Research Communications, 

406(1), 20–24. https://doi.org/10.1016/j.bbrc.2011.01.091 

Longhini, A. L. F., Salazar, T. E., Vieira, C., Trinh, T., Duan, Y., Pay, L. M., … Grant, M. 

B. (2019). Peripheral blood-derived mesenchymal stem cells demonstrate 

immunomodulatory potential for therapeutic use in horses. PLoS ONE, 14(3). 

https://doi.org/10.1371/journal.pone.0212642 

Lu, S. C. (1999). Regulation of hepatic glutathione synthesis: current concepts and 

controversies. The FASEB Journal, 13(10), 1169–1183. 

https://doi.org/10.1096/fasebj.13.10.1169 

Luiking, Y. C., & Deutz, N. E. P. (2007). Exogenous arginine in sepsis. Critical Care 

Medicine, 35(Suppl), S557–S563. 

https://doi.org/10.1097/01.CCM.0000279191.44730.A2 

Maher, S., Kolieb, E., Sabik, N. A., Abd-Elhalim, D., El-Serafi, A. T., & El-Wazir, Y. 

(2015). Comparison of the osteogenic differentiation potential of mesenchymal cells 



111 

isolated from human bone marrow, umbilical cord blood and placenta derived stem 

cells. Beni-Suef University Journal of Basic and Applied Sciences, 4(1), 80–85. 

https://doi.org/10.1016/j.bjbas.2015.02.011 

Malikides, N., Hodgson, J. L., Rose, R. J., & Hodgson, D. R. (2001). Cardiovascular, 

Haematological and Biochemical Responses after Large Volume Blood Collection 

in Horses. Veterinary Journal, 162(1), 44–55. https://doi.org/10.1053/tvjl.2001.0583 

Marx, R. E., Carlson, E. R., Eichstaedt, R. M., Schimmele, S. R., Strauss, J. E., & 

Georgeff, K. R. (1998). Platelet-rich plasma: Growth factor enhancement for bone 

grafts. Oral Surgery, Oral Medicine, Oral Pathology, Oral Radiology, and 

Endodontics, 85(6), 638–646. https://doi.org/10.1016/S1079-2104(98)90029-4 

McDuffee, L. A., Pack, L., Lores, M., Wright, G. M., Esparza-Gonzalez, B., & Masaoud, 

E. (2012). Osteoprogenitor cell therapy in an equine fracture model. Veterinary 

Surgery, 41(7), 773–783. https://doi.org/10.1111/j.1532-950X.2012.01024.x 

Meena, M., Divyanshu, K., Kumar, S., Swapnil, P., Zehra, A., Shukla, V., … Upadhyay, 

R. S. (2019, December 1). Regulation of L-proline biosynthesis, signal transduction, 

transport, accumulation and its vital role in plants during variable environmental 

conditions. Heliyon. Elsevier Ltd. https://doi.org/10.1016/j.heliyon.2019.e02952 

Mimura, S., Kimura, N., Hirata, M., Tateyama, D., Hayashida, M., Umezawa, A., … 

Furue, M. K. (2011). Growth factor-defined culture medium for human 

mesenchymal stem cells. International Journal of Developmental Biology, 55(2), 

181–187. https://doi.org/10.1387/ijdb.103232sm 

Minguzzi, M., Guidotti, S., Platano, D., D’Adamo, S., Cetrullo, S., Assirelli, E., … Borzì, 

R. M. (2019). Polyamine supplementation reduces DNA damage in adipose stem 



112 

cells cultured in 3-D. Scientific Reports, 9(1), 1–13. https://doi.org/10.1038/s41598-

019-50543-z 

Mocchi, M., Dotti, S., Bue, M. Del, Villa, R., Bari, E., Perteghella, S., … Grolli, S. (2020, 

June 11). Veterinary Regenerative Medicine for Musculoskeletal Disorders: Can 

Mesenchymal Stem/Stromal Cells and Their Secretome Be the New Frontier? 

Cells. NLM (Medline). https://doi.org/10.3390/cells9061453 

Mochizuki, M. (2006). Growth characteristics of canine pathogenic viruses in MDCK 

cells cultured in RPMI 1640 medium without animal protein. Vaccine, 24(11), 1744–

1748. https://doi.org/10.1016/j.vaccine.2005.07.114 

Moffatt, B. A., & Ashihara, H. (2002). Purine and Pyrimidine Nucleotide Synthesis and 

Metabolism. The Arabidopsis Book, 1, e0018. https://doi.org/10.1199/tab.0018 

Mohammad-Gharibani, P., Tiraihi, T., Mesbah-Namin, S. A., Arabkheradmand, J., & 

Kazemi, H. (2012). Induction of bone marrow stromal cells into GABAergic 

neuronal phenotype using creatine as inducer. Restorative Neurology and 

Neuroscience, 30(6), 511–525. https://doi.org/10.3233/RNN-2012-100155 

Moraes, A. P. L., Moreira, J. J., Brossi, P. M., Machado, T. S. L., Michelacci, Y. M., & 

Baccarin, R. Y. A. (2015). Short- and long-term effects of platelet-rich plasma upon 

healthy equine joints: Clinical and laboratory aspects. The Canadian Veterinary 

Journal = La Revue Veterinaire Canadienne, 56(8), 831–838. Retrieved from 

/pmc/articles/PMC4502851/?report=abstract 

Nagamani, S. C. S., & Erez, A. (2016). A metabolic link between the urea cycle and 

cancer cell proliferation. Molecular & Cellular Oncology, 3(2), e1127314. 

https://doi.org/10.1080/23723556.2015.1127314 



113 

Neidhart, M. (2016). DNA Methylation in Synovial Fibroblasts. In DNA Methylation and 

Complex Human Disease (pp. 381–393). Elsevier. https://doi.org/10.1016/b978-0-

12-420194-1.00023-3 

Neumann, E., Riepl, B., Knedla, A., Lefèvre, S., Tarner, I. H., Grifka, J., … Müller-

Ladner, U. (2010). Cell culture and passaging alters gene expression pattern and 

proliferation rate in rheumatoid arthritis synovial fibroblasts. Arthritis Research and 

Therapy, 12(3), R83. https://doi.org/10.1186/ar3010 

Nielsen, O. B., & Hawkes, P. W. (2019). Fetal Bovine Serum and the Slaughter of 

Pregnant Cows: Animal Welfare and Ethics. Retrieved from 

www.bioprocessingjournal.com 

Nombela-Arrieta, C., Ritz, J., & Silberstein, L. E. (2011, February 21). The elusive 

nature and function of mesenchymal stem cells. Nature Reviews Molecular Cell 

Biology. Nature Publishing Group. https://doi.org/10.1038/nrm3049 

Okado, A., Kawasaki, Y., Hasuike, Y., Takahashi, M., Teshima, T., Fujii, J., & Taniguchi, 

N. (1996). Induction of apoptotic cell death by methylglyoxal and 3-deoxyglucosone 

in macrophage-derived cell lines. Biochemical and Biophysical Research 

Communications, 225(1), 219–224. https://doi.org/10.1006/bbrc.1996.1157 

Okazaki, J., Komori, K., Kawasaki, K., Eguchi, D., Ishida, M., & Sugimachi, K. (1997). L-

arginine inhibits smooth muscle cell proliferation of vein graft intimal thickness in 

hypercholesterolemic rabbits. Cardiovascular Research, 36(3), 429–436. 

https://doi.org/10.1016/S0008-6363(97)00188-0 

Olson, A. L., & McNiece, I. K. (2015). Novel clinical uses for cord blood derived 

mesenchymal stromal cells. Cytotherapy, 17(6), 796–802. 



114 

https://doi.org/10.1016/j.jcyt.2015.03.612 

Onak, G., Şen, M., Horzum, N., Ercan, U. K., Yaralı, Z. B., Garipcan, B., & Karaman, O. 

(2018). Aspartic and Glutamic Acid Templated Peptides Conjugation on Plasma 

Modified Nanofibers for Osteogenic Differentiation of Human Mesenchymal Stem 

Cells: A Comparative Study. Scientific Reports, 8(1), 17620. 

https://doi.org/10.1038/s41598-018-36109-5 

Owens, S. D., Kol, A., Walker, N. J., & Borjesson, D. L. (2016). Allogeneic 

Mesenchymal Stem Cell Treatment Induces Specific Alloantibodies in Horses. 

Stem Cells International, 2016. https://doi.org/10.1155/2016/5830103 

Ozturk, S. S., Riley, M. R., & Palsson, B. O. (1992). Effects of ammonia and lactate on 

hybridoma growth, metabolism, and antibody production. Biotechnology and 

Bioengineering, 39(4), 418–431. https://doi.org/10.1002/bit.260390408 

Pamies, D., Bal-Price, A., Simeonov, A., Tagle, D., Allen, D., Gerhold, D., … Hartung, T. 

(2017). Good cell culture practice for stem cells & stem-cell-derived models. In 

Altex (Vol. 34, pp. 95–132). Elsevier GmbH. https://doi.org/10.14573/altex.1607121 

Pandhare, J., Donald, S. P., Cooper, S. K., & Phang, J. M. (2009). Regulation and 

function of proline oxidase under nutrient stress. Journal of Cellular Biochemistry, 

107(4), 759–768. https://doi.org/10.1002/jcb.22174 

Parkhitko, A. A., Jouandin, P., Mohr, S. E., & Perrimon, N. (2019, December 1). 

Methionine metabolism and methyltransferases in the regulation of aging and 

lifespan extension across species. Aging Cell. Blackwell Publishing Ltd. 

https://doi.org/10.1111/acel.13034 

Pegg, A. E. (2016, July 15). Functions of polyamines in mammals. Journal of Biological 



115 

Chemistry. American Society for Biochemistry and Molecular Biology Inc. 

https://doi.org/10.1074/jbc.R116.731661 

Perkel, K. J., & Madan, P. (2017). Spent culture medium analysis from individually 

cultured bovine embryos demonstrates metabolomic differences. Zygote, 25, 662–

674. https://doi.org/10.1017/S0967199417000417 

Petchdee, S., & Sompeewong, S. (2016). Intravenous administration of puppy 

deciduous teeth stem cells in degenerative valve disease. Veterinary World, 9(12), 

1429–1434. https://doi.org/10.14202/vetworld.2016.1429-1434 

Peterson, W. J., Tachiki, K. H., & Yamaguchi, D. T. (2004). Serial passage of MC3T3-

E1 cells down-regulates proliferation during osteogenesis in vitro. Cell Proliferation, 

37(5), 325–336. https://doi.org/10.1111/j.1365-2184.2004.00316.x 

Petrenko, Y., Vackova, I., Kekulova, K., Chudickova, M., Koci, Z., Turnovcova, K., … 

Kubinova, S. (2020). A Comparative Analysis of Multipotent Mesenchymal Stromal 

Cells derived from Different Sources, with a Focus on Neuroregenerative Potential. 

Scientific Reports, 10(1), 1–15. https://doi.org/10.1038/s41598-020-61167-z 

Phang, J. M. (2019). Proline metabolism in cell regulation and cancer biology: Recent 

advances and hypotheses. Antioxidants and Redox Signaling. Mary Ann Liebert 

Inc. https://doi.org/10.1089/ars.2017.7350 

Pirkmajer, S., & Chibalin, A. V. (2011). Serum starvation: Caveat emptor. American 

Journal of Physiology - Cell Physiology, 301(2). 

https://doi.org/10.1152/ajpcell.00091.2011 

Pittenger, M. F., Discher, D. E., Péault, B. M., Phinney, D. G., Hare, J. M., & Caplan, A. 

I. (2019, December 1). Mesenchymal stem cell perspective: cell biology to clinical 



116 

progress. Npj Regenerative Medicine. Nature Research. 

https://doi.org/10.1038/s41536-019-0083-6 

Prieto, P., Fernández-Velasco, M., Fernández-Santos, M. E., Sánchez, P. L., Terrón, 

V., Martín-Sanz, P., … Boscá, L. (2016). Cell expansion-dependent inflammatory 

and metabolic profile of human bone marrow mesenchymal stem cells. Frontiers in 

Physiology, 7(NOV), 548. https://doi.org/10.3389/fphys.2016.00548 

Psychogios, N., Hau, D. D., Peng, J., Guo, A. C., Mandal, R., Bouatra, S., … Wishart, 

D. S. (2011). The human serum metabolome. PLoS ONE, 6(2). 

https://doi.org/10.1371/journal.pone.0016957 

Puck, T. T., Cieciura, S. J., & Robinson, A. (1958). Genetics of somatic mammalian 

cells. III. Long-term cultivation of euploid cells from human and animal subjects. 

The Journal of Experimental Medicine, 108(6), 945–956. 

https://doi.org/10.1084/jem.108.6.945 

Ramaswamy Reddy, S., Reddy, R., Babu, Nc., & Ashok, G. (2018). Stem-cell therapy 

and platelet-rich plasma in regenerative medicines: A review on pros and cons of 

the technologies. Journal of Oral and Maxillofacial Pathology, 22(3), 367. 

https://doi.org/10.4103/jomfp.jomfp_93_18 

Rashid, M. ur, & Coombs, K. M. (2019). Serum-reduced media impacts on cell viability 

and protein expression in human lung epithelial cells. Journal of Cellular 

Physiology, 234(6), 7718–7724. https://doi.org/10.1002/jcp.27890 

Ribbenstedt, A., Ziarrusta, H., & Benskin, J. P. (2018). Development, characterization 

and comparisons of targeted and non-targeted metabolomics methods. PLOS 

ONE, 13(11), e0207082. https://doi.org/10.1371/journal.pone.0207082 



117 

Ringer, S. (1882). Concerning the Influence exerted by each of the Constituents of the 

Blood on the Contraction of the Ventricle. The Journal of Physiology, 3(5–6), 380–

393. https://doi.org/10.1113/jphysiol.1882.sp000111 

Rinnovati, R., Romagnoli, N., Gentilini, F., Lambertini, C., & Spadari, A. (2016). The 

influence of environmental variables on platelet concentration in horse platelet-rich 

plasma. Acta Veterinaria Scandinavica, 58(1). https://doi.org/10.1186/s13028-016-

0226-3 

Roberts, L. D., Souza, A. L., Gerszten, R. E., & Clish, C. B. (2012). Targeted 

metabolomics. Current Protocols in Molecular Biology, 1(SUPPL.98), Unit30.2. 

https://doi.org/10.1002/0471142727.mb3002s98 

Rossdale, P., Hopes, R., Digby, N., & offord, K. (1985). Epidemiological study of 

wastage among racehorses 1982 and 1983. Veterinary Record, 116(3), 66–69. 

https://doi.org/10.1136/vr.116.3.66 

Salazar, A., Keusgen, M., & Von Hagen, J. (2016, May 1). Amino acids in the cultivation 

of mammalian cells. Amino Acids. Springer-Verlag Wien. 

https://doi.org/10.1007/s00726-016-2181-8 

Saldinger, L. K., Nelson, S. G., Bellone, R. R., Lassaline, M., Mack, M., Walker, N. J., & 

Borjesson, D. L. (2020). Horses with equine recurrent uveitis have an activated 

CD4+ T-cell phenotype that can be modulated by mesenchymal stem cells in vitro. 

Veterinary Ophthalmology, 23(1), 160–170. https://doi.org/10.1111/vop.12704 

Sareen, N., Sequiera, G. L., Chaudhary, R., Abu-El-Rub, E., Chowdhury, S. R., 

Sharma, V., … Dhingra, S. (2018). Early passaging of mesenchymal stem cells 

does not instigate significant modifications in their immunological behavior. Stem 



118 

Cell Research and Therapy, 9(1), 121. https://doi.org/10.1186/s13287-018-0867-4 

Schallmoser, K., Bartmann, C., Rohde, E., Reinisch, A., Kashofer, K., Stadelmeyer, E., 

… Strunk, D. (2007). Human platelet lysate can replace fetal bovine serum for 

clinical-scale expansion of functional mesenchymal stromal cells. Transfusion, 

47(8), 1436–1446. https://doi.org/10.1111/j.1537-2995.2007.01220.x 

Schubert, S., Brehm, W., Hillmann, A., & Burk, J. (2018). Serum-free human MSC 

medium supports consistency in human but not in equine adipose-derived 

multipotent mesenchymal stromal cell culture. Cytometry Part A, 93(1), 60–72. 

https://doi.org/10.1002/cyto.a.23240 

Schwarz, C., Leicht, U., Rothe, C., Drosse, I., Luibl, V., Röcken, M., & Schieker, M. 

(2012). Effects of different media on proliferation and differentiation capacity of 

canine, equine and porcine adipose derived stem cells. Research in Veterinary 

Science, 93(1), 457–462. https://doi.org/10.1016/J.RVSC.2011.08.010 

Seidel, U., Huebbe, P., & Rimbach, G. (2019). Taurine: A Regulator of Cellular Redox 

Homeostasis and Skeletal Muscle Function. Molecular Nutrition & Food Research, 

63(16), 1800569. https://doi.org/10.1002/mnfr.201800569 

Seo, J. pil, Tsuzuki, N., Haneda, S., Yamada, K., Furuoka, H., Tabata, Y., & Sasaki, N. 

(2013). Comparison of allogeneic platelet lysate and fetal bovine serum for in vitro 

expansion of equine bone marrow-derived mesenchymal stem cells. Research in 

Veterinary Science, 95(2), 693–698. https://doi.org/10.1016/j.rvsc.2013.04.024 

Shah, K., Drury, T., Roic, I., Hansen, P., Malin, M., Boyd, R., … Ferguson, R. (2018). 

Outcome of allogeneic adult stem cell therapy in dogs suffering from osteoarthritis 

and other joint defects. Stem Cells International, 2018. 



119 

https://doi.org/10.1155/2018/7309201 

Shivaraj, M. C., Marcy, G., Low, G., Ryu, J. R., Zhao, X., Rosales, F. J., & Goh, E. L. K. 

(2012). Taurine induces proliferation of neural stem cells and synapse development 

in the developing mouse brain. PLoS ONE, 7(8). 

https://doi.org/10.1371/journal.pone.0042935 

Singh, D., Vishnoi, T., & Kumar, A. (2013). Effect of alpha-ketoglutarate on growth and 

metabolism of cells cultured on three-dimensional cryogel matrix. International 

Journal of Biological Sciences, 9(5), 521–530. https://doi.org/10.7150/ijbs.4962 

Smith, H. Q., Li, C., Stanley, C. A., & Smith, T. J. (2019). Glutamate Dehydrogenase, a 

Complex Enzyme at a Crucial Metabolic Branch Point. Neurochemical Research, 

44(1), 117–132. https://doi.org/10.1007/s11064-017-2428-0 

Snyder, N. W., Basu, S. S., Worth, A. J., Mesaros, C., & Blair, I. A. (2015). Metabolism 

of propionic acid to a novel acyl-coenzyme a thioester by mammalian cell lines and 

platelets. Journal of Lipid Research, 56(1), 142–150. 

https://doi.org/10.1194/jlr.M055384 

Song, J., Ma, D., Xing, Y., Tang, S., Alahdal, M., Guo, J., … Jin, L. (2018). α-

Ketoglutarate Promotes Pancreatic Progenitor-Like Cell Proliferation. International 

Journal of Molecular Sciences, 19(4). https://doi.org/10.3390/ijms19040943 

Spargo, K. E., Rubio-Martinez, L. M., Wheeler, D. P., Fletcher, L., & Carstens, A. 

(2019). Catastrophic musculoskeletal injuries in thoroughbred racehorses on 

racetracks in Gauteng, South Africa. Journal of the South African Veterinary 

Association, 90(0), 1019–9128. https://doi.org/10.4102/jsava.v90i0.1640 

Spees, J. L., Gregory, C. A., Singh, H., Tucker, H. A., Peister, A., Lynch, P. J., … 



120 

Prockop, D. J. (2004, May 1). Internalized antigens must be removed to prepare 

hypoimmunogenic mesenchymal stem cells for cell and gene therapy. Molecular 

Therapy. Academic Press Inc. https://doi.org/10.1016/j.ymthe.2004.02.012 

Spees, J. L., Lee, R. H., & Gregory, C. A. (2016, August 31). Mechanisms of 

mesenchymal stem/stromal cell function. Stem Cell Research and Therapy. 

BioMed Central Ltd. https://doi.org/10.1186/s13287-016-0363-7 

Stanko, P., Kaiserova, K., Altanerova, V., & Altaner, C. (2014). Comparison of human 

mesenchymal stem cells derived from dental pulp, bone marrow, adipose tissue, 

and umbilical cord tissue by gene expression, 158(3), 373–377. 

https://doi.org/10.5507/bp.2013.078 

Suchánek, J., Kleplová, T. S., Kapitán, M., & Soukup, T. (2013). The effect of fetal calf 

serum on human dental pulp stem cells. Acta Medica (Hradec Králové) / 

Universitas Carolina, Facultas Medica Hradec Králové, 56(4), 142–149. 

https://doi.org/10.14712/18059694.2014.9 

Sullivan, L. B., Gui, D. Y., Hosios, A. M., Bush, L. N., Freinkman, E., & Vander Heiden, 

M. G. (2015). Supporting Aspartate Biosynthesis Is an Essential Function of 

Respiration in Proliferating Cells. Cell, 162(3), 552–563. 

https://doi.org/10.1016/j.cell.2015.07.017 

Suryani, D., Pawitan, J. A., Lilianty, J., Purwoko, R. Y., Liem, I. K., & Damayanti, L. 

(2013). Comparison of fetal bovine serum and platelet-rich plasma on human 

lipoaspirate-derived mesenchymal stem cell proliferation. Medical Journal of 

Indonesia, 22(3), 146–151. https://doi.org/10.13181/mji.v22i3.583 

Tancharoen, W., Aungsuchawan, S., Pothacharoen, P., Bumroongkit, K., Puaninta, C., 



121 

Pangjaidee, N., … Thaojamnong, C. (2019). Human platelet lysate as an 

alternative to fetal bovine serum for culture and endothelial differentiation of human 

amniotic fluid mesenchymal stem cells. Molecular Medicine Reports, 19(6), 5123–

5132. https://doi.org/10.3892/mmr.2019.10182 

TeSlaa, T., Chaikovsky, A. C., Lipchina, I., Escobar, S. L., Hochedlinger, K., Huang, J., 

… Teitell, M. A. (2016). α-Ketoglutarate Accelerates the Initial Differentiation of 

Primed Human Pluripotent Stem Cells. Cell Metabolism, 24(3), 485–493. 

https://doi.org/10.1016/j.cmet.2016.07.002 

Tessier, L., Bienzle, D., Williams, L. B., & Koch, T. G. (2015). Phenotypic and 

Immunomodulatory Properties of Equine Cord Blood-Derived Mesenchymal 

Stromal Cells. PLOS ONE, 10(4), e0122954. 

https://doi.org/10.1371/journal.pone.0122954 

Tizard, I. R. (2021). Adverse consequences of vaccination. In Vaccines for 

Veterinarians (pp. 115-130.e1). Elsevier. https://doi.org/10.1016/B978-0-323-

68299-2.00019-8 

Tjabringa, G. S., Zandieh-Doulabi, B., Helder, M. N., Knippenberg, M., Wuisman, P. I. J. 

M., & Klein-Nulend, J. (2008). The polymine spermine regulates osteogenic 

differentiation in adipose stem cells. Journal of Cellular and Molecular Medicine, 

12(5A), 1710–1717. https://doi.org/10.1111/j.1582-4934.2008.00224.x 

Urrutia, D. N., Caviedes, P., Mardones, R., Minguell, J. J., Vega-Letter, A. M., & Jofre, 

C. M. (2019). Comparative study of the neural differentiation capacity of 

mesenchymal stromal cells from different tissue sources: An approach for their use 

in neural regeneration therapies. PLoS ONE, 14(3). 



122 

https://doi.org/10.1371/journal.pone.0213032 

Van Der Sanden, B., Dhobb, M., Berger, F., & Wion, D. (2010). Optimizing stem cell 

culture. Journal of Cellular Biochemistry, 111(4), 801–807. 

https://doi.org/10.1002/jcb.22847 

Van Der Valk, J., Mellor, D., Brands, R., Fischer, R., Gruber, F., Gstraunthaler, G., … 

Baumans, V. (2004). The humane collection of fetal bovine serum and possibilities 

for serum-free cell and tissue culture. Toxicology in Vitro, 18(1), 1–12. 

https://doi.org/10.1016/J.TIV.2003.08.009 

Van Pham, P., Bui, K. H. T., Ngo, D. Q., Vu, N. B., Truong, N. H., Phan, N. L. C., … 

Phan, N. K. (2013). Activated platelet-rich plasma improves adipose-derived stem 

cell transplantation efficiency in injured articular cartilage. Stem Cell Research and 

Therapy, 4(4), 91. https://doi.org/10.1186/scrt277 

Vasaghi, A., Dehghani, A., Khademalhosseini, Z., Maharlooei, M. K., Monabati, A., & 

Attar, A. (2013). Parameters that influence the isolation of multipotent 

mesenchymal stromal cells from human umbilical cord blood. Hematology/ 

Oncology and Stem Cell Therapy, 6(1), 1–8. 

https://doi.org/10.1016/j.hemonc.2013.02.002 

Voga, M., Adamic, N., Vengust, M., & Majdic, G. (2020, May 29). Stem Cells in 

Veterinary Medicine—Current State and Treatment Options. Frontiers in Veterinary 

Science. Frontiers Media S.A. https://doi.org/10.3389/fvets.2020.00278 

Wei, X., Yang, X., Han, Z. P., Qu, F. F., Shao, L., & Shi, Y. F. (2013, June). 

Mesenchymal stem cells: A new trend for cell therapy. Acta Pharmacologica Sinica. 

Acta Pharmacol Sin. https://doi.org/10.1038/aps.2013.50 



123 

Widowati, W., Noverina, R., Ayuningtyas, W., Kurniawan, D., Kusuma, H. S. W., 

Arumwardana, S., … Faried, A. (2019). Proliferation, characterization and 

differentiation potency of adipose tissue-derived mesenchymal stem cells (AT-

MSCs) cultured in fresh frozen and non-fresh frozen plasma. International Journal 

of Molecular and Cellular Medicine, 8(4), 283–293. 

https://doi.org/10.22088/IJMCM.BUMS.8.4.283 

Witzeneder, K., Lindenmair, A., Gabriel, C., Höller, K., Theiß, D., Redl, H., & 

Hennerbichler, S. (2013). Human-Derived Alternatives to Fetal Bovine Serum in 

Cell Culture. Transfusion Medicine and Hemotherapy, 40(6), 417–423. 

https://doi.org/10.1159/000356236 

Wongkittichote, P., Ah Mew, N., & Chapman, K. A. (2017, December 1). Propionyl-CoA 

carboxylase – A review. Molecular Genetics and Metabolism. Academic Press Inc. 

https://doi.org/10.1016/j.ymgme.2017.10.002 

Wu, G. (2009, May). Amino acids: Metabolism, functions, and nutrition. Amino Acids. 

Amino Acids. https://doi.org/10.1007/s00726-009-0269-0 

Wu, M., Han, Z. B., Liu, J. F., Wang, Y. W., Zhang, J. Z., Li, C. T., … Zhu, X. P. (2014). 

Serum-free media and the immunoregulatory properties of mesenchymal stem cells 

in vivo and in vitro. Cellular Physiology and Biochemistry, 33(3), 569–580. 

https://doi.org/10.1159/000358635 

Wu, N., Yang, M., Gaur, U., Xu, H., Yao, Y., & Li, D. (2016, January 1). Alpha-

ketoglutarate: Physiological functions and applications. Biomolecules and 

Therapeutics. Korean Society of Applied Pharmacology. 

https://doi.org/10.4062/biomolther.2015.078 



124 

Wu, P. K., Wang, J. Y., Chen, C. F., Chao, K. Y., Chang, M. C., Chen, W. M., & Hung, 

S. C. (2017). Early passage mesenchymal stem cells display decreased 

radiosensitivity and increased DNA repair activity. Stem Cells Translational 

Medicine, 6(6), 1504–1514. https://doi.org/10.1002/sctm.15-0394 

Wu, X., Kang, H., Liu, X., Gao, J., Zhao, K., & Ma, Z. (2016). Serum and xeno-free, 

chemically defined, no-plate-coating-based culture system for mesenchymal 

stromal cells from the umbilical cord. Cell Proliferation, 49(5), 579–588. 

https://doi.org/10.1111/cpr.12279 

Wyss, M., & Kaddurah-Daouk, R. (2000). Creatine and creatinine metabolism. 

Physiological Reviews. American Physiological Society. 

https://doi.org/10.1152/physrev.2000.80.3.1107 

Yang, Y.-H. K., Ogando, C. R., Wang See, C., Chang, T.-Y., & Barabino, G. A. (2018). 

Changes in phenotype and differentiation potential of human mesenchymal stem 

cells aging in vitro. Stem Cell Research & Therapy, 9(1), 131. 

https://doi.org/10.1186/s13287-018-0876-3 

Yao, T., & Asayama, Y. (2017, April 1). Animal-cell culture media: History, 

characteristics, and current issues. Reproductive Medicine and Biology. John Wiley 

and Sons Ltd. https://doi.org/10.1002/rmb2.12024 

Yin, H., Zhang, R., Xia, M., Bai, X., Mou, J., Zheng, Y., & Wang, M. (2017). Effect of 

aspartic acid and glutamate on metabolism and acid stress resistance of 

Acetobacter pasteurianus. Microbial Cell Factories, 16(1), 109. 

https://doi.org/10.1186/s12934-017-0717-6 

Yin, J., Ren, W., Huang, X., Deng, J., Li, T., & Yin, Y. (2018, July 30). Potential 



125 

Mechanisms Connecting Purine Metabolism and Cancer Therapy. Frontiers in 

Immunology. NLM (Medline). https://doi.org/10.3389/fimmu.2018.01697 

Yu, J. E., Kim, M., Pokharel, S., Kim, J., Choi, I., Choe, N.-H., & Nahm, S.-S. (2013). 

Potential use of adult bovine serum obtained during the slaughtering process as a 

biological reagent. Animal Cells and Systems, 17(2), 106–112. 

https://doi.org/10.1080/19768354.2013.772073 

Yu, J., Shi, J., Zhang, Y., Zhang, Y., Huang, Y., Chen, Z., & Yang, J. (2018). The 

replicative senescent mesenchymal stem / stromal cells defect in DNA damage 

response and anti-oxidative capacity. International Journal of Medical Sciences, 

15(8), 771–781. https://doi.org/10.7150/ijms.24635 

Zervou, S., J. Whittington, H., J. Russell, A., & A. Lygate, C. (2015). Augmentation of 

Creatine in the Heart. Mini-Reviews in Medicinal Chemistry, 16(1), 19–28. 

https://doi.org/10.2174/1389557515666150722102151 

Zhang, G. F., Sadhukhan, S., Tochtrop, G. P., & Brunengraber, H. (2011, July 8). 

Metabolomics, pathway regulation, and pathway discovery. Journal of Biological 

Chemistry. American Society for Biochemistry and Molecular Biology. 

https://doi.org/10.1074/jbc.R110.171405 

Zhang, J., Huang, X., Wang, H., Liu, X., Zhang, T., Wang, Y., & Hu, D. (2015, 

December 1). The challenges and promises of allogeneic mesenchymal stem cells 

for use as a cell-based therapy. Stem Cell Research and Therapy. BioMed Central 

Ltd. https://doi.org/10.1186/s13287-015-0240-9 

Zhang, X., Zhu, X., Wang, C., Zhang, H., & Cai, Z. (2016). Non-targeted and targeted 

metabolomics approaches to diagnosing lung cancer and predicting patient 



126 

prognosis. Oncotarget, 7(39), 63437–63448. 

https://doi.org/10.18632/oncotarget.11521 

Zheng, X., Baker, H., Hancock, W. S., Fawaz, F., McCaman, M., & Pungor, E. (2006). 

Proteomic analysis for the assessment of different lots of fetal bovine serum as a 

raw material for cell culture. Part IV. Application of proteomics to the manufacture 

of biological drugs. Biotechnology Progress, 22(5), 1294–1300. 

https://doi.org/10.1021/bp060121o 

Zhu, Y., Yuan, M., Meng, H. Y., Wang, A. Y., Guo, Q. Y., Wang, Y., & Peng, J. (2013, 

November 1). Basic science and clinical application of platelet-rich plasma 

forcartilage defects and osteoarthritis: A review. Osteoarthritis and Cartilage. 

Elsevier. https://doi.org/10.1016/j.joca.2013.07.017 

Zhuang, Y., Li, D., Fu, J., Shi, Q., Lu, Y., & Ju, X. (2015). Comparison of biological 

properties of umbilical cord.derived mesenchymal stem cells from early and late 

passages: Immunomodulatory ability is enhanced in aged cells. Molecular Medicine 

Reports, 11(1), 166–174. https://doi.org/10.3892/mmr.2014.2755 

Zurlo, J., Rodacille, D., & Goldberg, A. M. (1996). The three Rs: The way forward. 

Environmental Health Perspectives. Public Health Services, US Dept of Health and 

Human Services. https://doi.org/10.1289/ehp.96104878 

 

 

 

 

 



127 

Appendix 

Figure 15: Metabolite differences between plain serum and plain serum-free media. a) 

Significant metabolites between plain serum and plain serum-free media. b) Metabolites that 

were lower than the level of detection in plain serum-free media. 

a) 

Metabolite Name p value 
14:1SMOH .004 
16:1SM .032 
16:1SMOH .003 
18:0SM .003 
20:2SM .010 
22:1SMOH .009 
22:2SMOH .030 
24:1SMOH .035 
Alanine .009 
Arginine .041 
Asparagine .008 
Aspartic acid .025 
beta-Hydroxybutyric acid .001 
Betaine .001 
Butyric acid .002 
C0 .002 
C10:1 .018 
C14:2 .011 
C14:2OH .005 
C18:1 .002 
C2 .001 
C3 .001 
C3:1 .004 
C3OH .014 
C4 .002 
C4OH .046 
C5 .003 
C5:1 .040 
C5MDC .033 
Choline .003 
Citric acid 0.000006 
Creatine .001 
Fumaric acid 0.000433 
Glucose .010 
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Glutamic acid .036 
Glutamine .007 
Glycine .004 
Hippuric acid .003 
Histidine .003 
Isobutyric acid 0.000392 
Isoleucine 0.000046 
Kynurenine .033 
Lactic acid .001 
Leucine .002 
LYSOC14:0 .034 
LYSOC16:0 .001 
LYSOC16:1 .018 
LYSOC17:0 .001 
LYSOC18:0 .001 
LYSOC18:1 .003 
LYSOC18:2 .002 
LYSOC20:4 .009 
Methionine-Sulfoxide .013 
Methylhistidine 0.000178 
Ornithine .002 
PC32:2AA .001 
PC36:0AA .013 
PC36:0AE .008 
PC38:0AA .004 
PC38:6AA .003 
PC40:2AA .044 
PC40:6AA .002 
PC40:6AE .006 
Phenylalanine .004 
Proline .001 
Propionic acid .001 
Serine .008 
Succinic acid 0.000425 
Threonine .003 
Total dimethylarginine .017 
trans-Hydroxyproline .009 
Trimethylamine N-oxide .002 
Tryptophan .001 
Valine .003 
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b)  

Metabolites Name 
Acetyl-ornithine Methylmalonic acid 
Alpha-Aminoadipic acid Sarcosine 
Asymmetric dimethylarginine Serotonin 
Carnosine Taurine 
Citrulline Uric acid 
Creatinine / 

 

 


