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Effects of Trimethylamine N-Oxide on Mouse Embryonic Stem Cell 

Properties 

Catherine M. Barron 

ACADEMIC ABSTRACT 

 

Trimethylamine N-oxide (TMAO) is a metabolite derived from dietary choline, betaine, 

and carnitine via intestinal microbiota metabolism. In several recent studies, TMAO has been 

shown to directly induce inflammation and reactive oxygen species (ROS) generation in 

numerous cell types, resulting in cell dysfunction. However, whether TMAO will impact stem 

cell properties remains unknown. This project aims to explore the potential impact of TMAO on 

mouse embryonic stem cells (mESCs), which serve as an in vitro model of the early embryo and 

of other potent stem cell types. Briefly, mESCs were cultured in the absence (0mM) or presence 

of TMAO under two different sets of treatment conditions: long-term (21 days), low-dose 

(20µM, 200µM, and 1000µM) treatment or short-term (5 days), high-dose (5mM, 10mM, 

15mM) treatment. Under these treatment conditions, mESC viability, proliferation, and stemness 

were analyzed. mESC properties were not negatively impacted under long-term, low-dose 

TMAO treatment; however, short-term, high-dose treatment resulted in significant reduction of 

mESC viability and proliferation. Additionally, mESC stemness was significantly reduced when 

high-dose treatment was extended to 21 days. To investigate an underlying cause for TMAO-

induced loss in mESC stemness, metabolic activity of the mESCs under short-term, high-dose 

TMAO treatment was measured with a Seahorse XFe96 Analyzer. TMAO treatment 

significantly decreased the rate of glycolysis, and it increased the rate of compensatory 

glycolysis upon inhibition of oxidative phosphorylation (OxPHOS). It also significantly 

increased the rate of OxPHOS, maximal respiratory capacity, and respiratory reserve. These 



 
 

findings indicate that TMAO induced a metabolic switch of mESCs from high glycolytic activity 

to greater OxPHOS activity to promote mESC differentiation. Additionally, TMAO resulted in 

increased proton leak, indicating increased oxidative stress, and elucidating a potential 

underlying mechanism for TMAO-induced loss in mESC stemness. Altogether, these findings 

indicate that TMAO decreases stem cell potency potentially via modulation of metabolic 

activity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Effects of Trimethylamine N-Oxide on Mouse Embryonic Stem Cell 

Properties 

Catherine M. Barron 

GENERAL AUDIENCE ABSTRACT 

 

Trimethylamine N-oxide (TMAO) is a metabolite that is produced by the bacteria in the 

gut after the consumption of specific dietary ingredients (e.g., choline, carnitine, betaine). These 

ingredients are commonly found in meat and dairy products, and thus make up a large part of the 

average American diet. Recently, it was discovered that high TMAO levels in the bloodstream 

put people at an increased risk for heart disease, neurodegenerative diseases (e.g., Alzheimer’s 

Disease), diabetes, stroke, and chronic kidney disease. At the cellular level, there is evidence that 

TMAO increases inflammation and the production of oxygen radicals, which causes cells to lose 

their function and promotes the onset of disease. TMAO has been well studied in adult cell 

types; however, no one has investigated whether TMAO will impact cells of the early embryo. 

This project aims to explore the impact of TMAO on mouse embryonic stem cells (mESCs), 

which are cells that represent the early stage of embryonic development and are critical for 

proper development of the final offspring. In addition, mESCs may also help to provide insight 

into how TMAO impacts other stem cell types, some of which are present throughout the entire 

human lifespan and play an important role in the body’s ability to repair itself and maintain 

overall health. My project demonstrated that TMAO does not impact the overall health of 

mESCs under normal conditions, which signifies that TMAO generated by a pregnant mother 

may not directly impact the early embryonic stage of development. Further studies should be 

conducted to determine the potential impact of TMAO on late stages of embryonic and fetal 

development. Next, to simulate diseased conditions, the mESCs were treated with extremely 



 
 

high concentrations of TMAO in order to determine what concentration of TMAO will 

negatively impact these cells. It was found that at 5mM TMAO, mESCs begin to lose their basic 

properties and become dysfunctional. They are impaired in their viability, growth, ability to 

become other cell types, and in their metabolic activity. These mESC properties are shared with 

several types of adult stem cells, and therefore, these findings help to provide insight into how 

TMAO may impact stem cells found in the adult body which are exposed to a lifetime of high 

TMAO levels. In the future, we would like to further explore the impact of TMAO on mESCs at 

the molecular level as well as examine the direct impact of TMAO on other stem cell types. 
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1. CHAPTER ONE: LITERATURE REVIEW 

1.1 Abstract 

The small metabolite, trimethylamine-N-oxide (TMAO), which is derived from gut microbial 

metabolism of dietary ingredients such as choline and L-carnitine that are found in foods such as 

red meat, fish, and eggs has garnered much attention in the past few years from the biomedical 

community. TMAO is highly associated with a number of chronic disease conditions, including 

atherosclerosis, stroke, Alzheimer’s Disease, diabetes, and chronic kidney disease. A number of 

studies have been conducted to better understand TMAO’s role in these diseases, elucidating 

several mechanisms of action, including induction of inflammatory pathways and excessive 

reactive oxygen species (ROS) production, ultimately leading to senescence or apoptosis in 

several cell types. To date, no one has explored whether TMAO will have an impact on 

embryonic stem cells. These stem cells, as well as most stem cell types found in the body 

throughout the human life span, are highly sensitive to ROS, which can serve as a regulator of 

stem cell potency. In fact, many recent studies have provided substantial evidence to suggest a 

strong interplay between a stem cell’s metabolic state and the maintenance of potency. Stem 

cells have myriad mechanisms in place to tightly regulate and maintain redox balance in order to 

prevent the onset of premature differentiation, apoptosis, or senescence. No one yet has drawn a 

link between the potential harmful effect of TMAO on the body’s stem cell populations, and how 

this may be a contributing factor in TMAO’s role in the development of several different chronic 

diseases. This review provides a strong impetus for the study of TMAO and other metabolites 

which may increase oxidative stress in stem cells and disrupt the redox balance critical for 

maintaining their long-term self-renewal and regenerative capacity. 
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1.2 Introduction 

Increasingly, studies have been focusing on the influence of metabolites on the regulation of 

gene expression and the epigenetic landscape of pluripotent stem cells (PSCs) which in turn can 

influence the pluripotent state (1). Moreover, it is now clear that cells modulate their metabolic 

activity depending on the substrates available and the needs of the cell (i.e., whether it is in a 

state of dormancy, rapid growth, proliferation, or differentiation) (2). This understanding has 

opened the door to providing new insights into how exogenous metabolites, such as TMAO may 

impact stem cell potency. TMAO is of particular interest because it is an independent risk factor 

for several chronic and age-related diseases, and it has been shown to induce inflammation and 

oxidative stress in a number of cell and tissue types (3-7). In this review, I detail the implication 

of TMAO in chronic and age-related disease as well as potential underlying mechanisms of 

action which have been elucidated by several studies. I also review the unique metabolic 

pathways utilized by pluripotent and adult stem cells and the metabolic changes that take place 

during differentiation. I discuss all of the recent work which has demonstrated the strong 

interplay between pathways which regulate metabolism and those that regulate potency, and how 

oxidative stress is tightly regulated in stem cells in order to maintain the pluripotent state. 

1.3. Trimethylamine N-oxide (TMAO) 

1.3.1. TMAO and its Biological Roles 

TMAO is a small organic compound with the chemical formula (CH3)3NO and molecular 

weight of 75.1 Daltons. It has been studied by marine biologists for a long time, because it is 

utilized in marine animals to withstand the harsh conditions of the deep ocean, by acting as an 

osmolyte to counteract the protein de-stabilizing effects of urea and hydrostatic pressure. In fact, 
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it has been shown in several different marine animal species that TMAO concentration increases 

linearly with depth up to 4.8km (8). How TMAO promotes protein stabilization is a subject of 

debate, but several studies suggest that TMAO increases the hydrogen bonds of water molecules, 

which enhances water structure. As a result, the peptide bonds of proteins are less likely to 

interact with the water molecules and become disrupted, thereby preventing protein unfolding (9, 

10). 

TMAO is widely consumed by humans, especially in western cultures where red meat 

and egg consumption are high. TMAO is found in fish in its preformed state, and it can also be 

converted from trimethylamine (TMA), which is generated through gut microbial metabolism of 

dietary choline, phosphatidylcholine (lecithin), and L-carnitine. TMA is oxidized to TMAO by 

hepatic flavin monooxygenases (FMO’s), primarily FMO3. TMAO then circulates the plasma 

where it can accumulate in the tissues and is eventually cleared by the kidney. Red meat, eggs, 

dairy products and salt-water fish are all sources of TMAO as they contain choline, lecithin, and 

carnitine (11). Several studies have demonstrated that the production of TMAO is dependent on 

metabolism by intestinal microbiota. In gnotobiotic mice colonized with TMAO-producing 

bacteria, TMAO accumulated in the serum; while no TMAO accumulated in the serum of mice 

colonized with non-TMAO-producing bacteria (12). Studies in humans given 

phosphatidylcholine challenge (13) or L-carnitine challenge (4) found that TMAO plasma levels 

were suppressed by oral administration of broad spectrum antibiotics. One study did, however, 

suggest that TMAO consumed in its preformed state, such as in fish, may be absorbed 

independent of gut microbes, since circulating TMAO concentrations were increased within 15 

minutes after fish consumption, a time frame too short for microbial and hepatic processing (14). 
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Plasma TMAO levels vary widely between individuals, and are influenced by a host of 

variables, including diet, gut microbial flora, age, liver FMO enzymes, and renal function. A 

genome-wide association study with 1973 human subjects, determined that genes have little 

influence over TMAO levels (15). Koeth et al., found that a person’s long-term dietary habits 

largely impacted plasma TMAO concentration during L-carnitine challenge. Vegan participants 

produced significantly less TMAO at baseline with little increase after L-carnitine challenge, 

whereas participants that regularly consumed meat had significantly higher plasma TMAO levels 

and a much higher spike after the L-carnitine challenge. The enterotype was also found to be 

different for the two groups with enriched proportions of the genus Prevotella associated with 

higher circulating plasma TMAO, compared to the enterotype enriched in Bacteroides. This 

indicates that an individual’s dietary habits largely determine the composition of the intestinal 

microbiota and thus its ability to generate TMAO (4). Additionally, fasting plasma TMAO levels 

in healthy subjects was shown to increase significantly with age in humans and mice (3, 6, 16). 

Higher FMO3 expression results in higher TMAO production. In female mice, FMO3 expression 

is 1,000 fold higher than that in male mice, resulting in higher plasma TMAO levels and more 

severe atherosclerotic plaque development than in male mice, even when fed the same diet. This 

gender difference in FMO3 expression is not seen in humans, and consequently studies have 

shown no significant gender difference between plasma TMAO levels in humans (5, 16). TMAO 

must be excreted through urine, so impaired renal function leads to increased serum levels of 

TMAO, which can be decreased substantially following kidney transplantation (17, 18).  

1.3.2. Implication of TMAO in Chronic and Age-Related Diseases  

TMAO did not enter the limelight in the biomedical research field until recently when 

several studies associated high plasma TMAO levels with an increased risk for a host of chronic 
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diseases, including cardiovascular disease, chronic kidney disease (CKD), diabetes, and 

neurodegenerative disorders. Using a metabolomics approach, Wang et al. discovered for the 

first time that a cluster of three phospholipid-associated molecules choline, betaine, and TMAO, 

was associated with atherosclerosis (5). Since then, numerous recent case–control and 

longitudinal studies have confirmed a strong association between plasma TMAO levels and risk 

of atherosclerosis in several different cohorts (4, 13, 19). The association between high TMAO 

and cardiovascular events is significantly increased in patients with type 2 diabetes mellitus 

(T2DM), and high circulating TMAO levels were independently associated with T2DM in 

humans and mice (20, 21). In addition, TMAO can be detected in human cerebral spinal fluid 

and clinical data has revealed that increased TMAO plasma levels are associated with increased 

risk of cerebrovascular disease, stroke, and Alzheimer’s Disease (AD) (7, 22-24). As mentioned 

earlier, TMAO must be cleared by the kidney, therefore, impairment of kidney function results in 

increased plasma TMAO levels (25, 26). Interestingly, elevated TMAO is also a biomarker for 

renal disease, which provides an indication as to why patients with CKD are often also at higher 

risk for developing cardiovascular disease (CVD) (17, 27).  

1.3.3. Current Understanding of Underlying Mechanisms for TMAO-Induced Cellular 

Abnormalities 

A multitude of in vivo and in vitro studies have been conducted to investigate the 

potential mechanism underlying how TMAO promotes the onset of several chronic diseases. The 

main mechanisms of action of TMAO appear to be through inducing vascular inflammation, 

oxidative stress, and senescence. 

TMAO first emerged in the biomedical field as an independent risk factor for 

atherosclerosis, and therefore, the underlying mechanism for its role in this disease has been the 
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most well-studied to date. TMAO’s role in promoting atherosclerosis has been elucidated from 

studies conducted both in vivo with apoe-/- and LDLR-/- mice, murine models for 

atherosclerosis, and in vitro with endothelial cells, vascular smooth muscle cells, monocytes, 

macrophage cells, and endothelial progenitor cells. Several studies demonstrated that TMAO 

enhanced atherosclerotic plaques in atherosclerosis-prone mouse models (4, 5, 28, 29). In these 

models, TMAO increased macrophage cholesterol accumulation and foam cell formation 

through enhanced levels of macrophage scavenger receptors, CD36 and SRA-1, and reduced 

reverse cholesterol transport (4, 5, 28). Additionally, chronic choline exposure resulted in 

vascular inflammation in atherosclerosis-prone mice through enhanced expression of 

proinflammatory cytokines, such as TNF-α, ICAM1, and VCAM1 (7, 28). Activation of 

inflammatory signaling was also seen after acute TMAO exposure in vivo, with increased 

abundance of total p65 NF-kB in the mouse aortas and elevated expression of inflammatory 

genes (7). In vitro studies conducted with human aortic endothelial cells (HAECs) and vascular 

smooth muscle cells (VSMCs) also showed upregulation of inflammatory markers and enhanced 

leukocyte adhesion, effects which were abolished with treatment of NF-kB inhibitors (7, 30). 

Sun et al. found that TMAO significantly stimulated oxidative stress and the expression of 

TXNIP-NLRP3 inflammasome, resulting in the dose- and time-dependent release of 

inflammatory cytokines interleukin (IL)-1β and IL-18 and decrease in endothelial nitric oxide 

synthase (eNOS) in human umbilical vein endothelial cells (HUVECs), results which were 

reversed with NAC antioxidant treatment. Ke et al. demonstrated that TMAO inhibits SIRT1 

expression, induces oxidative stress, impairs NO production, and enhances the expression of 

endothelial cell senescence markers in vivo and in vitro (3). ROS-induced endothelial 

dysfunction was also seen in endothelial progenitor cells (EPCs). In humans with stable angina, 
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plasma TMAO levels were negatively correlated with circulating EPC numbers and flow-

mediated dilation (FMD). In vitro studies with human EPCs found that TMAO induced cellular 

inflammation (e.g., upregulation of IL-6, CRP, and TNF-α), oxidative stress, and downregulation 

of NO production, ultimately suppressing EPC functions (31). These results help to explain why 

TMAO accelerates endothelial dysfunction, foam cell formation, and monocyte adhesion in the 

progression of atherosclerosis. 

To investigate the role of TMAO in cognitive impairment and neurodegenerative 

disorders, Li et al., compared the impact of TMAO in senescence-accelerated prone mouse strain 

8 (SAMP8) and senescence-accelerate mouse resistant 1 (SAMR1) mice. TMAO was found to 

down-regulate mTOR signaling, resulting in reduced expression of synaptic plasticity-related 

proteins. It also led to mitochondrial dysfunction, increased ROS production, and a higher 

number of senescent cells in the hippocampal CA3 region. Altogether, TMAO exposure induced 

brain aging and age-related dysfunction in SAMR1 mice and aggravated the cerebral aging 

process of SAMP8 mice (6). These results help to explain TMAO’s association with 

cerebrovascular disease, stroke, and AD (7, 22, 23). TMAO appears to induce ROS production 

and senescence in several cell types, which may point to its role in the aging process and its 

implication in many chronic diseases.  

1.4. Mouse Embryonic Stem Cells 

1.4.1. Source, Role, and Basic Characteristics 

Mouse embryonic stem cells are derived from the developing embryo and can be 

categorized into two groups – naïve and primed states, which correspond to the pre-implantation 

stage of embryonic development, and the early post-implantation stage, respectively (32, 33). 
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These two groups of cells are derived from different stages of embryonic development and 

exhibit significant differences, including gene expression, epigenetic modifications, metabolism, 

and differentiation ability (34). This project works with naïve embryonic stem cells, which 

means they are derived from the inner cell mass (ICM) of the pre-implantation blastocyst. These 

cells are pluripotent stem cells, and they are characterized by their ability to give rise to cells of 

all three germ layers (i.e., endoderm, ectoderm, and mesoderm), colonize mouse embryos, and 

proliferate indefinitely in vitro. Pluripotent cells are defined by a group of transcription factors, 

including Oct4, Sox2, and Nanog, among others. Embryonic stem cells represent a critical stage 

in the first few days of embryonic development when the cells are still in a pluripotent state and 

primarily utilize aerobic glycolysis. These cells are able to maintain a lower mutational rate 

compared to differentiated cells due to an enhanced antioxidant system, effective DNA repair, 

and low levels of oxidative stress. Changes in mESC genome could lead to serious 

consequences, such as fetal lethality or congenital disease. Moreover, mESCs with accumulated 

mutations undergo apoptosis or differentiation to preserve the population genome (35-37). 

1.4.2. In Vivo Environment 

mESCs reside within the inner cell mass of the blastocyst, which is formed and released 

into the uterine cavity around Gestational Days 3-4 in mice (38). Once inside the uterine cavity, 

the blastocyst is able to receive nutrients via endometrial secretions. These secretions have been 

shown to contain a complex array of lipids, proteins, and carbohydrates (39). In addition to the 

ICM, the blastocyst contains a layer of cells called the trophoblast which contains cells that will 

later go on to form the placenta. The entire blastocyst is surrounded by an outer protective coat 

called the zona pellucida, which is an extracellular matrix made up of glycoprotein filaments 

(38). Once the blastocyst has fully formed, it will undergo “hatching” where it sheds the zona 
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pellucida, exposing the blastocyst to the uterine epithelium. Soon, cytoplasmic projections can be 

seen protruding from the trophoblast in order to invade the maternal tissue. The trophoblast 

contains enzymes that will digest the maternal tissue in order to initiate blastocyst implantation 

(40). Eventually, the trophoblast will establish contact between the maternal blood supply and 

the ICM of the blastocyst (41, 42). Following implantation, the embryonic stem cells lose their 

pluripotency as the cells differentiate to form the three germ layers in the process of gastrulation. 

This will trigger significant metabolic remodeling in the implanted blastocyst and the pluripotent 

cells within it, allowing the cells to differentiate and commit to different cell fates. If embryonic 

stem cell properties are impaired during this time, then most likely the blastocyst will be unable 

to implant into the uterine lining, resulting in loss of the embryo (43).  
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Figure 1.1 In vivo environment of embryonic stem cells. Early embryonic development consists 

of zygote formation, followed by cell cleavage, and formation of the early blastocyst. The cells 

of the blastocyst segregate into the trophectoderm and inner cell mass (ICM), which contains the 

embryonic stem cells (ESCs). The blastocyst sheds its outer protective layer, the zona pellucida, 

in a process called “hatching”. Then, enzymes of the trophectoderm facilitate blastocyst 

implantation. Created with BioRender.com. 

 

1.4.3. Overview of Potent Cell Types 

 Throughout the different stages of embryonic development and the entire life span of an 

organism, stem cells of different levels of potency (i.e., differentiation ability) are present. The 

first type of stem cell that arises in embryonic development occurs when the ovum and sperm 
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fuse to form a totipotent stem cell. Totipotent stem cells have the highest level of potency as they 

are capable of forming all cell types (i.e., cells of both embryonic and extraembryonic tissue) and 

of generating a globally coordinated developmental sequence in order to form a complete 

organism. Totipotent stem cells are present from the time of zygote formation until the early-

cleavage blastomere. Next, are plenipotent stem cells, which have the same differentiation ability 

of the totipotent cell, but are not capable of coordinating the entire process of development. Once 

the blastocyst matures enough to segregate into the ICM and trophoblast, pluripotent stem cells 

(PSCs) can be found within the ICM, and are capable of forming cells of all three germ layers 

(44). Once the blastocyst implants, PSCs begin to differentiate and commit to different cell fates. 

This will result in the generation of multipotent and progenitor stem cells for different tissue 

types that will contribute to the process of embryonic and fetal development into the final 

offspring. In addition, some stem cells and progenitor cells will remain in these tissues for the 

rest of the human life span, termed somatic or adult stem cells. These stem cells have a relatively 

restricted ability to self-renew and differentiate; however, they play a critical role in the 

maintenance of adult tissues, and in some cases can activate to repair and/or regenerate damaged 

tissues (45, 46). The loss of potency is a gradual process, and how these cells acquire a different 

transcriptional state as they commit to different cell fates remains largely unknown. What 

researchers have observed, however, is that metabolism promotes cell fate regulators and stage-

specific regulators also modulate metabolism (1, 2). Therefore, understanding the impact of 

exogenous metabolites on stem cell metabolism may reveal mechanisms for diseases related to 

loss of potency. Several papers have identified direct links between mitochondrial metabolism 

and the regulation of pluripotency pathways as will be discussed below. 

1.5. Stem Cell Metabolism 
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1.5.1. Overview of Metabolic Pathways  

Glycolysis is one of the major energy-producing pathways in living cells, and it utilizes 

carbohydrates to generate ATP, NADH and pyruvate. When oxygen is present, pyruvate is 

transported to the mitochondrial matrix and converted into acetyl-CoA. In addition, many cells 

utilize other metabolic pathways, such as β-oxidation, which forms acetyl-CoA from the 

breakdown of fatty acids. Acetyl-CoA formed from either glycolysis or β-oxidation, then enters 

the tricarboxylic (TCA) cycle where it gets further oxidized, generating the electron carriers, 

NADH and FADH2. These electron carriers transport their electrons to the electron transport 

chain (ETC), which is made up of protein complexes that will harness the energy from electrons 

as they are being transferred across the chain in order to pump protons into the mitochondrial 

inner membrane space, which will generate an electrochemical gradient that stimulates ATP 

production through ATP synthase. This process in which oxygen consumption is coupled with 

ATP production, is called oxidative phosphorylation (OxPHOS), and produces most of cellular 

ATP. Cells will utilize different metabolic pathways based on their needs and the substrates 

available in their microenvironment (1). For example, cardiomyocytes require high amounts of 

energy and are non-proliferative, so they rely mostly on β-oxidation, which generates the highest 

net ATP production (47). On the other hand, highly proliferative cells will prioritize the 

generation of biomass through glycolysis, even though it results in less efficient ATP production 

(48). 
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Figure 1.2 Overview of metabolic pathways. The major metabolic pathways are highlighted in 

red and include glycolysis, pentose phosphate pathway (PPP), oxidative phosphorylation, β-

oxidation, and tricarboxylic (TCA) cycle. CoA, coenzyme A; ETC, electron transport chain; 

F6P, fructose 6 phosphate; G6P, glucose 6 phosphate; ROS, reactive oxygen species. Created 

with BioRender.com. 
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1.5.2. Metabolic Activity of Pluripotent Stem Cells 

The dramatic changes that take place in the physiology of the embryo during the first 

steps of mouse gestation described above appear to be facilitated by changes in metabolic 

activity. Embryonic stem cells have unique metabolic requirements based on the function they 

play in the pre-implantation blastocyst. Since the pluripotent cells of the ICM must give rise to 

all of the cells and tissues of the final offspring, these cells are designed to minimize ROS 

production and avoid DNA damage. In addition, the rapid proliferation rate of these cells 

requires energy, but mostly it requires the synthesis of building blocks to assemble new daughter 

cells. These metabolic requirements are reflected in their mitochondrial morphology, utilization 

of glycolysis and anabolic pathways, and enhanced antioxidant system. During formation of the 

blastocyst, mitochondrial numbers are halved with each cell division. As a result, these cells 

have relatively few mitochondria, with mostly perinuclear localization and immature cristae (49-

51). Therefore, although these cells have active mitochondria, their respiratory capacity and 

overall rate of oxygen consumption is lower than their differentiated counterparts. ESCs mostly 

utilize aerobic glycolysis for ATP production as is evident by high glucose uptake and lactate 

production (52). The main advantages of utilizing glycolysis over OxPHOS are to reduce ROS 

generation in the mitochondrial respiratory chain and to generate the intermediary metabolites 

required for anabolic pathways. The pentose phosphate pathway (PPP) is highly active in mESCs 

and maintained by high glycolytic flux. The PPP shunts glucose-6-phosphate from glycolysis in 

order to generate precursors for fatty acid synthesis, nucleotide synthesis, and can re-enter 

glycolysis in order to generate ATP. Specifically, it generates 5-phosphoribosyl-1-pyrophosphate 

(PRPP) for pyrimidine and purine synthesis. Additionally, it generates NADPH, which is utilized 

for fatty acid synthesis and to generate reduced glutathione, an antioxidant that reduces H2O2 to 
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H2O and ultimately lower oxidative stress. Moreover, ablation of glucose-6-phsophate 

dehydrogenase, the rate-limiting step in the PPP, results in elevated sensitivity of mESCs to 

oxidative stress, and causes them to undergo apoptosis, while their wild type counterparts are 

able to tolerate the same ROS concentrations (53). As a result, regardless of oxygen availability, 

ESCs will utilize aerobic glycolysis to meet their energy needs, instead of pyruvate oxidation in 

the mitochondria. This strategy is also observed in highly proliferative cancer cells and is termed 

the Warburg Effect (48). Interestingly, although PSCs mainly utilize glycolysis, these cells still 

rely on the TCA cycle to generate intermediates for anaplerotic pathways and maintenance of the 

epigenome. Moreover, blocking acetyl-CoA production has been shown to cause loss of 

pluripotency, because it prevents histone modifications which are critical for maintenance of the 

pluripotent state (54, 55). The metabolic switch that takes place during the onset of 

differentiation is accompanied by full oxidation of pyruvate in the mitochondria, resulting in 

acetyl-CoA consumption, loss of histone modification, and subsequent loss of the pluripotent 

state (54). 

1.5.3. Metabolic Activity of Differentiating Cells 

 Differentiation is a gradual process, and it requires a metabolic switch from glycolysis to 

OxPHOS. The transition that occurs in metabolic pathways at the time of implantation is critical 

for the developing embryo, as disruption of metabolic features reduces implantation capacity and 

embryonic viability. This metabolic switch is accompanied by changes in mitochondrial 

morphology and localization as the mitochondria become more elongated, with more developed 

cristae and cytoplasmic distribution (49, 50). Additionally, there is rapid mitochondrial DNA 

(mtDNA) replication and a large uptake in oxygen consumption as ETC coupling with ATP 

production increases. During differentiation, there is a repression of key enzymes involved in the 
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PPP and lipid biosynthesis pathways (50). Further, treatment with glycolysis inhibitors, 2-

deoxyglucose (2-DG) or 3-bromopyruvate (3-BrPa), can stimulate this loss of pluripotency (54). 

As a result, there is a sharp decrease in glycolytic flux and lactate production upon mESC 

differentiation. The mitochondria are more mature, with greater respiratory reserve capacity, and 

therefore, can perform OxPHOS more efficiently. This allows for pyruvate to become fully 

oxidized and be able to fully couple glycolysis to the TCA cycle. Additionally, ETC activity 

increases and is able to efficiently couple oxygen consumption to ATP production. This results 

in greater ROS production, which further promotes the process of differentiation (2). 

1.5.4. Metabolic Activity of Quiescent Adult Stem Cells and Progenitor Stem Cells 

 Most adult stem cells, including long-term hematopoietic stem cells (LT-HSCs), 

mesenchymal stem cells (MSCs) in the bone marrow, and neural stem cells (NSCs) in the brain 

are quiescent. Quiescent adult stem cells likely lie dormant and maintain a slow-cycling state in 

order to minimize ROS-induced cellular damage and ensure life-long tissue renewal capacity (2, 

56). LT-HSCs, MSCs, and NSCs have all been shown to be sensitive to ROS, and under 

conditions of oxidative stress enter differentiation, senescence, or apoptosis (57-59). As a result, 

these cells share similar metabolic activity to PSCs in that they utilize glycolysis to a greater 

extent, have lower mitochondrial mass, and relatively low rates of OxPHOS (60, 61). Similar to 

PSCs, differentiation of these adult stem cells will trigger an increase in mtDNA replication and 

the rate of OxPHOS. Interestingly, these adult stem cells share several nutrient-sensitive 

signaling pathways that regulate the balance between quiescence and proliferation. For example, 

forkhead box O (FOXO) family of transcription factors has a key role in the oxidative stress 

response in LT-HSCs and NSCs (57, 58). During the process of differentiation, FOXO becomes 
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rapidly degraded, allowing ROS levels to increase and further promote differentiation, a 

mechanism also observed in mESCs. 

1.5.5. Pluripotent Stem Cells as a Model for Other Potent Cells 

Typically, pluripotent stem cells are viewed as a model for cells of the ICM in the pre-

implantation embryo; however, as alluded to above, these cells also serve as a model for other 

potent cells in the body. Several studies have demonstrated that mitochondria act as regulators of 

potency in all types of stem cells. The mitochondrial bioenergetics of the cell play an important 

role in the cell’s ability to adapt to its environment and prevent damage under oxidative stress. 

Interestingly, PSCs and adult tissue stem cells share many of the same metabolic pathways 

during the maintenance and loss of pluripotency. Recent studies have demonstrated that the loss 

or acquisition of potency, whether it is in PSCs or quiescent adult stem cells, is facilitated by a 

metabolic switch (55). The metabolic pathways utilized by ESCs and other stem cell types share 

a heavy reliance on glycolysis that switches to OxPHOS during differentiation. Further, both 

ESCs and adult tissue stem cells are highly sensitive to factors such as increased oxidative stress 

and inflammation, which have been shown to alter the tightly regulated metabolic pathways of 

these cells, resulting in premature differentiation, senescence, or apoptosis (36, 57-59). 

Therefore, the study of how TMAO impacts mESC potency can provide an indication of how 

TMAO may impact other stem cell types that are present into adulthood. 

1.6. Cellular Metabolism Dictates Stem Cell Potency 

1.6.1. Molecular Metabolic Pathways Implicated in Maintaining Pluripotency 

Traditionally, cellular metabolism has been studied for its crucial role in generating 

energy for the cell; however, more recently metabolism has been implicated in stem cell activity 
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and cell-fate determination (1, 2). Several studies have uncovered some of the molecular 

metabolic pathways unique to PSCs. Mostly, these mechanisms are in place to promote 

glycolytic flux and anabolic pathways, so that the cell can generate enough energy and building 

blocks to fuel its rapid proliferation and maintain pluripotency (54, 55). Because aerobic 

glycolysis is central to the metabolic needs of PSCs, it’s logical that the pathways which regulate 

pluripotency and metabolism are interconnected.  

Recent studies have demonstrated that the core pluripotency factors (i.e., Oct4, Sox2, 

Nanog) can directly regulate glycolysis through inducing expression of glucose transporters and 

key glycolytic enzymes. Glucose transporter 1 (GLUT 1/SLC2A1) is highly expressed in PSCs 

and required for their survival through the maintenance of high glycolytic flux (55, 62). Yu et al., 

demonstrated that the core transcriptional factors, sex determining region Y-box 2 (Sox2), 

octamer-binding transcription factor 4 (Oct4), and Nanog can directly bind to the GLUT1 

enhancer to induce GLUT1 expression in order to increase glucose uptake and promote 

glycolysis (63). Additionally, Oct4 has been shown to maintain high glycolytic flux by directly 

regulating the key glycolytic enzymes, hexokinase 2 (Hk2) and pyruvate kinase M2 (Pkm2). 

Furthermore, overexpression of these glycolytic enzymes retained pluripotency in the absence of 

leukemia inhibitory factor (LIF), which is the growth factor required in mESC culture to 

maintain mESC properties (64). The transcription factor and key regulator of pluripotency, c-

Myc, has also been shown to promote glycolysis. Mbd2 acts as a transcriptional repressor of 

glycolysis by directly binding to the Myc promoter to repress Myc expression (65). Cao et al., 

identified a cluster of miRNAs (miR-290 cluster) which represses Mbd2, and in turn increases 

the expression of Myc and its downstream transcriptional targets, PKM2 and lactate 

dehydrogenase A (LDHA), both of which are glycolytic enzymes (65). These studies 
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demonstrate the coordination and interdependence between the pathways that regulate 

pluripotency and those that regulate metabolism. 

1.6.2. Role of Metabolites on Epigenetics and Stem Cell Fate 

Metabolism can act as a driver of stem cell fate through its influence on the epigenome 

and gene expression. ESCs must maintain a unique open chromatin structure in order to maintain 

a pluripotent state that is highly plastic and poised for differentiation. Key metabolites from 

intracellular and exogenous sources can significantly influence histone and/or DNA epigenetic 

modifications, thereby providing a link between metabolism and maintenance of the pluripotent 

state. In general, tri-methylation of the Lys 4 residue of histone H3 (H3K4me3) and H3 

acetylation are associated with a transcriptionally active state, whereas H3K9me3, H3K27me3, 

and DNA methylation function as repressive chromatin marks (66, 67). ESCs require a delicate 

balance of chromatin modifications, in which low levels of chromatin repressive marks are 

required for repression of lineage specific genes to prevent the onset of differentiation. Wang et 

al., identified threonine as the only amino acid critically required for mESC growth and 

pluripotency. Threonine is utilized in one-carbon metabolism by the folate pool, which is 

especially important for mESCs, because it generates metabolites for anabolic pathways and 

epigenetic modifications. In threonine catabolism, the rate-limiting step is oxidation by the 

enzyme threonine dehydrogenase (TDH), which converts threonine to glycine and acetyl-CoA. 

Expression of TDH in PSCs is extremely high compared to differentiated cells, which may 

explain why PSCs also have higher amounts of acetyl-CoA compared to differentiated cells (54, 

68). When TDH expression was repressed, it resulted in reduced expression of pluripotency 

markers (Oct4, Sox2, Nanog), and an increased expression of differentiation markers (Foxa2 and 

Sox17). Metabolism of threonine and S-adenosyl methionine (SAM) are coupled. SAM is an 
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important methyl donor responsible for H3K4me3 and highly expressed in PSCs. This epigenetic 

modification is important for maintaining euchromatin, which is crucial for epigenetic plasticity 

in mESCs. Additionally, Shyh-Chang et al., found that several Thr-SAM pathway inputs such as 

Thr, Cys, and folate were less abundant in mESCs than in mouse embryonic fibroblasts (MEFs), 

while downstream outputs, such as SAM and cystathionine were more abundant (69). These 

studies demonstrate how the Thr-SAM pathway provides a strong link between metabolism and 

epigenetic regulation of the pluripotent state. 

Histone acetylation also plays a key role in the maintenance of the open chromatin 

structure of PSCs. Moussaieff et al., demonstrated that glycolytic production of acetyl (Ac)-CoA, 

provides an important substrate of histone acetylation. Instead of completing the TCA cycle, 

pyruvate is incompletely oxidized to citrate, which is transported to the cytoplasm to produce 

Ac-CoA through the enzyme ATP-citrate lyase (ACL), for H3K9/K27 acetylation (54, 70). Just 

24 hours after spontaneous differentiation, a metabolic switch occurs in which pyruvate 

undergoes full oxidation in the TCA cycle, resulting in loss of H3K9/K27 acetylation and the 

pluripotent state (54). This supports the notion that PSCs require the TCA cycle for anaplerotic 

pathways in order to maintain the epigenome, and the decision of whether to fully oxidize 

pyruvate in the mitochondria is tightly regulated. 

The intermediary metabolite, α-ketoglutarate (αKG), is also generated in mESCs through 

an incomplete TCA cycle as well as from the catabolism of glutamine. αKG functions as a 

cofactor for several chromatin-modifying enzymes, such as Jumonji-C (JmjC) domain-

containing histone demethylases and the ten-eleven translocation (TET)-family enzymes 

involved in DNA demethylation (71, 72). Carey et al., demonstrated the importance of an 

elevated αKG/succinate ratio in promoting histone/DNA demethylation and repressing 
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differentiation. Specifically, αKG is required for the depletion of repressive chromatin marks, 

H3K27me3 and H3K9me3, as well as for the reduction of total DNA methylation. The study 

showed that supplementation with αKG promotes ESC self-renewal, while supplementation with 

succinate promotes differentiation (73). Loh et al., demonstrated that Jmjd1a and Jmjd2c are 

direct targets of Oct4, and that the depletion of these histone demethylases results in 

differentiation. Additionally, the study found that Jmjd2c positively regulates Nanog by 

preventing H3K9me3 and the binding of the corepressor HP1/KAP1 complex at the Nanog 

promoter (72). Further, it was recently demonstrated that intracellular αKG levels are controlled 

by phosphoserine aminotransferase 1 (Psat1), which is a direct target of Oct4 (74). Therefore, 

these pathways provide a direct link between metabolite levels and epigenetic gene regulation in 

the maintenance of pluripotency.  
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Figure 1.3 Influence of metabolites on the epigenetic landscape and stem cell fate. Metabolism 

of threonine is coupled with S-adenosyl-L-homocysteine (SAM), which is responsible for 

histone methylations that maintain the pluripotent state. Pyruvate is incompletely oxidized to 

citrate for histone acetylation. α-ketoglutarate is generated from the tricarboxylic acid (TCA) 

cycle and from glutamine catabolism and acts as a cofactor for Jumonji-family histone 

demethylases (JMDHs) and the Tet methylcytosine dioxygenase (TET)-family enzymes involved 

in DNA demethylation. Ac, acetylation; ACL, ATP-citrate lyase; CH3, methylation; CoA, 

coenzyme A; GLDC, glycine decarboxylase; G6P, glucose-6-phosphate; HAT, histone 

acetyltransferase; HK2, hexokinase 2; HMT, histone methyltransferase; PC, pyruvate 

carboxylase; PDH, pyruvate dehydrogenase complex; PEP, phosphoenolpyruvic acid; PK2, 

pyruvate kinase 2; PPP, pentose phosphate pathway; TDH, threonine dehydrogenase; TET, Ten-

Eleven Translocation. Created with BioRender.com. 
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1.7. Oxidative Stress Induces Metabolic Switch and Loss of Potency in PSCs 

1.7.1. Major Sources of Intracellular ROS 

 ROS include a wide array of molecules which are free radicals that contain oxygen and 

are typically highly reactive. Although ROS may be generated in various parts of the cell, the 

major source of ROS is in the mitochondrial ETC. In the ETC, electrons are transferred from 

complex I to complex IV where oxygen is the final electron acceptor. Additionally, oxygen 

molecules may prematurely accept electrons that leak from complexes I and III (75). Once 

oxygen accepts an electron, it leads to a cascade of reactions which generate different types of 

oxygen radicals, some of which can react with almost any other molecule in the cell. Oxygen 

accepts the electron and forms superoxide anion (O2
−•), which is converted to H2O2 by SOD. 

H2O2 is then converted to H2O by catalase, or may react with a metal such as Fe2+ to produce a 

hydroxyl radical (OH•), which is extremely reactive (76). The formation of these highly reactive 

oxygen molecules is problematic because their unpaired electrons may react with and cause 

damage to cellular structures, including proteins, lipids, and DNA. DNA oxidation is of 

particular concern because it damages the DNA and increases the likelihood of DNA mutations 

(77). Cells have limited capacity for the repair of oxidized proteins, so it usually results in their 

ubiquitination and degradation by the proteasome. Protein oxidation may also promote the 

formation of insoluble protein aggregates, which is the molecular basis for many diseases (76, 

78). Therefore, excessive ROS generation is detrimental to cell viability, and is especially 

important in mESCs where ROS plays a role in directing cell fate. As a result, mESCs have 

evolved complex mechanisms for maintaining redox balance: (1) they minimize ROS production 

by mostly utilizing glycolysis for ATP instead of OxPHOS; (2) they have a highly active PPP 
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which generates intermediates required to neutralize ROS; and, (3) they utilize uncoupler 

proteins to lower the mitochondrial membrane potential in order to lower oxidative stress. 

1.7.2. Impact of ROS on Stem Cell Viability and Potency 

Several recent papers have identified key pluripotency and apoptotic pathways that are 

activated by ROS in ESCs. Excessive ROS generation in mESCs activates p53, which directly 

binds and suppresses Nanog expression (79-81). p53 plays an important role in maintaining ESC 

genomic integrity, which differs from its role in terminally differentiated cells. In somatic cells, 

p53 induces cell cycle arrest at the G1/S checkpoint in order to allow for repair of DNA damage; 

however, mESCs lack a p53-dependent G1/S checkpoint (82). Instead, in mESCs p53 is mainly 

cytoplasmic and induces apoptosis in cells with relatively large amounts of DNA damage and 

induces differentiation in mESCs with minimal DNA damage to allow them to undergo p53-

dependent cell cycle arrest or apoptosis after differentiation (36). Excessive ROS generation will 

result in DNA damage which activates p53-suppression of Nanog gene expression, thereby 

triggering cell differentiation. As a defense mechanism, simultaneously sirtuin 1 (SIRT1), a p53 

deacetylase, is activated in order to inhibit p53 suppression of Nano gene expression (83, 84). 

SIRT1 also upregulates cellular antioxidant enzymes, including superoxide dismutase 1 (SOD1), 

catalase, glutathione peroxidase 1, and thioredoxin-1 in order to control ROS levels (85). This 

mechanism is effective under relatively high levels of ROS; however, when ROS levels continue 

to rise and overwhelm the cell’s antioxidant system, SIRT1 has been shown to mediate 

mitochondrial-dependent apoptosis through mitochondrial translocation of p53 (79). Upon the 

onset of mESC differentiation, ROS levels are increased, p53 rapidly downregulates Nanog, and 

expression of SIRT1 and SOD1 are also suppressed (86, 87).  
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Another important transcription factor in mESC viability and potency is FOXO1, because 

it controls the expression of Bim and Puma, which are potent proapoptotic proteins. FOXO1 is 

positively regulated by JNK and negatively regulated by Akt. When ROS levels are too high, it 

activates JNK, which mediates the activation and nuclear import of FOXO1 to trigger expression 

of apoptotic genes (84). Akt activation inhibits FOXO1 and promotes longevity in PSCs. 

However, under conditions of high ROS, SIRT1 can deacetylate FOXO1, which in turn increases 

FOXO1 DNA binding, and inhibits negative phosphorylation by Akt. Additionally, FOXO1 is 

believed to directly regulate pluripotent gene expression by binding to sequences within 

regulatory regions of OCT4 and SOX2. The knockdown of FOXO1 in hESCs and mESCs leads 

to loss of pluripotency, indicating that it is an essential component of the pluripotent cell 

circuitry (88). 
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Figure 1.4 ROS acts as a key regulator of pluripotency. Oxidative stress induces excessive 

mitochondrial ROS generation. Sirt1 inhibits p53 suppression of Nanog expression in order to 

maintain the pluripotent state; however, excessive ROS generation upsets the balance of these 

pluripotency pathways, triggering the onset of differentiation, which further promotes ROS 

production and loss of pluripotency. These ROS-induced negative effects can be rescued with 

treatment of antioxidants, N-acetyl-L-cysteine (NAC) and mitochondria-targeted ubiquinone 

(MitoQ) (86). Created with Biorender.com. 

 

1.7.3. Cellular Mechanisms for Controlling Intracellular ROS Levels 

One of the main advantages mESCs have for relying mostly on glycolysis rather than 

OxPHOS is the minimization of ROS production from the ETC. In addition, the PPP is highly 

active in PSCs and serves as the main source of NADPH, which is the reducing agent utilized by 
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cytosolic glutathione reductase for the degradation of H2O2 (76). Therefore, the metabolic 

phenotype alone is one way in which stem cells control intracellular ROS levels. 

Additionally, several studies suggest that uncoupler protein 2 (UCP2) is upregulated in 

PSCs, which is critical for maintenance of the pluripotent state (50, 89). It appears to play a 

pivotal role in controlling ROS levels by influencing the fate of pyruvate and inducing proton 

leak. The fate of pyruvate plays an important role in maintaining pluripotency. Pyruvate can be 

utilized in several different metabolic pathways, including: (1) conversion to lactate to recycle 

NAD+ back into glycolysis; (2) conversion to acetyl-CoA for entry into the TCA cycle; and (3) 

conversion to oxaloacetate to enter the TCA cycle and generate metabolic intermediates for 

anabolic pathways. In PSCs, pyruvate is mainly converted to lactate, and the remaining pyruvate 

is used in anaplerotic pathways to replenish TCA cycle intermediates. Zhang et al found that 

UCP2 is highly expressed in PSCs and functions to impair glucose oxidation, instead shunting 

pyruvate toward glycolysis (50, 54). This in turn increases the cell’s glycolytic flux and lowers 

ROS production. It appears that UCP2 effectively applies a “brake” on pyruvate entry into the 

mitochondria in order to reduce ROS production in glycolytic cells, such as PSCs, cancer cells, 

and ischemic cells (90). Several studies have also found that UCP2 is associated with increased 

proton leak in which the cell uncouples oxygen consumption with ATP production in order to 

lower the mitochondrial membrane potential (90-93). This in turn lowers ROS production from 

the ETC. Therefore, UCP2 may play two potential roles in mESCs: (1) preventing pyruvate 

uptake by the mitochondria; and (2) acting as an uncoupling agent in the mitochondrial 

respiratory chain. Although more research is required to understand the exact mechanism by 

which UCP2 acts, studies thus far have demonstrated that UCP2 promotes high glycolytic flux 
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and lowers ROS production in mESCs; therefore, UCP2 acts as a key regulator of pluripotency 

in mESCs. 

Figure 1.5 Uncoupler protein 2 (UCP2) is critical for maintenance of the pluripotent state. UCP2 

promotes high glycolytic flux and reduces ETC activity in order to minimize ROS production in 

PSCs. Created with BioRender.com. 

 

1.8 Significance  

1.8.1. Significance 

TMAO has been shown to be an independent biomarker for many different chronic 

diseases, including atherosclerosis, Alzheimer’s Disease, stroke, chronic kidney disease, and 

diabetes (20, 23, 26). Additionally, it directly effects several different cell types, including 

endothelial cells, neurons, macrophages, and vascular smooth muscle cells by inducing 

inflammatory pathways and ROS generation (3, 4, 6, 7). The purpose of my research project is to 
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determine whether TMAO will (1) impact mESC viability, proliferation, and potency; and (2) 

impact mESC metabolism. As discussed earlier, mESCs are derived from the ICM of the pre-

implantation blastocyst and are exposed to metabolites circulating the mother’s bloodstream via 

endometrial secretions (39). If TMAO negatively impacts the viability, proliferation, or 

differentiation ability of the cells at this critical stage in early embryonic development, then 

likely it will result in early embryonic lethality (43). Next, this review thoroughly discusses the 

strong interplay between pathways which regulate metabolism and those that regulate potency. 

TMAO has been shown in several cell types to cause damage through increased oxidative stress, 

and many stem cells types are highly sensitive to ROS (3, 6, 31). Further, ROS acts as a 

signaling molecule that triggers metabolic remodeling and the onset of differentiation in stem 

cells (79, 80). Therefore, in my project I wanted to explore the potential impact of TMAO on 

mESC metabolism, as this would indicate whether TMAO could cause premature differentiation 

or senescence in stem cells via modulation of metabolic activity. Many different studies have 

demonstrated the similarities between PSCs and adult stem cells in their metabolic activity and 

tight regulation of redox signaling (2, 57-59). Therefore, this study is important not only for 

investigating the impact of TMAO on mESCs, but also for providing insight into how TMAO 

may impact adult stem cell populations which are critical for the maintenance and repair of 

tissues throughout the human life span. 
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CHAPTER TWO: TRIMETHYLAMINE N-OXIDE DECREASES MOUSE 

EMBRYONIC STEM CELL POTENCY POTENTIALLY VIA MODULATION OF 

METABOLIC PATHWAYS 

2.1 Abstract 

Trimethylamine N-oxide (TMAO) is a metabolite derived from dietary choline, betaine, 

and carnitine via gut microbial metabolism. In several recent studies, TMAO has been shown to 

directly induce inflammation and reactive oxygen species (ROS) generation in numerous cell 

types, resulting in cell dysfunction. However, whether TMAO will impact stem cell properties 

remains unknown. This project aims to explore the potential impact of TMAO on mouse 

embryonic stem cells (mESCs), which serve as an in vitro model of the early embryo and of 

other potent stem cell types. Briefly, mESCs were cultured in the absence (0mM) or presence of 

TMAO under two different sets of treatment conditions: long-term (21 days), low-dose (20µM, 

200µM, and 1000µM) treatment or short-term (5 days), high-dose (5mM, 10mM, 15mM) 

treatment. Under these treatment conditions, mESC viability, proliferation, and stemness were 

analyzed. mESC properties were not negatively impacted under long-term, low-dose TMAO 

treatment; however, short-term, high-dose treatment resulted in significant reduction of mESC 

viability and proliferation. Additionally, mESC stemness was significantly reduced when high-

dose treatment was extended to 21 days. To investigate an underlying cause for TMAO-induced 

loss in mESC stemness, metabolic activity of the mESCs under short-term, high-dose TMAO 

treatment was measured with a Seahorse XFe96 Analyzer. TMAO treatment significantly 

decreased the rate of glycolysis and increased the rate of compensatory glycolysis upon 

inhibition of oxidative phosphorylation (OxPHOS). Additionally, it significantly increased the 

rate of OxPHOS, maximal respiratory capacity, and respiratory reserve. These findings indicate 
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that TMAO induced a metabolic switch of mESCs from high glycolytic activity to greater 

OxPHOS activity to promote their differentiation. Additionally, TMAO resulted in increased 

proton leak, indicating increased oxidative stress, and elucidating a potential underlying 

mechanism for TMAO-induced loss in mESC stemness. Altogether, these findings indicate that 

TMAO decreases stem cell potency potentially via modulation of metabolic activity.  

2.2 Introduction 

Trimethylamine N-oxide (TMAO) has recently entered the limelight as a small 

metabolite that appears to provide a strong link between diet and negative health outcomes (26). 

TMAO is derived from gut microbial metabolism of dietary components, such as choline, 

carnitine, and betaine which are obtained from foods such as red meat and eggs (4, 11, 13, 14). 

High plasma TMAO levels are highly associated with a host of chronic diseases, including 

atherosclerosis, Alzheimer’s Disease, diabetes, chronic kidney disease, and stroke (4, 5, 20, 23, 

27). Several recent studies have shown that TMAO directly induces dysfunction in several cell 

types via induction of inflammatory markers and reactive oxygen species (ROS) production (3, 

6, 31). Stem cells are particularly sensitive to increased ROS generation, because it serves as a 

regulator of mESC viability, proliferation, and potency (79, 80). As a result, stem cells have 

evolved mechanisms to prevent excessive ROS production, including the generation of high 

levels of antioxidants through a highly active pentose phosphate pathway (PPP), and maintaining 

low levels of ROS generation through reduced activity of the electron transport chain (ETC). 

Additionally, mESCs rely mostly on aerobic glycolysis for ATP production, rather than oxidative 

phosphorylation (OxPHOS), in order to generate the intermediary metabolites required for 

anabolic pathways that support their high proliferation rate (1). Therefore, the metabolic 

phenotype of mESCs plays a key role in tightly regulating redox balance and in the maintenance 
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of mESC properties. When the redox balance is upset, it can trigger the modulation of mESC 

metabolic activity, and subsequent loss of mESC viability and pluripotency (55). Therefore, it is 

important to determine whether TMAO will impact mESC metabolic activity and properties 

through increased oxidative stress. These cells, which are derived from the inner cell mass of the 

pre-implantation blastocyst, serve as a model of a critical stage of early embryonic development 

in which perturbations to mESC properties can result in early embryonic lethality (43). 

Additionally, many pathways regulating metabolism and potency in mESCs are shared with 

adult stem cells, and thus, this study may provide insight into how long-term TMAO exposure in 

adults may impact resident stem cell populations and contribute to the onset of chronic and 

aging-related diseases (2). 

The objective of this study was to determine whether TMAO will impact mESC viability, 

proliferation, and stemness under two separate treatment conditions: a long-term (21 days), low-

dose (20µM, 200µM, and 1000µM) treatment; and a short-term (5 days), high-dose (5mM, 

10mM, 15mM) treatment. We then examined whether TMAO will impact mESC metabolic 

activity under the high dose treatment condition using a Seahorse XFe96 Analyzer, which 

provided measurements of oxygen consumption rate (OCR) and extracellular acidification rate 

(ECAR) under different experimental conditions. These metabolic measurements provided 

information on glycolytic vs OxPHOS activity in the mESCs, as well as potential signs of 

oxidative stress on the cell through increased proton leak. 

2.3 Overall Experimental Design 

In this project, I explored whether TMAO may impact the properties of mESCs through 

increasing mitochondrial dysfunction. To test this, I performed two sets of cell treatment with 

TMAO: (1) long-term, low dose treatment; and (2) short-term, high dose treatment. For long-
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term treatment, the length of treatment was 21 days, because this is the length of mouse 

gestation. Although mESCs are not present for the entire length of mouse gestation, there are 

stem cells with relatively high levels of potency all throughout mouse gestation. The range of 

concentrations chosen for the low dose treatment were based on concentrations of TMAO seen in 

healthy female mice (20 µM) and mice fed a western diet high in TMAO (200 µM), with 1000 

µM being at the high end. For short-term treatment, 5 days was chosen, because mESCs cannot 

be cultured in a plate for longer than 5 days. After 5 days, they must be passaged in order to 

maintain their quality and health. It is not ideal to detach and replate cells undergoing treatment 

with high concentrations of TMAO, because dying cells in the dish will not reattach during the 

replating process. Therefore, in order to provide a more accurate representation of TMAO’s 

impact on viability and proliferation, we selected a 5-day treatment so that experiments could be 

performed directly in the dish on Day 5. The range of concentrations for the high dose treatment 

were chosen based on results from Calcein-AM and ATP-based viability assays. 5mM and 

10mM TMAO treatment resulted in small decreases in mESC viability, whereas 15mM TMAO 

treatment resulted in a drastic decrease in mESC viability. As a result, 5-day experiments were 

carried out with 0mM, 5mM, and 10mM TMAO treatment, and some also included 15mM as the 

highest dose in the range of TMAO treatments as a positive control for TMAO-induced negative 

effects. 

 After the mESCs were exposed to both sets of TMAO treatments, I measured their 

viability with a Calcein-AM and ethidium homodimer-1 (EthD-1)-based assay, proliferation with 

an EdU-based cell proliferation assay, and stemness with an antibody-based 

immunocytochemistry assay. Next, I used the Seahorse XFe96 Analyzer to measure the 

metabolic activity of the mESCs after short-term, high-dose TMAO treatment, in order to 
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determine the extracellular acidification rate (i.e., rate of glycolysis) and the rate of oxygen 

consumption (i.e., rate of mitochondrial oxidative phosphorylation). These experiments also 

provided information about the cell’s compensatory glycolysis, maximal respiratory capacity, 

respiratory reserve, and proton leak under different concentrations of TMAO, compared to the 

control.  

2.4 Materials and Methods 

2.4.1 Reagents 

All chemicals used in the present study are listed below unless otherwise stated 

elsewhere: Antimycin-A (AMA, Sigma-Aldrich, St. Louis, MO), anti-stage specific embryonic 

antigen-1 (SSEA-1, Santa Cruz Biotech, Dallas, TX), Calcein-AM & Ethidium homodimer-1 

(EthD-1, both from Thermo Fisher Scientific), carbonylcyanide p-

trifluoromethoxyphenylhydrazone (FCCP, Sigma-Aldrich, St. Louis, MO), Click-iT 5-ethynyl-

2’-deoxyuridine (EdU) Proliferation kit (Life Technologies, Carlsbad, CA), ES-cell qualified 

fetal bovine serum (FBS, ZenBio, Research Triangle, NC), glucose (Sigma-Aldrich, St. Louis, 

MO), L-glutamine (Quality Biological Inc), high glucose Dulbecco’s Modified Essential 

Medium (DMEM, GE Healthcare Life Sciences, Pittsburgh, PA), Hoechst 33342 (Thermo Fisher 

Scientific, Waltham, MA), leukemia inhibitory factor (LIF, PeproTech, Rocky, NJ), nonessential 

amino acids (NEAA, Quality Biological Inc., Gaithersburg, MD), oligomycin (Sigma-Aldrich, 

St. Louis, MO), 1X Penicillin/Streptomycin (P/S,VWR, Radnor, PA), 2-deoxy-glucose (2-DG, 

Sigma-Aldrich, St. Louis, MO), and 2-mercaptoethanol (2-ME, Sigma-Aldrich, St. Louis, MO). 

2.4.2 mESC Culture 
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The mouse embryonic stem cell (mESC) line C57BL/6 purchased from the American 

Type Culture Collection (ATCC, Cat. SCRC-1002, Manassas, VA) was cultured in 0.1% gelatin-

coated plates at 37oC, 21%O2 and 5%CO2 with high glucose DMEM consisting of 15% ES-cell 

qualified FBS, 1000 U/ml LIF, 0.1 mM NEAA, 0.1 mM 2-ME, 2 mM L-glutamine, and 1X 

penicillin streptomycin with daily medium change. Cells were passaged every 3-5 days or when 

they reached 90% confluency. 

2.4.3 Live/Dead Assay with Calcein-AM/EthD-1 and Hoechst 33342 staining 

Cells were plated at a density of 2.5e4 cells per well on a gelatin-coated 12-well plate, 

and were cultured with different TMAO concentrations (0 µM, 20 µM, 200 µM, 1000 µM) until 

their viability was examined on Day 21. Afterward, cells were washed 1X with phosphate 

buffered saline (PBS) and incubated with 2 µM Calcein-AM, 1.25 µM EthD-1 (both are from 

Thermo Fisher Scientific), and 1µM Hoechst 33342 for 20 minutes. Only live cells with 

intracellular esterase activity could digest non-fluorescent calcein-AM into fluorescent calcein. 

Dead or dying cells containing damaged membranes allowed the entrance of EthD-1 to stain the 

nuclei. Cells were imaged with an Olympus IX73 microscope equipped with a DP70 CCD 

camera (Olympus, Center Valley, PA). The images were then analyzed using ImageJ software 

(NIH). At least 800 Hoechst cells were analyzed in each group to calculate % of dead cells over 

total number of cells.  

 

2.4.4 ATP-based Viability Assay 

 Cells were plated at a density of 8e3 cells per well on a gelatin-coated 96-well plate for 5 

days with different TMAO concentrations (0mM, 5mM, 10mM, 15mM). On Day 5, cells were 

detached and counted. 5e3 cells from each treatment group were added to a luminometer plate 
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and treated with 100µL of nucleotide release buffer for 5 minutes at room temperature with 

gentle shaking according to the manufacturer’s protocol. Then 10µL of ATP Monitoring Enzyme 

was added to the cell lysates, and luminescence of the samples was measured within 1 minute 

using SpectraMax M5 plate reader (Molecular Devices, Sunnyvale, CA). ATP contents were 

normalized by the control group (0mM TMAO) and reported as percentages.  

 

2.4.5 EdU Cell Proliferation Assay 

 Cells were plated at a density of 2.5e4 cells per well on a gelatin-coated 12-well plate. 

Cell proliferation was examined on Days 5 and 21, depending on the treatment type they 

received. Briefly, cells were incubated with 1X EdU for 2.5 hours, and then washed with PBS to 

stop the reaction. The cells were detached with TryplE, fixed with 4% paraformaldehyde (PFA) 

at room temperature (RT) for 30 minutes, and then cytospun onto glass tissue slides at 1100 

revolutions per minute (RPM) for 4 minutes. The cells were then stained by following the 

manufacturer’s protocol included in the Click-iT EdU Cell Proliferation kit. After co-staining 

with Hoechst 33342, fluorescent EdU images were taken with Olympus IX73 microscope 

mentioned above and analyzed using ImageJ software. At least 800 Hoechst cells were analyzed 

in each group to calculate % of EdU positive cells over total number of cells (Hoechst staining).  

 

2.4.6 Stemness Assay with Immunocytochemistry 

Cells were plated at a density of 5e4 cells per well on a gelatin-coated 6-well plate. Cell 

stemness was examined on Days 5 and 21, depending on the treatment type they received. Cells 

were detached with TryplE, fixed with 4% PFA at RT for 30 minutes, and then cytospun onto 

glass tissue slides at 1100 RPM for 4 minutes. The resulting cells were then washed 2X with 
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PBS, followed by blocking in 1.5% bovine serum albumin (BSA) and 0.2% Tween20 buffer for 

1 hour at RT. After that, cells were incubated overnight with 1:250 anti-SSEA-1, washed 3X, 

and stained with a secondary antibody, goat anti-mouse 594, at a concentration of 1:1000 in 

blocking buffer. An additional set of coverslips were stained with only secondary antibody as a 

negative control, and Hoechst 33342 was counterstained to label cell nuclei in all groups. 

Fluorescent images were taken with Olympus IX73 microscope mentioned above and analyzed 

using ImageJ software. At least 1,000 Hoechst cells were analyzed in each group to calculate % 

of SSEA-1-positive cells over total number of cells (Hoechst staining). 

 

2.4.7 Measurement of Extracellular Acidification Rate with Seahorse 

 Extracellular acidification rate (ECAR) of mESCs after exposure to TMAO was 

determined using a Seahorse XFe96 Analyzer (Agilent Technologies Mississauga, ON). mESCs 

were cultured for 5 days in different concentrations of TMAO (0mM, 5mM, 10mM). On Day 5, 

cells were detached and replated at a density of 1e5 cells in Seahorse 96-well cell culture 

microplates, coated with 0.1% gelatin. They were allowed 2 hours to attach to the plate before 

beginning ECAR measurements. This was done to ensure that each well had the same number of 

cells. Following incubation, cells were washed with serum-free, bicarbonate-free, Seahorse base 

medium (supplemented with 2mM L-glutamine) twice and then immersed in a total volume of 

180µL of media in each well immediately before the assay. The Seahorse XFe96 Analyzer uses 

solid-state probes to measure the increase in the proton concentration of cell media at 

programmed intervals providing measures of ECAR in mpH/min under experimental conditions. 

During the Seahorse assay, metabolism can be manipulated by injecting reagents to inhibit 

components of glycolysis and OxPHOS, altering ECAR from the ‘resting’ basal conditions as 
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shown in Figure 2.1. The glycolysis stress kit was used to measure ECAR response following 

addition of glucose (10 mM), oligomycin (1 μM), and 2-DG (100 mM) (see Figure 2.1A). 

Following each injection, five measurements were taken. The average ECAR measurement after 

addition of glucose provides a baseline measurement of glycolysis. Addition of oligomycin 

inhibits the activity of F1F0ATP synthase (ATPase), providing a measure of compensatory 

glycolysis, which is defined as the (average ECAR post-oligomycin injection) – (average ECAR 

post-glucose injection before the addition of oligomycin). 2-DG is a glucose analog that inhibits 

hexokinase, the first enzyme in the glycolysis pathway, and thus, the average ECAR 

measurement after injection of 2-DG provides a measurement of non-glycolytic acidification 

(94). 
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Figure 2.1 Schematic of glycolysis stress test measurements and chemical components: (a) 

Addition of chemical compounds, glucose, oligomycin, and 2-DG, influence glycolytic and 

OxPHOS activity, and (b) measurement of ECAR before and after the injection of these 

chemical compounds provides the rate of non-glycolytic acidification, baseline rate of glycolysis, 

and compensatory glycolysis. Images reproduced with Permission, Courtesy of © Agilent 

Technologies, Inc. 

 

2.4.8 Measurement of Mitochondrial Oxygen Consumption Rate with Seahorse 

 Oxygen consumption rate (OCR) of mESCs was determined using a Seahorse XFe96 

Analyzer (Agilent Technologies Mississauga, ON). mESCs were cultured for 5 days in different 

concentrations of TMAO (0mM, 5mM, 10mM). On Day 5, cells were detached and replated at a 

density of 1e5 cells in Seahorse 96-well cell culture microplates, coated with 0.1% gelatin. They 

were allowed 2 hours to attach to the plate before beginning OCR measurements. This was done 
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to ensure that each well had the same number of cells. Following incubation, cells were washed 

with serum-free, bicarbonate-free, Seahorse OCR assay medium (1mM pyruvate, 2mM 

glutamine, and 10mM glucose) twice and then immersed in a total volume of 180µL of media in 

each well immediately before the assay. Plates were then placed in the XFe96 Analyzer to 

establish a basal level of respiration. The Seahorse XFe96 Analyzer uses solid-state probes to 

measure the decline in the oxygen concentration of cell media at programmed intervals providing 

measures of oxygen consumption rate (OCR) in pmol/min under experimental conditions. 

During a Seahorse assay, metabolism can be manipulated by injecting reagents to inhibit 

components of the ETC, altering OCR from the ‘resting’ basal conditions as shown in Figure 2.2. 

The mitochondrial stress test included the addition of oligomycin (1 μM), FCCP (4 μM), and 

AMA (1 μM) in order to assess mitochondrial function as shown in Figure 2.2A. Following each 

injection, five measurements were taken. The addition of antimycin A inhibits complex III and 

ultimately stops ETC-mediated OCR, therefore, the average OCR after antimycin A injection 

provides non-mitochondrial respiration. Basal respiration was defined as (the average OCR prior 

to injections) – (non-mitochondrial respiration). Oligomycin inhibits the activity of ATPase 

providing a measure of OCR not coupled to ATP production. FCCP is a protonophore that acts 

to uncouple the established proton gradient across the mitochondrial membrane. FCCP 

uncoupling causes the ETC to consume oxygen at a maximal rate to provide maximal OCR 

capacity measurements. Proton leak was defined as (minimum OCR measurement post-

oligomycin injection before the injection of FFCP) – (non-mitochondrial respiration). Maximal 

respiration was calculated as (maximal OCR measurement after the injection of FCCP) – (non-

mitochondrial respiration). Reserve capacity was calculated as (maximal respiration) – (basal 

respiration) (94). 
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Figure 2.2 Schematic of mitochondrial stress test measurements and chemical components: (a) 

Addition of chemical compounds, AMA, oligomycin, and FCCP, influence OxPHOS activity, 

and (b) measurement of OCR before and after the injection of these chemical compounds 

provides the rate of basal respiration, maximal respiratory capacity, reserve capacity, and proton 

leak. Images reproduced with Permission, Courtesy of © Agilent Technologies, Inc. 

 

2.4.9 Statistical Analysis 

All experiments were performed at least three times with at least three replicates per 

group, unless otherwise noted. All data are shown as mean ± standard error (SE). Student's t-test 

with a two-tailed distribution was used to compare two groups. One-way analysis of variance 

(ANOVA) followed by the tukey test was used to compare three or more groups with p < 0.05 

being considered statistically significant. GraphPad Prism 5 and Microsoft Excel 2016 were used 

for statistical analysis and plotting. 
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2.5. Results 

2.5.1. TMAO does not Impact mESC Viability, Proliferation, and Stemness Under 

Physiological Conditions 

 To determine whether TMAO may impact the overall health of mESCs, I first examined 

its effect on viability, proliferation, and stemness under physiological conditions. Viability was 

assessed with a LIVE/DEAD assay. Briefly, mESCs were cultured for 21 days with TMAO at 

different concentrations (0µM, 20µM, 200µM, 1000µM). Cells were passaged every 3-5 days, 

and the final passage before Day 21, the cells were plated in 12-well plates. On Day 21, the cells 

were co-stained with Calcein-AM, EthD-1, and Hoechst 33342, and then imaged with a 

fluorescent microscope. Quantitative analysis shows no statistically significant differences 

between the control and TMAO-treated groups in terms of cell viability (% of live cells are 

97%±1.5 in control vs 96%±1.7 in 20µM, 97%±0.71 in 200µM, and 98%±0 in 1000µM, n=3 in 

all groups, ns, Figure 2.3B). Thus, TMAO does not impact mESC viability under physiological 

conditions. 
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Figure 2.3 mESCs maintain viability under long-term, low-dose TMAO treatment. A. The 

representative images of mESCs stained with Calcein-AM (green), EthD-1 (red), and Hoechst 

(blue) after 21 Days of treatment with (a) 0µM, (b) 20µM, (c) 200µM and (d) 1000µM TMAO. 

Scale bar=200µm. B. The % of EdU positive cells. ns: not significant; n=3.  

 

In order to quantitatively analyze the effect of TMAO on cell proliferation, I performed 

both an EdU assay and a cell doubling time (DT) assay. For the cell DT assay, I cultured the 

cells for 21 days with TMAO at different concentrations (0µM, 20µM, 200µM, 1000µM). Cells 

were passaged every 3-5 days and the cell number was counted at each passage. DT was 

calculated using the following formula: DT=(t2-t0)log2/(logN2-logN0) where t2, t0 indicate time 

points at counting and initial plating, respectively; and N2, N0 indicate number of cells at 

respective time points (95). As shown in Figure 2.4C, the cell DT did not differ significantly for 

the 3 different groups of TMAO-treated mESCs compared to the control (cell doubling times are 

14.8 hours±2.0 in control vs 15.3 hours±2.6 in 20µM, 15.3 hours±2.3 in 200µM, and 16.7 

hours±3.5 in 1000µM, n=3 in all groups, ns). I next performed an EdU assay to quantitatively 
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analyze cell proliferation. EdU is a nucleoside analog of thymidine and is incorporated into DNA 

during synthesis. The EdU contains an alkyne, which undergoes a click reaction with an azide 

that is contained in the Alexa Fluor dye, which allows for fluorescent labeling of newly 

synthesized DNA, so that cell proliferation can be quantified. Briefly, cells were passaged every 

3-5 days, and the final passage before Day 21, the cells were plated in 96-well plates. On Day 21, 

the cells were incubated for 2.5 hours with EdU. Then they were washed 1X with PBS, detached, 

fixed with 4% PFA, cytospun onto coverslips, and then co-stained with Alexa Fluor azide and 

Hoechst 33342. The stained coverslips were flipped over and mounted on tissue slides and 

microscopic fluorescent images were taken from the bottom of the slides using the Olympus 

IX73 microscope mentioned above. As indicated from Figure 2.4B, there were no statistically 

significant differences between the control and TMAO-treated groups in terms of cell 

proliferation (% of EdU positive cells are 62%±6.2 in control vs 65%±5.2 in 20µM, 66%±6.5 in 

200µM, and 65%±4.3 in 1000µM, n=3 in all groups, ns). Thus, TMAO does not impact mESC 

proliferation under physiological conditions. 
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Figure 2.4 mESCs maintain proliferation rate under long-term, low-dose TMAO treatment. A. 

The representative images of mESCs stained with EdU (green) and Hoechst (blue) after 21 Days 

of treatment with (a) 0µM, (b) 20µM, (c) 200µM and (d) 1000µM TMAO. Scale bar=100µm. B. 

The % of EdU positive cells. ns: not significant; n=3. C. The cell doubling time. ns: not 

significant; n=5. 

 

To determine whether TMAO will impact mESC stemness, I performed 

immunocytochemistry with anti-SSEA-1 antibody, a pluripotency marker. Briefly, mESCs were 

cultured for 21 days without TMAO or with 1000µM TMAO. Cells were passaged every 3-5 

days. On Day 21, the cells were detached, fixed with 4% PFA, cytospun onto coverslips, and 

then co-stained with anti-SSEA-1 antibody and Hoechst 33342. The stained coverslips were 

flipped over and mounted on tissue slides and microscopic fluorescent images were taken from 

the bottom of the slides using the Olympus IX73 microscope mentioned above. As indicated 
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from Figure 2.5B, no statistically significant differences were found between the control and 

TMAO-treated groups in terms of cell stemness (% of SSEA-1 positive cells are 91%±6.0 in 

control vs 89%±2.6 in 1000µM, n=5 in all groups, ns). Thus, at these physiological 

concentrations, TMAO does not impact mESC viability, proliferation, and stemness. 
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Figure 2.5 mESCs maintain stemness under long-term, low-dose TMAO treatment. A. The 

representative images of mESCs stained with anti-SSEA-1 (red) antibody and Hoechst (blue) 

after 21 Days of treatment with (a) 0µM and (b) 1000µM TMAO. Scale bar=100µm. B. The % 

of SSEA-1 positive cells. ns: not significant; n=5. 
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2.5.2. High Concentrations of TMAO Lead to Decrease in mESC Viability, Proliferation, 

and Stemness 

 To determine the concentration at which TMAO will have an impact on mESC viability, 

a preliminary viability assay was performed with a Calcein-AM stain after 5 days of exposure to 

high concentrations of TMAO (5mM, 10mM, and 30mM). On Day 5, the cells were stained with 

Calcein-AM, and fluorescent images were taken using the Olympus IX73 microscope mentioned 

above with the 4X objective, so that the entire well could be captured for each treatment group 

for gross calculation of the total green area in mm2, which represents the area of viable cells in 

each well. This assay helped to broadly determine a range at which TMAO will significantly 

decrease mESC viability: (area of green in mm2 for control group is 27mm2±5.8 vs 27mm2±6.0 

in 5mM, 23mm2±5.3 in 10mM, and 11mm2±1.6 in 30mM, n=3, *:p<0.05, **: p<0.01, Figure 

2.6). 

Based on the Calcein-AM assay, a range of TMAO concentrations were selected to 

perform more sensitive assays, including an ATP viability assay, an EdU proliferation assay, and 

immunocytochemistry-based stemness assay. These assays were performed in order to 

investigate the impact of short-term, high doses of TMAO on mESC overall health. 
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Figure 2.6 mESC viability after treatment with wide range of high TMAO concentrations. A. 

The representative images of mESCs stained with Calcein-AM (green) after 5 Days of treatment 

with (a) 0mM, (b) 5mM, (c) 10mM, and (d) 30mM TMAO. Scale bar=1mm. B. Total green area 

in mm2. *:p<0.05, **: p<0.01; n=3. 
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Decrease in ATP level is an indication of cell death and can be measured with an 

ApoSENSOR Cell Viability Assay Kit, which utilizes luciferase to catalyze the formation of 

light from the reaction of ATP and luciferin. Briefly, the mESCs were cultured for 5 days at high 

concentrations of TMAO (0mM, 5mM, 10mM, 15mM), then detached, lysed, and transferred to 

a 96-well plate for analysis using a plate reader. The percent decrease in ATP levels was 

calculated by comparing the relative fluorescent units (RFU) of the treatment groups to the 

control. The ATP assay demonstrated that mESC viability decreased significantly with treatment 

of high concentrations of TMAO (ATP % of control is 85%±11 in 5mM, 82%±15 in 10mM, and 

63%±14 in 15mM, n=3, *:p<0.05, **: p<0.01, ****:p<0.0001, Figure 2.7). 
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Figure 2.7 mESC viability decreases under short-term, high-dose TMAO treatment. Viability 

represented as percent of ATP content in the TMAO-treated groups compared to the control. 

*:p<0.05, **: p<0.01, ****: p<0.0001; n=3. 

 

Cell proliferation was analyzed using the EdU assay described above, after 5 days of the 

high dose TMAO treatment (0mM, 5mM, 15mM) described above. Proliferation was calculated 

as the mean intensity of the area of EdU positive cells divided by the mean intensity of total 

nuclei. Quantitative analysis demonstrated that mESC proliferation decreased significantly with 

the high concentrations of TMAO (Mean intensity of EdU+ cells/mean intensity of nuclei is 

1880±128 in control vs 1360±220 in 5mM, and 1250±85 in 15mM, n=3, *: p<0.05, **:p<0.01, 

*:p<0.0001 Figure 2.8B). 
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Figure 2.8 mESC proliferation rate decreases under short-term, high-dose TMAO treatment. A. 

The representative images of mESCs stained with EdU (green) and Hoechst (blue) after 5 Days 

of treatment with (a) 0mM, (b) 5mM, and (c) 15mM TMAO. Scale bar=100µm. B. The mean 

intensity of the area of EdU positive cells divided by the mean intensity of total nuclei. *: 

p<0.05, **: p<0.01, ****:p<0.0001; n=3. 

 

Lastly, stemness was evaluated using the immunocytochemistry assay with anti-SSEA-1 

antibody described above. After 5 days of high dose TMAO treatment (0mM, 5mM, 15mM), the 

cells were stained and imaged. As indicated from Figure 2.9B, no statistically significant 

differences were found between the control and TMAO-treated groups in terms of cell stemness 

(% of SSEA-1 positive cells are 98%±2.2 in control vs 94%±1.9 in 5mM, and 94%±2.9 in 
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15mM, n=3, ns). However, when the high dose treatment was extended to 21 days, there was a 

significant decrease in SSEA-1 positive cells (% of SSEA-1 positive cells are 96%±1.7 in control 

vs 93%±3.6 in 1mM, 95%±1.7 in 5mM, and 89%±2.6 in 10mM, n=4, *:p<0.05, **:p<0.001, 

Figure 2.10B). Thus, high dose TMAO treatment results in decreased mESC viability, 

proliferation, and stemness. 

 

Figure 2.9 mESCs maintain stemness under short-term, high-dose TMAO treatment. A. The 

representative images of mESCs stained with anti-SSEA-1 (red) antibody and Hoechst (blue) 

after 5 Days of treatment with (a) 0mM, (b) 5mM, and (c) 15mM TMAO. Scale bar=100µm. B. 

The % of SSEA-1 positive cells. ns: not significant; n=3. 
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Figure 2.10 mESC stemness decreases under long-term, high-dose TMAO treatment. A. The 

representative images of mESCs stained with anti-SSEA-1 (red) antibody and Hoechst (blue) 

after 21 Days of treatment with (a) 0mM, (b) 1mM, (c) 5mM, and (d) 10mM TMAO. Scale 

bar=100µm. B. The % of SSEA-1 positive cells. *:p<0.05, **: p<0.01; n=4. 

 

2.5.3. TMAO Leads to Metabolic Switch from Glycolysis to Oxidative Phosphorylation 

As discussed in the introduction, previous studies indicate that TMAO increases ROS 

generation in several cell types, which disrupts pathways that regulate mitochondrial function 

and viability, resulting in cell differentiation, senescence, or apoptosis (6, 31, 96). Recently, ROS 

has been identified as a key regulator of cell potency in pluripotent and multipotent stem cell 

types (57-59, 79). The greatest source of ROS generation occurs in the mitochondria, and high 

levels of intracellular ROS indicate the cell is under increased oxidative stress (75). To 
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investigate whether TMAO may be increasing oxidative stress in embryonic stem cells, as seen 

in other cell types, we next analyzed the cell’s mitochondrial activity after TMAO treatment.  

Mitochondrial activity was analyzed using the Seahorse XFe96 Analyzer (for more 

information on the Seahorse XFe96 Analyzer or Mito Stress Test refer to the methods section). 

All experiments were carried out in collaboration with Dr. Brown and his student Grace Davis 

according to published experimental setups (97). Briefly, after 5 days of high dose TMAO 

treatment (0mM, 5mM, 10mM), mESCs were detached and seeded onto a gelatin-coated XFe96 

Cell Culture Microplate (Seahorse Bioscience) at 1e5 cells/well, and allowed 2 hours to attach at 

37˚C. This detachment and replating step prior to running experiments was done to ensure the 

cell number per well was equal across all treatment and control groups. 

Glycolytic activity could be analyzed based on extracellular acidification rate (ECAR) 

measurements after the addition of several different compounds, including glucose, oligomycin, 

and 2-DG (97). One error in the data occurred in the measurement of baseline ECAR. 

Consultation with the Agilent Technologies’ support team lead us to discover that premature 

leaking of glucose occurred during baseline ECAR measurements. As a result, baseline ECAR 

(i.e., Non-Glycolytic Acidification) could not be used in data analysis; however, without the 

baseline ECAR measurements, we were still able to determine the rate of glycolysis and 

compensatory glycolysis, based on the tracings shown in Figure 2.11A. Measuring ECAR after 

the addition of glucose, provides the rate of glycolysis under the different TMAO conditions. 

The rate of glycolysis decreases significantly with high dose TMAO treatment [ECAR 

(mpH/min) for rate of glycolysis is 168±18 in control vs 154±22 in 5mM and 139±17 in 10mM, 

*: p<0.05, ****:p<0.0001, Figure 2.11B]. Addition of Oligomycin inhibits ATP production 

through OxPHOS, forcing the cell to compensate with glycolysis for energy production; 
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therefore, the measurement of ECAR after addition of oligomycin provides the amount of 

compensatory glycolysis for each TMAO treatment. As shown in Figure 2.11C, the 

compensatory glycolysis increases significantly with TMAO treatment [ECAR (mpH/min) for 

compensatory glycolysis is 32±33 in control vs 58±18 in 5mM and 54±518 in 10mM, *: p<0.05, 

**:p<0.01]. OxPHOS activity could be measured based on oxygen consumption rate (OCR), 

which was performed in a separate experiment from ECAR measurements. The baseline rate of 

OCR increased with TMAO treatment [baseline OCR (pmol/min) is 82±15 in control vs 109±17 

in 5mM and 93±17 in 10mM, n=3, *: p<0.05, ****:p<0.0001, Figure 2.12B].  

Figure 2.11 Glycolysis stress test. A. Extracellular acidification (ECAR) measurements after 

addition of glucose and oligomycin at different concentrations of TMAO (0mM, 5mM, 10mM). 

B. Baseline rate of glycolysis. C. Compensatory glycolysis. *: p<0.05, **: p<0.01, ****: 

p<0.0001. 
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Figure 2.12 Mito stress test. A. Oxygen consumption rate (OCR) measurements after addition of 

oligomycin and FCCP at different concentrations of TMAO (0mM, 5mM, 10mM). B. Baseline 

rate of OCR. C. Maximal respiration. D. Respiratory reserve. E. Proton leak. *: p<0.05, **: 

p<0.01, ***: p<0.001, ****:p<0.0001. 

 

These experiments indicate that the mitochondria of mESCs exposed to high TMAO 

concentrations exhibit a significant decrease in their ECAR (Figure 2.11B). Notably, when 

oxidative phosphorylation is shut down with the addition of oligomycin, there is a greater shift to 

glycolysis in the TMAO-treated cells compared to the control, indicating that the TMAO-treated 

cells utilize OxPHOS to a greater degree compared to the control (Figure 2.11C). Additionally, 

the TMAO-treated groups exhibit a significant increase in baseline OCR, compared to the 
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control (Figure 2.11B). Altogether, these data indicate a metabolic switch from a reliance on 

glycolysis to OxPHOS. This metabolic switch is required to trigger stem cell differentiation and 

indicative of loss in stemness (54, 55). 

2.5.4. TMAO Increases mESC Respiratory Capacity and Respiratory Reserve 

 The Seahorse XFe96 Analyzer described above measures respiratory capacity based on 

oxygen consumption after the addition of FCCP. The compound, FCCP, allows for uninhibited 

flow of protons across the mitochondrial inner membrane, which results in the cell’s maximum 

OCR. Subtracting non-mitochondrial respiration from the maximal OCR provides a measure of 

the cell’s maximal respiratory capacity. mESCs treated for 5 days with high doses of TMAO 

exhibited a significant increase in their maximal respiratory capacity [maximal OCR (pmol/min) 

is 103±20 in control vs 157±31 in 5mM and 136±29 in 10mM, n=3, **: p<0.01, ** 

**:p<0.0001, Figure 2.12C]. Additionally, TMAO-treated mESCs also showed a significant 

increase in their respiratory reserve, which is calculated by subtracting baseline OCR from the 

maximum respiratory capacity [OCR (pmol/min) for respiratory reserve is 21±11 in control vs 

45±15 in 5mM and 43±16 in 10mM, n=3, ***:p<0.001, ****:p<0.0001, Figure 2.12D]. 

Altogether, these results indicate that TMAO-treated cells are able to utilize OxPHOS more 

efficiently compared to the control. This is agrees with papers which demonstrate that a 

metabolic switch in stem cells is accompanied by an increase in mtDNA content, higher numbers 

of mitochondria, and more mature mitochondrial cristae (2, 50). Thus, this data provides further 

confirmation that high dose TMAO treatment may be inducing loss in stemness through 

modulation of mitochondrial metabolic phenotype. 
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2.5.5. TMAO Leads to Increase in Proton Leak 

 The Seahorse XFe96 Analyzer described above measures proton leak based on the rate of 

oxygen consumption after the addition of oligomycin. The compound, oligomycin, blocks the 

activity of ATPase, therefore blocking ATP-coupled oxygen consumption. Proton leak is 

calculated by subtracting non-mitochondrial respiration from the minimum OCR measurement 

after injection of oligomycin. In other words, proton leak is the measure of oxygen consumption 

rate after ATPase inhibition with oligomycin. Interestingly, proton leak increased significantly in 

the TMAO-treated cell groups compared to the control [OCR (pmol/min) for proton leak is 

25±3.0 in control vs 34±5.5 in 5mM and 30±6.0 in 10mM, n=3, *:P<0.05, ***:p<0.001, Figure 

2.12E]. This increase in proton leak is associated with increased oxidative stress in several cell 

types (93, 98). Proton leak is part of a cyto-protective feedback loop in which uncoupler proteins 

are activated in order to reduce oxidative stress and lower intracellular ROS levels (91, 92, 99, 

100). This finding is in agreement with previous in vitro studies which demonstrated TMAO lead 

to an increase in intracellular ROS and subsequent mitochondrial dysfunction (6, 31, 96). 

 

2.6 Discussion 

 In the present study, we investigated the impact of TMAO on mESC viability, 

proliferation, and stemness after low dose TMAO treatment to represent physiological conditions 

and after high dose TMAO treatment to represent diseased conditions. Then, mitochondrial 

metabolic analysis was performed on mESCs treated with high dose TMAO treatment in order to 

gain insight into a potential underlying cause for TMAO-induced loss in stemness. The results 
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show that TMAO does not impact mESC viability, proliferation, or stemness under physiological 

conditions. This is significant because the pre-implantation blastocyst can be potentially exposed 

to metabolites such as TMAO through endometrial secretions into the uterus. If TMAO impacted 

the health of these cells, it may disrupt the process of blastocyst implantation, resulting in loss of 

the embryo. Additionally, premature differentiation of these cells could be detrimental to proper 

embryonic and fetal development leading to complications with gestation and with the health of 

the resulting offspring. After establishing that TMAO does not appear to impact the overall 

health of mESCs, we next wanted to determine the concentration in which TMAO will have a 

pathological effect on these cells. We tested several concentrations ranging from 1mM to 30mM 

TMAO, and found that 5 days of treatment with 5mM and 10mM TMAO resulted in a 

significant decrease in mESC viability and proliferation. These concentrations have also been 

used in other in vitro studies with different cell types, including endothelial cells, epithelial cells, 

and cardiomyocytes (3, 31, 101). 

Next, we tested the impact of TMAO on mESC stemness using SSEA-1, a pluripotency 

marker. When the cells were treated with 5mM and 10mM TMAO for 21 days, the percentage of 

cells positive for SSEA-1 decreased significantly. This was an interesting finding, because 

previous studies have shown that TMAO increases ROS generation in several cell types. ROS is 

an important regulator of potency in stem cells, so this led us to hypothesize that TMAO may be 

causing a loss in stemness via increased intracellular ROS production. Mitochondria are the 

greatest sources of ROS in the cell and will produce more ROS under conditions of oxidative 

stress (75, 102). In order to gain more insight into mitochondrial function of mESCs after TMAO 

treatment, we used an extracellular flux analyzer to analyze the rate of extracellular acidification 

(ECAR) and oxygen consumption (OCR), to examine the impact of TMAO on glycolysis and 
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oxidative phosphorylation, respectively. Interestingly, for cells treated with 5mM and 10mM 

TMAO for 5 days, we saw a decrease in the rate of glycolysis and an increase in the rate of 

OxPHOS, along with an increase in compensatory glycolysis once OxPHOS was inhibited. 

Altogether, these data indicate that TMAO treatment caused the cells to undergo a metabolic 

switch from glycolysis to OxPHOS.  

The metabolic experiments also revealed that TMAO-treated mESCs had higher 

respiratory capacity and higher respiratory reserve, which further confirms that TMAO promotes 

a metabolic switch from glycolysis to OxPHOS. Several studies have demonstrated that 

pluripotent stem cells possess few mitochondria, with poor cristae, and with perinuclear 

localization (49, 103, 104). As PSCs undergo differentiation, they gradually increase mtDNA 

content, as well as increase the numbers of mitochondria in the cell. In addition, the 

mitochondria in differentiated cells are distributed throughout the cytoplasm and have much 

more mature cristae, which can perform OxPHOS more efficiently (2, 50). These changes are 

characteristic of a stem cell as it commits to a cell lineage, and switches toward a greater reliance 

on OxPHOS for metabolic activity. Therefore, the increased respiratory capacity and respiratory 

reserve observed in TMAO-treated mESCs indicates these cells are increasing their capacity to 

perform OxpHOS in order to support a new metabolic phenotype and promote differentiation.  

Additionally, mESCs which received the high dose TMAO treatment condition exhibited 

an increase in proton leak, which is an indicator of oxidative stress. When cells are under 

oxidative stress, they generate higher amounts of ROS from the ETC (75, 102). In order to 

combat the higher ROS levels, mESCs express uncoupler protein 2 (UCP2), which has several 

functions important for maintaining cellular redox balance. One function is to uncouple oxygen 

consumption with ATP production in order to lower the mitochondrial membrane potential, 
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which is demonstrated in our results where oxygen continues to be consumed even after ATPase 

has been inhibited by oligomycin. Although this mechanism results in loss of ATP production, it 

is an important mechanism in stem cells for lowering ETC activity, and thus minimizing ROS 

production (90-92) Another function of UCP2 is to impair glucose oxidation and shunt pyruvate 

toward glycolysis. This increases glycolytic flux and lowers ETC activity, which greatly reduces 

ROS production (50, 54).  

mESCs are highly sensitive to ROS, as are most stem cell types, because ROS acts as a 

regulator of potency (58, 79, 81). A metabolic switch from glycolysis to OxPHOS as well as an 

increase in ROS generation are required for the onset of differentiation in mESCs and other stem 

cell types (50, 54, 55). As a result, stem cells have several mechanisms in place in order to 

tightly regulate their metabolic phenotype and cellular redox balance (62, 76). In fact, recent 

studies have uncovered the complex interplay between pathways which regulate metabolism and 

those that regulate potency, demonstrating that the metabolic phenotype of stem cells is 

influenced by pluripotency factors, and also pluripotency factors may modulate the metabolic 

phenotype (1, 2). Therefore, based on the data from this study it appears that TMAO may be 

modulating stem cell properties through alteration of the cell’s metabolic activity. Further 

research is required to elucidate the exact underlying mechanism; however, our data indicates 

that TMAO-induced proton leak in mESCs may be caused by increased oxidative stress, which 

in turn causes a metabolic switch toward OxPHOS, triggering the onset of differentiation and 

subsequent loss of mESC stemness.  
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Figure 2.13 The proposed mechanism. 
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3. CHAPTER THREE: OVERALL CONCLUSIONS AND FUTURE WORK 

3.1. Overall Conclusions 

In this study we provide evidence that TMAO does not negatively impact mESCs of the 

early embryo, since long-term treatment with physiological concentrations of TMAO did not 

negatively impact mESC viability, proliferation, and stemness. However, under high dose 

TMAO treatment conditions, TMAO significantly reduced mESC viability, proliferation, 

stemness, and altered mESC metabolic activity. These negative impacts that result from high 

TMAO concentrations provide insight into the potential impact of sustained high plasma TMAO 

levels on adult stem cell populations, which are exposed to TMAO throughout the entire human 

life span. The dietary precursors for TMAO are a staple of the American diet, and the data from 

this project suggest that TMAO may contribute to stem cell exhaustion and thus the onset of 

chronic and age-related diseases. Future studies are required to further examine the underlying 

mechanism by which TMAO effects mESCs as well as the potential impact TMAO may have on 

the different potent cell types present in adult tissues which have been subjected to a lifetime of 

high TMAO exposure. 

3.2. Future Work 

The long-term goal of this project is to understand the underlying mechanism by which 

TMAO modulates mESC metabolic activity and pluripotent pathways, and to explore potential 

therapeutic strategies for TMAO-induced cellular abnormalities. The current studies only 

provide a potential mechanism, and more extensive studies must be done to validate the 

mechanism proposed in Figure 2.13. The proposed work would include, but is not limited to: 

1) Measure UCP2 expression in mESCs under the different TMAO conditions: 
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UCP2 plays an important role in maintaining pluripotency and is repressed during the onset 

of differentiation. UCP2 functions to reduce ROS generation and maintain high glycolytic 

flux, potentially through increased proton leak in the ETC. In my project, I observed that 

TMAO treatment significantly increased proton leak. Future studies should confirm whether 

UCP2 expression is increased under TMAO treatment to help determine whether TMAO 

induces oxidative stress and excessive ROS generation in mESCs. 

 

2) Measure intracellular ROS: 

 

Intracellular ROS measurement is required to confirm TMAO indeed increases ROS 

generation in mESCs, which is indicated by increased proton leak and by previous studies 

conducted in various cell types. I attempted to measure intracellular ROS with two different 

methods: DCDFA dye and a fluorometric H2O2 assay kit. Neither of these methods were able 

to produce accurate intracellular ROS levels, perhaps because these methods are not 

compatible with mESCs. An alternative would be to examine the expression of genes 

regulating oxidative stress, including SOD1, SOD2, and CAT (gene for catalase expression). 

 

3) Measure TWINKLE and POLG expression: 

 

TWINKLE is the mtDNA-specific helicase and polymerase gamma A (POLGA) is the 

mitochondrial-specific DNA polymerase. These proteins were measured in other studies to 

confirm an increase in mtDNA replication during the onset of differentiation (51, 105). My 



66 
 

data indicates that TMAO-induces a loss in mESC pluripotency, which would be confirmed 

by the increase in expression of proteins involved in mtDNA replication. 

 

4) Measure expression of SIRT1, p53, and Nanog: 

As discussed in Section 1.7.2., SIRT1 is responsible for inhibiting p53 suppression of Nanog 

gene expression. However, in situations of high oxidative stress, SIRT1 is suppressed and 

p53 is upregulated, resulting in downregulation of core pluripotency factors (e.g., NANOG, 

OCT4, SOX2) (79). Moreover, there is also a strong possibility that DNA damage will cause 

p53-induced premature differentiation of certain adult stem cell types (36, 106). Therefore, 

the measurement of these proteins may help to elucidate a potential pathway which links 

TMAO-induced oxidative stress to loss of potency in mESCs and other stem cell types. 

 

5) Determine whether antioxidant treatment with NAC and MitoQ can rescue TMAO-induced 

negative effects: 

 

Several studies have demonstrated the ability of antioxidants to reverse the negative effects 

of TMAO on different cell types. Figure 1.4 shows that treatment with NAC and MitoQ were 

able to block ROS from downregulating NANOG gene expression via the SIRT1-p53 

pathway. If TMAO indeed induces loss of pluripotency via induction of oxidative stress, then 

NAC and MitoQ may be effective treatments. 
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